
PHYSICS

OF ELEMENTARY

PARTICLES

AND ATOMIC

NUCLEI

PARTICLES & NUCLEI

SCIENTIFIC REVIEW JOURNAL

Founded in December 1970

VOL.30

PART 3

Six issues per year

DUBNA 1999

JOINT INSTITUTE FOR NUCLEAR RESEARCH



ÔÈÇÈÊÀ

ÝËÅÌÅÍÒÀÐÍÛÕ

×ÀÑÒÈÖ

È ÀÒÎÌÍÎÃÎ

ßÄÐÀ

Ý×Àß

ÍÀÓ×ÍÛÉ ÎÁÇÎÐÍÛÉ ÆÓÐÍÀË

Îñíîâàí â äåêàáðå 1970 ãîäà

ÒÎÌ 30

ÂÛÏÓÑÊ 3

Âûõîäèò 6 ðàç â ãîä

ÄÓÁÍÀ 1999

ÎÁÚÅÄÈÍÅÍÍÛÉ ÈÍÑÒÈÒÓÒ ßÄÅÐÍÛÕ ÈÑÑËÅÄÎÂÀÍÈÉ



Ãëàâíûé ðåäàêòîð

À.Ì.ÁÀËÄÈÍ

Ðåäàêöèîííàÿ êîëëåãèÿ:

Â.Ë.ÀÊÑÅÍÎÂ
(çàì. ãëàâíîãî ðåäàêòîðà),

Ï.Í.ÁÎÃÎËÞÁÎÂ,
Ñ.Ê.ÁÐÅØÈÍ,
Â.Â.ÁÓÐÎÂ
(çàì. ãëàâíîãî ðåäàêòîðà),

Â.Â.ÂÎËÊÎÂ,
Ö.Ä.ÂÛËÎÂ,
Þ.Ï.ÃÀÍÃÐÑÊÈÉ,

Â.Ï.ÄÆÅËÅÏÎÂ ,
Ï.È.ÇÀÐÓÁÈÍ,
È.Ñ.ÇËÀÒÅÂ,
Ï.Ñ.ÈÑÀÅÂ
(îòâåòñòâåííûé ñåêðåòàðü),

Â.Ã.ÊÀÄÛØÅÂÑÊÈÉ
(çàì. ãëàâíîãî ðåäàêòîðà),

Ê.ÊÀÓÍ,
Ä.ÊÈØ,
Í.ß.ÊÐÎÎ,
Î.Í.ÊÐÎÕÈÍ,
Ð.Ì.ËÅÁÅÄÅÂ,
È.Í.ÌÈÕÀÉËÎÂ,
ÍÃÓÅÍ ÂÀÍ ÕÜÅÓ
(çàì. ãëàâíîãî ðåäàêòîðà),

Þ.Ö.ÎÃÀÍÅÑßÍ,
Þ.Ï.ÏÎÏÎÂ,
À.Í.ÑÈÑÀÊßÍ,
À.Í.ÒÀÂÕÅËÈÄÇÅ,
À.À.ÒßÏÊÈÍ,
À.È.ÕÐÛÍÊÅÂÈ×,
×.Ê.ØÈÌÀÍÅ

Ðåäàêòîðû Å.Ê.Àêñåíîâà, òåë. (09621) 65-165

Ý.Â.Èâàøêåâè÷

 ÎÈßÈ, «Ôèçèêà ýëåìåíòàðíûõ ÷àñòèö è àòîìíîãî ÿäðà», 1999



®”ˆ‡ˆŠ� �‹…Œ…�’���›• —�‘’ˆ– ˆ �’�Œ��ƒ� Ÿ„��¯
1999, ’�Œ 30, ‚›�. 3

“„Š 539.12.01

NONPERTURBATIVE EFFECTS IN QCD
AT FINITE TEMPERATURE AND DENSITY

C.D.Roberts

Physics Division 203, Argonne National Laboratory,

Argonne IL 60439-4843, USA

These lecture notes illustrate the application of Dyson Å Schwinger equations in QCD. The
extensive body of work at zero temperature and chemical potential is represented by a selection of
contemporary studies that focus on solving the Bethe Å Salpeter equation, deriving an exact mass for-
mula in QCD that describes light and heavy pseudoscalar mesons simultaneously, and the calculation
of the electromagnetic pion form factor and the vector meson electroproduction cross sections. These
applications emphasise the qualitative importance of the momentum-dependent dressing of elementary
Schwinger functions in QCD, which provides a unifying connection between disparate phenomena.
They provide a solid foundation for an extension of the approach to nonzero temperature and chemi-
cal potential. The essential, formal elements of this application are described and four contemporary
studies employed to exemplify the method and its efˇcacy. They study the demarcation of the phase
boundary for deconˇnement and chiral symmetry restoration, the calculation of bulk thermodynamic
properties of the quark-gluon plasma and the response of π- and ρ-meson observables to T and
µ. Along the way a continuum order parameter for deconˇnement is introduced, an anticorrelation
between the response of masses and decay constants to T and their response to µ elucidated, and
a (T, µ)-mirroring of the slow approach of bulk thermodynamic quantities to their ultrarelativistic
limit highlighted. These effects too are tied to the momentum-dependent dressing of the elementary
Schwinger functions.

‚ · ¡µÉ¥ ¶µ± § ´µ ¶·¨³¥´¥´¨¥ Ê· ¢´¥´¨° „ °¸µ´  Å ˜¢¨´£¥·  ¢ Š•„. �µ²ÓÏ Ö Î ¸ÉÓ µ¡-
§µ·  ¶µ¸¢ÖÐ¥´  ¨§²µ¦¥´¨Õ ¸µ¢·¥³¥´´µ£µ ¶µ¤Ìµ¤ , µ¸´µ¢ ´´µ£µ ´  ·¥Ï¥´¨¨ Ê· ¢´¥´¨Ö
�¥É¥ Å ‘µ²¶¨É¥· , ¢µ¸¶·µ¨§¢µ¤ÖÐ¥£µ ÉµÎ´Ò¥ ³ ¸¸µ¢Ò¥ Ëµ·³Ê²Ò Š•„, µ¶¨¸Ò¢ ÕÐ¨¥ µ¤´µ-
¢·¥³¥´´µ ± ± ²¥£±¨¥, É ± ¨ ÉÖ¦¥²Ò¥ ¶¸¥¢¤µ¸± ²Ö·´Ò¥ ³¥§µ´Ò ¨ ¢ÒÎ¨¸²¥´¨Ö Ô²¥±É·µ³ £´¨É´µ£µ
Ëµ·³Ë ±Éµ·  ¶¨µ´  ¨ ¸¥Î¥´¨Ö Ô²¥±É·µ·µ¦¤¥´¨Ö ¢¥±Éµ·´ÒÌ ³¥§µ´µ¢ ¶·¨ ´Ê²¥¢µ° É¥³¶¥· ÉÊ·¥ ¨
Ì¨³¨Î¥¸±µ³ ¶µÉ¥´Í¨ ²¥. �É¨ ¨¸¸²¥¤µ¢ ´¨Ö, ±µÉµ·Ò¥ µ¡Ñ¥¤¨´ÖÕÉ É ±¨¥ · §´Ò¥ Ö¢²¥´¨Ö, ± Î¥¸É-
¢¥´´µ Ê± §Ò¢ ÕÉ ´  ¢ ¦´µ¸ÉÓ ¨³¶Ê²Ó¸´µ° § ¢¨¸¨³µ¸É¨ µ¤¥ÉÒÌ Ô²¥³¥´É ·´ÒÌ ËÊ´±Í¨° ˜¢¨´£¥· 
¢ Š•„. �´¨ µ¡¥¸¶¥Î¨¢ ÕÉ ¶·µÎ´ÊÕ µ¸´µ¢Ê ¤²Ö µ¡µ¡Ð¥´¨Ö · ¸¸³ É·¨¢ ¥³µ£µ ¶µ¤Ìµ¤  ´  ¸²Ê-
Î ° ´¥´Ê²¥¢µ° É¥³¶¥· ÉÊ·Ò ¨ Ì¨³¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ² . ‘ÊÐ¥¸É¢¥´´µ, ÎÉµ µ¶¨¸ ´Ò Ëµ·³ ²Ó´Ò¥
Ô²¥³¥´ÉÒ ¨¸¶µ²Ó§Ê¥³µ£µ ¶µ¤Ìµ¤  ¨ ¶·¨¢¥¤¥´Ò Î¥ÉÒ·¥ ¶·¨³¥·  ¢ ± Î¥¸É¢¥ ¨²²Õ¸É· Í¨¨ ³¥Éµ¤ 
¨ ¥£µ ÔËË¥±É¨¢´µ¸É¨. ‘ ¨Ì ¶µ³µÐÓÕ ¨§ÊÎ ¥É¸Ö £· ´¨Í  Ë §µ¢µ£µ ¶¥·¥Ìµ¤  ¤²Ö ¤¥±µ´Ë °´³¥´É 
¨ ¢µ¸¸É ´µ¢²¥´¨Ö ±¨· ²Ó´µ° ¸¨³³¥É·¨¨, ¢ÒÎ¨¸²Ö¥É¸Ö ´ ¡µ· É¥·³µ¤¨´ ³¨Î¥¸±¨Ì ¸¢µ°¸É¢ ±¢ ·±-
£²Õµ´´µ° ¶² §³Ò ¨ § ¢¨¸¨³µ¸ÉÓ π- ¨ ρ-³¥§µ´´ÒÌ ´ ¡²Õ¤ ¥³ÒÌ µÉ T ¨ µ. �´ ²µ£¨Î´Ò³ µ¡· §µ³
¢¢¥¤¥´Ò ´¥¶·¥·Ò¢´Ò° ¶ · ³¥É· ¶µ·Ö¤±  ¤²Ö ¤¥±µ´Ë °´³¥´É ,  ´É¨±µ··¥²ÖÍ¨Ö ³¥¦¤Ê § ¢¨¸¨-
³µ¸ÉÓÕ ³ ¸¸ ¨ ±µ´¸É ´É · ¸¶ ¤  µÉ T ¨ ¨Ì ¦¥ § ¢¨¸¨³µ¸ÉÓÕ µÉ µ ¨ (T, µ)-§ ¢¨¸¨³µ¸ÉÓ ¤²Ö
³ ²ÒÌ ¨ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±¨Ì §´ Î¥´¨° É¥·³µ¤¨´ ³¨Î¥¸±¨Ì ¢¥²¨Î¨´. � ¸¸³µÉ·¥´´Ò¥ ÔËË¥±ÉÒ
É ±¦¥ µ£· ´¨Î¨¢ ÕÉ¸Ö ¨³¶Ê²Ó¸´µ° § ¢¨¸¨³µ¸ÉÓÕ µ¤¥ÉÒÌ Ô²¥³¥´É ·´ÒÌ ËÊ´±Í¨° ˜¢¨´£¥· .
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1. INTRODUCTION

In this article I describe the application of Dyson Å Schwinger equations
(DSEs) to QCD at ˇnite temperature, T , and quark chemical potential, µ. It is
not a pedagogical introduction, as this can be found in recent reviews [1,2]. The
goal instead is to illustrate how contemporary studies at (T = 0, µ = 0) can be
used as a foundation and springboard for the application of DSEs at ˇnite T and
µ, and to describe some of these applications and their results.

The DSEs provide a nonperturbative, Poincar�e invariant, continuum approach
to solving quantum ˇeld theories. They are an inˇnite tower of coupled integral
equations, with the equation for a particular n-point function involving at least
one m > n-point function. A tractable problem is only obtained if one truncates
the system, and historically this has provided an impediment to the application of
DSEs: a priori it can be difˇcult to judge whether a particular truncation scheme
will yield qualitatively or quantitatively reliable results for the quantity sought.
As integral equations, the analysis of observables using DSEs rapidly becomes
a numerical problem and hence a critical evaluation of truncation schemes often
requires, or is at least simpliˇed, by easy access to high-speed computers.∗ With
such tools now commonplace, this evaluation can be pursued fruitfully.

The development of efˇcacious truncation schemes is not a purely numerical
task, and neither is it always obviously systematic. For some, this last point
diminishes the appeal of the approach. However, with growing community in-
volvement and interest, the qualitatively robust results and intuitive understanding
that the DSEs can provide is becoming clear. Indeed, someone familiar with the
application of DSEs in the late-70s and early-80s might be surprised with the
progress that has been made. It is now clear [3,4] that truncations which preserve
the global symmetries of a theory; for example, chiral symmetry in QCD, are
relatively easy to deˇne and implement and, while it is more difˇcult to preserve
local gauge symmetries, much progress has been made with Abelian theories [5]
and more is being learnt about non-Abelian ones.

The simplest truncation scheme for the DSEs is the weak-coupling expansion.
Using this systematic procedure it is readily established that the DSEs contain
perturbation theory, in the sense that for any given theory the weak-coupling
expansion of the equations generates all the diagrams of perturbation theory.
Hence, at the very least, the DSEs can be used as a generating tool for perturbation
theory, and in this application they are an essential element in the proof of the
renormalisability of a quantum ˇeld theory. This feature also places a constraint
on other truncation schemes; i.e., the scheme must ensure that perturbative results

∗The human and computational resources required are still modest compared with those con-
sumed in contemporary numerical simulations of lattice-QCD.
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are recovered in that domain on which a weak-coupling expansion is known to
be valid.

The most important feature of the DSEs is the antithesis of this weak-coupling
expansion: the DSEs are intrinsically nonperturbative. They can be derived
directly from the generating functional of a quantum ˇeld theory and at no stage
in this derivation is a DSE represented as a sum of diagrams in perturbation theory.
Hence their solution contains information that is not present in perturbation theory.
They are ideal for the study of dynamical chiral symmetry breaking∗ (DCSB) and
conˇnement in QCD, and of hadronic bound state structure and properties. In
this application they provide a means of elucidating identiˇable signatures of the
quark-gluon substructure of hadrons.

Their intrinsically nonperturbative nature also makes them well suited to
studying QCD at ˇnite-T and µ, where the characteristics of the phase transition
to a quark-gluon plasma are a primary subject. The order of the transition, the
critical exponents, and the response of bound states to changes in these intensive
variables: all must be elucidated. The latter is of particular importance because
there lies the signals that will identify the formation of the plasma and hence
guide the current and future experimental searches.

There is a signiˇcant overlap between contemporary DSE studies and numer-
ical simulations of lattice-QCD. Of particular importance is that both admit the
simultaneous study of DCSB and conˇnement, the absence of which deˇnes the
plasma. The DSEs provide an adjunct to lattice simulations. They are a means
of checking them, and the simulations can provide input into the development
and constraint of DSE truncations. A truncation that is accurate on the com-
mon domain can be used to extrapolate into that domain presently inaccessible to
lattice-simulations, such as ˇnite chemical potential and the T - and µ-dependence
of hadron properties.

2. ESSENTIAL ELEMENTS OF THE DSEs

In this section I summarise some of the results upon which much of the
successful DSE phenomenology is founded. Before doing so it is important to
specify that I employ an Euclidean metric throughout. For real 4-vectors, a, b:

a · b := aµ bνδµν :=
4∑
i=1

ai bi , (1)

∗Historically, the DSE for a fermion propagator has found widespread use in the study of
dynamical symmetry breaking; for example, it is the ©gap equationª that describes Cooper-pairing in
an ordinary superconductor.
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and hence a spacelike vector, Qµ, has Q2 > 0. The Dirac matrices satisfy

γ†µ = γµ , {γµ, γν} = 2 δµν (2)

and γ5 := −γ1γ2γ3γ4.
My point of view is that the Euclidean formulation is primary ; i.e., a ˇeld

theory should be deˇned in Euclidean space, where the propagators and vertices
are properly called ©n-point Schwinger functionsª. This is the perspective adopted
in constructive ˇeld theory and, at least as a pragmatic artiˇce, by practitioners of
lattice-QCD. If the ˇeld theory is well-deˇned, it is completely speciˇed once all
its Schwinger functions are known. Analytic continuation in the Euclidean-time
variable yields the Wightman functions and, following appropriate time-ordering,
the Minkowski space propagators. Additional details and discussion can be found
in Sec. 2.3 of Ref.1.

It is important because the analytic structure of nonperturbatively dressed
Schwinger functions need not be the same as that of their free-particle seeds.
Hence, a priori one cannot know the analytic properties of the integrand in a
DSE and any rotation of the integration contours, as in a ©Wick rotationª, is
plagued by uncertainty: there may be poles or branch cuts, etc., that cannot be
anticipated from the free-particle form of the Schwinger functions involved. This
is manifest in the fact that the transcription rules:

Conˇguration Space

1.

∫ M

d4xM → −i
∫ E

d4xE

2. /∂ → iγE · ∂E

3. /A → −iγE · AE

4. AµBµ → −AE · BE

Momentum Space

1.

∫ M

d4kM → i

∫ E

d4kE

2. /k → −iγE · kE

3. kµqµ → −kE · qE

4. kµxµ → −kE · xE ,

are valid at every order in perturbation theory; i.e., the correct Minkowski space
integral for a given diagram in perturbation theory is obtained by applying these
transcription rules to the Euclidean integral. However, for skeleton diagrams; i.e.,
those in which each line and vertex represents a fully dressed n-point function,
this cannot be guaranteed.

2.1. Gluon Propagator. In Landau gauge the two-point, dressed-gluon
Schwinger function, or dressed-gluon propagator, has the form

g2Dµν(k) =

(
δµν −

kµkν

k2

)
G(k2)

k2
, G(k2) :=

g2

1 + Π(k2)
, (3)
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Fig. 1. DSE for the gluon vacuum polarisation and propagator: solid line Å quark; spring
Å gluon; dotted-line Å ghost. The open circles are irreducible vertices. As indicated,
the quark loop acts to screen the charge, as in QED, while the gluon loop opposes this,
antiscreening the charge and enhancing the interaction

Fig. 2. G(k2)/k2 from a solution [6] of the gluon DSE (dash-dot line) compared with
the one-loop perturbative result (dashed line) and a ˇt (solid line) obtained following the
method of Ref.7; i.e., by requiring that the gluon propagator lead, via the quark DSE, to
a good description of a range of hadron observables
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where Π(k2) is the gluon vacuum polarisation, which contains all the dynamical
information about gluon propagation. This propagator satisˇes the DSE illustrated
in Fig. 1 (a nonlinear integral equation). As already stated, a weak-coupling
expansion of this DSE reproduces perturbation theory. Using this one sees directly
that in the one-loop expression for the running coupling constant:

αS(q2) =
12π

(11Nc − 2Nf ) ln
(
q2/Λ2

QCD

) , (4)

the ©11Ncª comes from the charge-antiscreening gluon loop and the ©2Nfª from
the charge-screening fermion loop, which illustrates how the non-Abelian structure
of QCD is responsible for asymptotic freedom and suggests that conˇnement is
related to the importance of gluon self-interactions.

Studies of the gluon DSE have been reported by many authors [1] with the
conclusion that, if the ghost-loop is unimportant, then the charge-antiscreening
3-gluon vertex dominates and, relative to the free gauge boson propagator, the
dressed gluon propagator is signiˇcantly enhanced in the vicinity of k2 = 0. The
enhancement persists to k2 ∼ 1− 2 GeV2, where a perturbative analysis becomes
quantitatively reliable. In the neighbourhood of k2 = 0 the enhancement can be
represented [6] as a regularisation of 1/k4 as a distribution, which is illustrated
in Fig. 2. As I will elucidate, a dressed-gluon propagator with the illustrated
enhancement at k2 ' 0 generates conˇnement and DCSB without ˇne-tuning.

2.2. Quark Propagator. In a covariant gauge the two-point, dressed-quark
Schwinger function, or dressed-quark propagator, can be written in a number of
equivalent forms

S(p) :=
1

iγ · p+ Σ(p)
(5)

:=
1

iγ · pA(p2) +B(p2)
≡ −iγ · p σV (p2) + σS(p2) . (6)

Σ(p) is the dressed-quark self-energy, which satisˇes a nonlinear integral equa-
tion: the quark DSE (depicted in Fig. 3)

Σ(p) = (Z2 − 1) iγ · p+ Z4mbm+

+Z1

∫ Λ

q

g2Dµν(p− q)λ
a

2
γµS(q)Γaν(q, p) , (7)

where Γaν(q; p) is the renormalised dressed-quark-gluon vertex, mbm is the Λ-
dependent current-quark bare mass that appears in the Lagrangian and
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Fig. 3. DSE for the dressed-quark self-energy.
The kernel of this equation is constructed
from the dressed-gluon propagator (D Å
spring) and the dressed-quark-gluon vertex (Γ
Å open circle). One of the vertices is bare
(labelled by γ) as required to avoid over-
counting

∫ Λ

q
:=
∫ Λ

d4q/(2π)4 represents mne-
monically a translationally-invariant
regularisation of the integral, with Λ
the regularisation mass-scale. The ˇ-
nal stage of any calculation is to re-
move the regularisation by taking the
limit Λ → ∞. The quark-gluon-ver-
tex and quark wave function renor-
malisation constants, Z1(µ2,Λ2) and
Z2(µ2,Λ2), depend on the renormali-
sation point, µ, and the regularisation
mass-scale, as does the mass renor-
malisation constant Zm(µ2,Λ2) :=
Z2(µ2,Λ2)−1Z4(µ2,Λ2).

One can deˇne a quark mass-
function:

M(p2) :=
B(p2)

A(p2)
(8)

and, as depicted in Fig. 4, solving the quark DSE using a dressed-gluon prop-
agator that behaves as illustrated in Fig. 2 and a dressed-quark-gluon vertex,
Γµ(p, q), that does not exhibit particle-like singularities at (p− q)2 = 0,∗ yields a
quark mass-function that mirrors the infrared enhancement of the dressed-gluon
propagator. The results in Fig. 4 were obtained [7] with the current-quark masses:

m
µ
u/d = 3.7 MeV, mµ

s = 82 MeV, mµ
c = 0.59 GeV, m

µ
b = 2.0 GeV, (9)

at a renormalisation point of µ ' 20 GeV. Applying the one-loop evolution
formula, Eq. (39), these masses correspond to:

m1 GeV
u/d = 5.5 MeV, m1 GeV

s = 130 MeV,

m1 GeV
c = 1.0 GeV, m1 GeV

b = 3.4 GeV
(10)

and although it is obvious from Fig. 4 that the one-loop formula does not describe
correctly the momentum evolution of the mass-function down to p2 = 1 GeV2,
the values in Eq. (10) provide a useful and meaningful comparison with the values
quoted conventionally.

∗A particle-like singularity is one of the form (P 2)−α, α ∈ (0, 1]. In this case one can write
a spectral decomposition for the vertex in which the spectral densities are non-negative. This is
impossible if α > 1. α = 1 is the ideal case of an isolated, δ-function singularity in the spectral
densities and hence an isolated, free-particle pole. α ∈ (0, 1) corresponds to an accumulation, at the
particle pole, of branch points associated with multiparticle production.
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Fig. 4. Dressed-quark mass-function obtained in solving the quark DSE using the dressed-
gluon propagator of Ref.7

The quark DSE was also solved in the chiral limit, which in QCD is obtained
by setting the Lagrangian current-quark bare mass to zero [7]. From the ˇgure
one observes immediately that the mass-function is nonzero even in this case.
That is DCSB: a momentum-dependent quark mass generated dynamically in the
absence of any term in the action that breaks chiral symmetry explicitly. This
entails a nonzero value for the quark condensate in the chiral limit. The fact that
M(p2) 6= 0 in the chiral limit is independent of the details of the dressed-gluon
propagator in Fig. 2; they only affect the magnitude of M(p2).

Figure 4 illustrates that for light quarks (u, d and s) there are two distinct
domains: perturbative and nonperturbative. In the perturbative domain the mag-
nitude of the quark mass-function is governed by the explicit chiral symmetry
breaking mass-scale; i.e., the current-quark mass. For p2 < 1 GeV2 the mass-
function rises sharply. This is the nonperturbative domain where the magnitude
of M(p2) is determined by the DCSB mechanism; i.e., the enhancement in the
dressed-gluon propagator. This emphasises again that DCSB is more than just
a nonzero value of the quark condensate in the chiral limit! The boundary, at
p2 ∼ 1 GeV2, is that point where the enhancement in the dressed-gluon propagator
becomes signiˇcant.
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The solution of p2 = M2(p2) deˇnes an Euclidean constituent-quark mass,
ME .∗ For a given quark avour, the ratio ME

f /m
µ
f is a single, quantitative

measure of the importance of the DCSB mechanism in modifying the quark's
propagation characteristics. As illustrated in Eq. (11), obtained using the dressed-
gluon propagator in Ref.7,

avour u/d s c b t
ME

mµ∼20 GeV
150 10 2.3 1.4 → 1

(11)

this ratio provides for a natural classiˇcation of quarks as either light or heavy.
For light quarks the ratio is characteristically 10-100 while for heavy quarks it
is only 1Å2 [8]. The values of this ratio signal the existence of a characteristic
mass-scale associated with DCSB, which I will denote by Mχ. For p2 > 0 the
propagation characteristics of a avour with mµ

f < Mχ are altered signiˇcantly
by the DCSB mechanism, while for avours with mµ

f �Mχ it is irrelevant, and
explicit chiral symmetry breaking dominates. It is apparent from the ˇgure that
Mχ ∼ 0.2 GeV∼ ΛQCD.

The effect that the enhancement of the dressed-gluon propagator has on the
light-quark mass-function is fundamental in QCD and can be identiˇed as the
source of many observable phenomena. Further, that this enhancement little
affects heavy-quark propagation characteristics at spacelike-p2 provides for many
simpliˇcations in the study of heavy-meson observables [9].

2.3. Conˇnement. One aspect of conˇnement is the absence of quark and
gluon production thresholds in colour-singlet-to-singlet S-matrix amplitudes. This
is manifest if, for example, the quark-loop illustrated in Fig. 5, which describes
[10] the diffractive, Pomeron-induced γ → ρ transition, does not have pinch
singularities associated with poles at real-p2 in the quark propagators. This is
ensured if the dressed-quark and -gluon propagators do not have a Lehmann
representation.

What is a Lehmann representation?
Consider the 2-point free-scalar Schwinger function:

∆(k2) =
1

k2 +m2
. (12)

One can write

∆(z) =

∫ ∞
0

dσ
ρ(σ)

z + σ
, (13)

∗In my Euclidean metric a true quark mass-pole exhibits itself as a real-p2 solution of
p2 +M2(p2) = 0. This is absent in the solutions of the quark DSE illustrated in Fig. 4, which
is a manifestation of conˇnement, as discussed in Sec. 2.3.
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Fig. 5. Illustration of the diffractive electroproduction of a vector meson: e−N → e−′Nρ

with the transition from photon to vector meson proceeding via a quark loop. The shaded
region represents [10] a Pomeron-exchange mechanism

where in this case the spectral density is

ρ(x) :=
1

2πi
lim
ε→0

[∆(−x− iε)−∆(−x+ iε)] = δ(m2 − x) , (14)

which is non-negative. This is a Lehmann representation: each scalar function
necessary to completely specify the Schwinger function has a spectral decomposi-
tion in which the spectral densities are non-negative. Only those functions whose
poles or branch points lie at timelike, real-k2 have a Lehmann representation.

The existence of a Lehmann representation for a dressed-particle propagator is
necessary if the construction of asymptotic ©inª and ©outª states for the associated
quanta is to proceed; i.e., it is necessary if these quanta are to propagate to a
©detectorª. In its absence there are no asymptotic states with the quantum numbers
of the ˇeld whose propagation characteristics are described by the Schwinger
function. Structurally, the nonexistence of a Lehmann representation for the
dressed-propagators of elementary ˇelds ensures the absence of pinch singularities
in loops, such as that illustrated in Fig. 5, and hence the absence of quark and
gluon production thresholds.

This mechanism can be generalised and applied to coloured bound states, such
as colour-antitriplet quark-quark composites (diquarks). In this case a study [3]
of the 4-point quark-quark scattering matrix shows that it does not have a spectral
decomposition with non-negative spectral densities and hence there are no diquark
bound states. The same argument that demonstrates this absence of diquarks in
the spectrum of SU(Nc = 3) also proves [4] that in SU(Nc = 2) the ©baryonsª,
which are necessarily diquarks in this theory, are degenerate with the mesons.

The infrared-enhanced dressed-gluon propagators illustrated in Fig. 2 do not
have a Lehmann representation. Using forms like this in the kernel of the quark
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Fig. 6. Homogeneous Bethe Å Salpeter equation for a quark-antiquark bound state: Γ is
the solution, the Bethe Å Salpeter amplitude, S is the dressed-quark propagator and K is
the dressed-quark-antiquark scattering kernel

DSE yields automatically a dressed-quark 2-point function that does not have a
Lehmann representation. In this sense conˇnement breeds conˇnement, without
ˇne-tuning.

2.4. Hadrons: Bound States. In QCD the observed hadrons are composites
of the elementary quanta: mesons of a quark and antiquark, and baryons of
three quarks. Their masses, electromagnetic charge radii and other properties can
be understood in terms of their substructure by studying covariant bound state
equations: the Bethe Å Salpeter equation (BSE) for mesons and the covariant
Fadde'ev equation for baryons.

As a two-body problem, the mesons have been studied most extensively.
Their internal structure is described by the Bethe Å Salpeter amplitude, which
is obtained as a solution of the homogeneous BSE, illustrated in Fig. 6. For a
pseudoscalar bound state the amplitude has the form

ΓH(k;P ) = THγ5

[
iEH(k;P ) + γ · PFH(k;P ) +

+ γ · k k · P GH(k;P ) + σµν kµPν HH(k;P )

]
, (15)

where, if the constituents have equal current-quark masses, the scalar functions
E, F , G, and H are even under k · P → −k · P . In Eq. (15), TH is a
avour matrix that determines the mesonic channel under consideration; e.g.,
TK

+

:= (1/2)
(
λ4 + iλ5

)
, with {λj , j = 1 . . . 8} the Gell-Mann matrices. The

important new element in the BSE is K , the fully-amputated, quark-antiquark
scattering kernel: by deˇnition it does not contain quark-antiquark to single
gauge-boson annihilation diagrams, such as would describe the leptonic decay of
the pion, nor diagrams that become disconnected by cutting one quark and one
antiquark line.

K has a skeleton expansion in terms of the elementary, dressed-particle
Schwinger functions; e.g., the dressed-quark and -gluon propagators. The ˇrst
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Fig. 7. First two sets of contributions to a systematic expansion of the quark-antiquark
scattering kernel. In this expansion, the propagators are dressed but the vertices are bare

two orders in one systematic expansion are depicted in Fig. 7. This particular
expansion [3], in concert with its analogue for the kernel in the quark DSE,
provides a means of constructing a kernel that, order-by-order in the number of
vertices, ensures the preservation of vector and axial-vector Ward Å Takahashi
identities. This is particularly important in QCD where the Goldstone boson
nature of the pion must be understood as a consequence of its internal structure.

To proceed with a study of meson properties, one chooses a truncation for
K . The homogeneous BSE is then fully speciˇed as a linear integral equation,
which is straightforward to solve, yielding the bound state mass and amplitude.
The ©ladderª truncation of K combined with the ©rainbowª truncation of the
quark DSE (Γµ → γµ in Fig. 3) is the simplest and most often used. The
expansion of Fig. 7 allows one to understand why this Ward Å Takahashi identity
preserving truncation is accurate for avour-nonsinglet pseudoscalar and vector
mesons: there are cancellations between the higher-order diagrams. And also
why it provides a poor approximation in the study of scalar mesons, where the
higher-order terms do not cancel, and for avour-singlet mesons where it omits
timelike gluon exchange diagrams.

3. A QCD MASS FORMULA

The chiral-limit axial-vector Ward Å Takahashi identity (AV-WTI)

−iPµΓH5µ(k;P ) = S−1(k+)γ5
TH

2
+ γ5

TH

2
S−1(k−) , (16)

where S := diag(Su, Sd, . . .), is the statement of chiral-current conservation in
massless QCD. It relates the divergence of the inhomogeneous axial-vector vertex,
ΓH5µ(k;P ), to a sum of dressed-quark propagators. The vertex is the solution of
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Fig. 8. DSE for the axial-vector vertex. The driving term is the bare vertex: iγ5γµ

the DSE depicted in Fig. 8, which involves the quark-antiquark scattering kernel,
K . It is therefore not surprising that in order to preserve this identity when
truncating the DSEs the choice of K and the vertex, Γµ, in the quark DSE, are
tied together. The divergence PµΓH5µ(k;P ) is a pseudoscalar and hence contains
information about pseudoscalar mesons; i.e., Goldstone modes.

3.1. Dynamical Chiral Symmetry Breaking and Goldstone's Theorem. In
the chiral-limit, the axial-vector vertex has the form [7]

ΓH5µ(k;P ) =
TH

2
γ5

[
γµFR(k;P ) + γ · kkµGR(k;P )− σµν kν HR(k;P )

]
+

+Γ̃H5µ(k;P ) + fH
Pµ

P 2
ΓH(k;P ) , (17)

where: FR, GR, HR, and Γ̃H5µ are regular as P 2 → 0; PµΓ̃H5µ(k;P ) ∼ O(P 2);
ΓH(k;P ) is the pseudoscalar Bethe Å Salpeter amplitude in Eq. (15); and the
residue of the pseudoscalar pole in the axial-vector vertex is fH , the leptonic
decay constant:

fHPµ = Z2

∫ Λ

q

1

2
tr
[(
TH
)t
γ5γµS(q+)ΓH(q;P )S(q−)

]
, (18)

with the trace over colour, Dirac and avour indices. This expression is exact:
the dependence of Z2 on the renormalisation point, regularisation mass-scale and
gauge parameter is just that necessary to ensure that the left-hand-side, fH , is
independent of all these things.

It now follows from the chiral-limit AV-WTI that

fHEH(k; 0) = B(k2) , (19)

FR(k; 0) + 2 fHFH(k; 0) = A(k2) , (20)

GR(k; 0) + 2 fHGH(k; 0) = 2A′(k2) , (21)

HR(k; 0) + 2 fHHH(k; 0) = 0 , (22)
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where A(k2) and B(k2) are the solutions of the quark DSE in the chiral limit.
As emphasised in Sec. 2.2, the appearance of a B(k2) 6= 0 solution of the quark
DSE in the chiral limit signals DCSB. It is an intrinsically nonperturbative ef-
fect: in perturbation theory B(k2) ∝ m̂, the renormalisation-point independent
current-quark mass, and hence vanishes in the chiral limit. Equations (17) and
(19)-(22) show that when chiral symmetry is dynamically broken: 1) the homo-
geneous, avour-nonsinglet, pseudoscalar BSE has a massless, P 2 = 0, solution;
2) the Bethe Å Salpeter amplitude for the massless bound state has a term pro-
portional to γ5 alone, with the momentum-dependence of EH(k; 0) completely
determined by that of the scalar part of the quark self energy, in addition to terms
proportional to other pseudoscalar Dirac structures, FH , GH , and HH , that are
nonzero in general; and 3) the axial-vector vertex, ΓH5µ(k;P ), is dominated by
the pseudoscalar bound state pole for P 2 ' 0. The converse is also true.

Hence, in the chiral limit, the pion is a massless composite of a quark and an
antiquark, each of which has an effective mass ME ∼ 450 MeV. With a dressed-
gluon propagator of the type depicted in Fig. 2, this occurs without ˇne-tuning.

3.2. Nonzero Quark Masses: A Mass Formula. When the current-quark
masses are nonzero, the AV-WTI is modiˇed:

−iPµΓH5µ(k;P ) = S−1(k+)γ5
TH

2
+ γ5

TH

2
S−1(k−)−

−M(µ) ΓH5 (k;P )− ΓH5 (k;P )M(µ) , (23)

where: M(µ) = diag(mµ
u,m

µ
d ,m

µ
s , . . .) is the current-quark mass matrix. In this

case both the axial-vector and the pseudoscalar vertices have a pseudoscalar pole:
i.e.,

ΓH5µ(k;P ) =
TH

2
γ5

[
γµF

H
R (k;P ) + γ · kkµGHR (k;P )− σµν kν HH

R (k;P )
]

+

+ Γ̃H5µ(k;P ) + fH
Pµ

P 2 +m2
H

ΓH(k;P ) , (24)

and

ΓH5 (k;P ) =
TH

2
γ5

[
iEHR (k;P ) + γ · P FHR (k;P ) + γ · k k · P GHR (k;P ) +

+ σµν kµPν HHR (k;P )
]

+ rH
1

P 2 +m2
H

ΓH(k;P ) , (25)

with: EHR , FHR , FHR , GHR , GHR , HH
R , HHR , and Γ̃H5µ regular as P 2 → −m2

H and

PµΓ̃H5µ(k;P ) ∼ O(P 2). The AV-WTI entails [7] that

fH m
2
H = rHMH , MH := trflavour

[
M(µ)

{
TH ,

(
TH
)t}]

, (26)
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where fH is given by Eq. (18), with massive quark propagators in this case, and
the residue of the pole in the pseudoscalar vertex is

irH = Z4

∫ Λ

q

1

2
tr
[(
TH
)t
γ5S(q+)ΓH(q;P )S(q−)

]
. (27)

The renormalisation constant Z4 on the right-hand side depends on the gauge
parameter, the regularisation mass-scale and the renormalisation point. This de-
pendence is exactly that required to ensure that: 1) rH is ˇnite in the limit
Λ → ∞; 2) rH is gauge-parameter independent; and 3) the right-hand side of
Eq. (26) is renormalisation point independent. This is obvious at one-loop order,
especially in Landau-gauge where Z2 ≡ 1 and hence Z4 = Zm.

Equation (26) is a mass formula for avour-octet pseudoscalar mesons that
is valid independent of the magnitude of the current-quark masses of meson's
constituents. For small current-quark masses, using Eqs. (15) and (19)Å(22),
Eq. (27) yields

r0
H = − 1

f0
H

〈q̄q〉0µ , −〈q̄q〉0µ := Z4(µ2,Λ2)Nc

∫ Λ

q

trDirac [Sm̂=0(q)] , (28)

where the superscript ©0ª denotes that the quantity is evaluated in the chiral limit
and 〈q̄q〉0µ, as deˇned here, is the chiral limit vacuum quark condensate, which is
renormalisation-point dependent but independent of the gauge parameter and the
regularisation mass-scale. Hence Eq. (25) is the statement that in the chiral limit
the residue of the bound state pole in the avour-nonsinglet pseudoscalar vertex
is (−〈q̄q〉0µ)/f0

H .
Now one obtains immediately from Eqs. (26) and (28)

f2
πm

2
π = − [mµ

u +mµ
d ] 〈q̄q〉0µ + O

(
m̂2
q

)
, (29)

f2
K+m

2
K+ = − [mµ

u +mµ
s ] 〈q̄q〉0µ + O

(
m̂2
q

)
, (30)

which exemplify what is commonly known as the Gell-MannÄOakesÄRenner re-
lation. The primary result, Eq. (26), is valid independent of the magnitude of m̂q ,
and can be rewritten in the form

f2
Hm

2
H = −〈q̄q〉Hµ MH , (31)

where I have introduced the notation

−〈q̄q〉Hµ := fH rH = fHZ4

∫ Λ

q

1

2
tr
[(
TH
)t
γ5S(q+)ΓH(q;P )S(q−)

]
, (32)

which deˇnes an in-meson condensate. This emphasises that, for nonzero current-
quark masses, Eq. (26) does not involve a difference of vacuum massive-quark
condensates; a phenomenological assumption often employed.
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As elucidated elsewhere [11], Eq. (26) has another important corollary: it
predicts that the mass of a heavy pseudoscalar meson rises linearly with the
current-quark mass of its heavy constituent(s). Model calculations [8] show that
this linear evolution is dominant at ≈ 2m̂s, in agreement with experiment where
the mass of the K , D, and B mesons lie precisely on the same straight line.

In Eq. (26) one therefore has a single mass formula, exact in QCD, that
provides a uniˇed understanding of light- and heavy-meson masses.

4. AN ILLUSTRATIVE MODEL

I have already made use of a model [7] in illustrating some of the robust
results of DSE studies. To further elucidate the method I will describe that model
in more detail. For the kernel of the quark DSE it employs the analogue of the
lowest-order BSE kernel in Fig. 7:

Z1

∫ Λ

q

g2Dµν(p− q)λ
a

2
γµS(q)Γaν(q, p)→

→
∫ Λ

q

G((p− q)2)Dfree
µν (p− q)λ

a

2
γµS(q)

λa

2
γν . (33)

This is the ©rainbowª approximation, in which the speciˇcation of the model is
complete once a form is chosen for the ©effective couplingª G(k2).

A choice for G(k2) can be motivated by observing that at large-Q2 := (p−q)2

in an asymptotically free theory the quark-antiquark scattering kernel satisˇes

g2(µ2)Dµν(p− q)
[
Γaµ(p+, q+)S (q+)

]
×
[
S(q−) Γaν(q−, p−)

]
=

= 4π α(Q2)Dfree
µν (p− q)

[
λa

2
γµ S

free(q+)

]
×
[
Sfree(q−)

λa

2
γν

]
, (34)

where P is the total momentum of the quark-antiquark pair, p+ := p+ ηPP and
p− := p − (1 − ηP )P with 0 ≤ η ≤ 1. Choosing a truncation of K in which
this right-hand side is identiˇed with the lowest order contribution in Fig. 7 then
consistency with the AV-WTI requires

G(Q2) := 4π α(Q2) . (35)

Thus the form of G(Q2) at large-Q2 is ˇxed by that of the running coupling
constant. This Ansatz is often described as the ©Abelian approximationª because
the left- and right-hand sides are equal in QED. In QCD, equality between the
two sides of Eq. (35) cannot be obtained easily by a selective resummation of
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diagrams. As reviewed in Ref.1, Eqs. (5.1) to (5.8), it can only be achieved
by enforcing equality between the renormalisation constants for the ghost-gluon
vertex and ghost wave function: Z̃1 = Z̃3.

The explicit form of the Ansatz employed in Ref.7 is

G(k2)

k2
= 8π4Dδ4(k) +

4π2

ω6
Dk2e−k

2/ω2

+

+4π
γmπ

1

2
ln

[
τ +

(
1 + k2/Λ2

QCD

)2
] F(k2) , (36)

with F(k2) = [1 − exp(−k2/[4m2
t ])]/k

2 and τ = e2 − 1,Nf = 4 and Λ
Nf=4
QCD =

0.234 GeV.
The qualitative features of Eq. (36) are clear. The ˇrst term is an integrable

infrared singularity [12] and the second is a ˇnite-width approximation to δ4(k),
normalised such that it has the same

∫
d4k as the ˇrst term. In this way the

infrared singularity is split into the sum of a zero-width and a ˇnite-width piece.
The last term in Eq. (36) is proportional to α(k2)/k2 at large spacelike-k2 and has
no singularity on the real-k2 axis. Gluon conˇnement is manifest since G(k2)/k2

doesn't have a Lehmann representation.

4.1. Solving the Quark DSE. There are ostensibly three parameters in Eq. (36):
D, ω and mt. However, in the numerical studies the values ω =
= 0.3 GeV(= 1/[.66 fm]) and mt = 0.5 GeV(= 1/[.39 fm]) were ˇxed, and
only D and the renormalised u/d- and s-current-quark masses varied in order to
satisfy the goal of a good description of low-energy π- and K-meson properties.
This was achieved with

D = 0.781 GeV2 , m
µ
u/d = 3.74 MeV , mµ

s = 82.5 MeV , (37)

at µ ≈ 20 GeV, which is large enough to be in the perturbative domain. The
effective coupling obtained is depicted in Fig. 9.

Using Eqs. (33), (36), (37), and the renormalisation boundary condition

S(p)−1
∣∣
p2=µ2 = iγ · p+mµ , (38)

the quark DSE, Eq. (7), is completely speciˇed and can be solved by iteration.
The chiral limit in QCD is unambiguously deˇned by m̂ = 0. In this case

there is no perturbative contribution to the scalar piece of the quark self energy,
B(p2, µ2): in fact, there is no scalar, mass-like divergence in the perturbative
calculation of the self energy. It follows that Z2(µ2,Λ2)mbm(Λ2) = 0 , ∀Λ and,
from Eq. (38), that there is no subtraction in the equation for B(p2, µ2). In terms
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Fig. 9. Ansatz for G(k2)/k2 employed in Ref.7. ©B&Pª labels a solution [6] of the gluon
DSE, which is presented for comparison, as is the one-loop running coupling in QCD

of the renormalised current-quark mass the existence of DCSB means that, in the
chiral limit, M(µ2) ∼ O(1/µ2), up to lnµ2-corrections.∗

Figure 10 depicts the renormalised dressed-quark mass function, M(p2),
obtained by solving the quark DSE using the parameters in Eq. (37), and in the
chiral limit. It is a complement to Fig. 4 because it highlights the qualitative
difference between the behaviour of M(p2) in the chiral limit and in the presence
of explicit chiral symmetry breaking. In the latter case

M(p2)
large−p2

=
m̂(

1
2

ln
[

p2

Λ2
QCD

])γm {1 + two loop} , γm =
12

33− 2Nf
. (39)

However, in the chiral limit the ultraviolet behaviour is given by

M(p2)
large−p2

=
2π2γm

3

(
−〈q̄q〉0

)
p2
(

1

2
ln
[

p2

Λ2
QCD

])1−γm , (40)

where 〈q̄q〉0 is the renormalisation-point-independent vacuum quark condensate.

∗This is a model-independent statement; i.e., it is true in any study that preserves the one-loop
renormalisation group behaviour of QCD.
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Fig. 10. The renormalised dressed-quark mass function, M(p2), obtained in solving the
quark DSE using the parameters in Eq. (37): u/d-quark (solid line); s-quark (long-dashed
line); and chiral limit (dashed line). The renormalisation point is µ ≈ 20 GeV. The
intersection of the line M2(p2) = p2 (dotted line) with each curve deˇnes the Euclidean
constituent-quark mass, ME

Analysing the chiral limit solution yields

−〈q̄q〉0 = (0.227 GeV)3 , (41)

which is a reliable means of determining 〈q̄q〉0 because corrections to Eq. (40)
are suppressed by powers of Λ2

QCD/µ
2.

Equation (28) deˇnes the renormalisation-point-dependent vacuum quark con-
densate

−〈q̄q〉0µ
∣∣
µ=19 GeV

:=

=

(
lim

Λ→∞
Z4(µ,Λ)Nc

∫ Λ

q

trDirac [Sm̂=0(q)]

)∣∣∣∣∣
µ=19 GeV

= (0.275 GeV)3 ,

(42)
the calculated result. It is straightforward to establish explicitly that mµ 〈q̄q〉0µ =
constant, independent of µ, and hence

mµ 〈q̄q〉0µ := m̂ 〈q̄q〉0 , (43)

which unambiguously deˇnes the renormalisation-point-independent current-quark
masses. From this and Eqs. (37), (41) and (42) one obtains the values of these
masses appropriate to this model

m̂u/d = 6.60 MeV , m̂s = 147 MeV . (44)
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Using the one-loop evolution in Eq. (39) these values yield mµ
u/d = 3.2 MeV

and mµ
s = 72 MeV, which are within ∼ 10% of the actual values in Eq. (37).

This indicates that higher-loop corrections to the one-loop formulae, which are
present in the solution of the integral equation as made evident by A(p2, µ2) 6≡ 1
in Landau gauge, provide contributions of < 10% at p2 = µ2. The higher-loop
contributions decrease with increasing p2.

From the renormalisation-point-invariant product in Eq. (43) one obtains

−〈q̄q〉0µ
∣∣
µ=1 GeV

:= (ln [1/ΛQCD])
γm 〈q̄q〉0 = (0.241 GeV)3 . (45)

This result can be compared directly with the value of the quark condensate
employed in contemporary phenomenological studies: [13] (0.236±0.008 GeV)3.
Increasing ω → 1.5ω in G(k2) raises the calculated value in Eq. (45) by ∼ 10%,
a weak sensitivity.

After this discussion of the vacuum quark condensate it is straightforward to
determine the accuracy of Eqs. (29) and (30). Using experimental values on the
left-hand side, one ˇnds:

(0.0924×0.1385)2 = (0.113 GeV)4 cf. (0.111 GeV)4 = 2×0.0055×0.243 (46)

(0.113× 0.495)2 = (0.237 GeV)4 cf. (0.206 GeV)4 = (0.0055 + 0.13)× 0.243 ,
(47)

which indicates that O(m̂2)-corrections begin to become important at current-
quark masses near that of the s-quark, as demonstrated further in Ref.8.

4.2. Solving the Pseudoscalar Meson BSE. The model quark DSE de-
scribed above employs the rainbow truncation. Following Fig. 7 the consistent
Ward Å Takahashi identity preserving truncation of the quark-antiquark scatter-
ing kernel is the ladder approximation:

Krs
tu(q, k;P ) = −G((k − q)2)Dfree

µν (k − q)
(
γµ
λa

2

)
tr

(
γν
λa

2

)
su

, (48)

in which case the explicit form of Fig. 6 is

ΓH(k;P ) +

∫ Λ

q

G((k − q)2)Dfree
µν (k − q)λ

a

2
γµS(q+)ΓH(q;P )S(q−)

λa

2
γν = 0 .

(49)
Having an Ansatz for G(k2), S(q) in Eq. (49) follows by solving the quark DSE.
The kernel of the BSE is then completely speciˇed and solving the equation for
ΓH(k;P ) and the bound state mass is a straightforward numerical problem. Then,
with Dµν(k), S(p) and ΓH(k;P ), the calculation of other observables such as:
the leptonic decay constant, fH ; meson charge radius, rH ; and electromagnetic
form factor, FH(Q2); etc., is possible.
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The general form of the solution of Eq. (49) is given in Eq. (15), where
the scalar functions depend on the variables k2 and k · P and are labelled by
the eigenvalue P 2. From this it is clear that the integrand in Eq. (49) depends
on the scalars: k2, k · q, q2, q · P , and P 2, which takes a ˇxed-value at the
solution; i.e., at each value of P 2 the kernel is a function of four, independent
variables. Solving Eq. (49) can therefore require large-scale computing resources,
especially since there are four, independent scalar functions in the general form
of the solution.

Two different solution techniques can be employed. In one procedure, which
I will label: (A), the scalar functions are treated directly as dependent on two,
independent variables: E(k2, k · P ;P 2), etc. This requires straightforward, mul-
tidimensional integration at every iteration. Storing the multidimensional kernel
requires a large amount of computer memory but the iteration proceeds quickly.

An adjunct, which I will label: (B), employs a Chebyshev decomposition
procedure. It is implemented by writing

E(k2, k · P ;P 2) ≈
Nmax∑
i=0

iE(k2;P 2)Ui(cos β) , (50)

with similar expansions for F , Ĝ := k · P G and H , where k ·P := cosβ
√
k2P 2

and {Ui(x); i = 0, . . . ,∞} are Chebyshev polynomials of the second kind, or-
thonormalised according to:

2

π

∫ 1

−1

dx
√

1− x2 Ui(x)Uj(x) = δij . (51)

This procedure requires a large amount of time to set up the kernel but does not
require large amounts of computer memory.

In Tables 1 and 2 I list values of the dimensionless ratio

RH := −
〈q̄q〉HµMH

f2
Hm

2
H

. (52)

A value of RH = 1 means that Eq. (26) is satisˇed and hence so is the AV-WTI.∗

Looking at the tabulated values of RH it is clear that the scalar function H is not
quantitatively important, with the AV-WTI being satisˇed numerically with the
retention of E, F and G in the pseudoscalar meson Bethe Å Salpeter amplitude.
The values of RH , and the other tabulated quantities, highlight the importance

∗It illustrates that the pseudoscalar-meson pole in the axial-vector vertex is related to the
pseudoscalar-meson pole in the pseudoscalar vertex in the manner elucidated above. A ˇnite value in
the chiral limit emphasises that m2

H ∝MH asMH → 0.
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Table 1. Calculated values of the properties of light, pseudoscalar mesons composed of
a quark and antiquark of equal-mass. The mass (mexp

π = 0.1385) and decay constant
(fexp
π = 0.0924) are in GeV,RH is dimensionless. With the exception of the calculations

that retain only the zeroth Chebyshev moment, labelled by ©U0 onlyª, the results are
independent of the momentum partitioning parameter, ηP , in Eq. (34).

All amplitudes π chiral limit ss̄
mπ fπ RH m0 f0 RH mss̄ fss̄ RH

Method (A) 0.1385 0.0924 1.01 0.0 0.0898 1.00 0.685 0.129 1.00
U0 only 0.136 0.0999 0.95 0.0 0.0972 0.94 0.675 0.137 0.95
U0 and U1 0.1385 0.0925 1.00 0.0 0.0898 1.00 0.685 0.129 1.00
E only
Method (A) 0.105 0.0667 1.82 0.0 0.0649 1.81 0.512 0.092 1.68
U0 only 0.105 0.0667 1.82 0.0 0.0649 1.81 0.513 0.092 1.69
E, F
Method (A) 0.136 0.0992 0.95 0.0 0.0965 0.95 0.677 0.137 0.95
U0 only 0.136 0.0992 0.95 0.0 0.0965 0.95 0.678 0.138 0.95

E, F , Ĝ
Method (A) 0.140 0.0917 1.01 0.0 0.0891 1.00 0.688 0.128 1.01
U0 only 0.136 0.0992 0.95 0.0 0.0965 0.95 0.678 0.138 0.95
U0 and U1 0.140 0.0917 1.01 0.0 0.0891 1.00 0.689 0.128 1.01

of F and Ĝ: F is the most important of these functions but Ĝ nevertheless
provides a signiˇcant contribution, particularly for bound states of unequal-mass
constituents.

From Tables 1 and 2, and Eqs. (31), (32), (37), and (45), one calculates

−〈q̄q〉πµ=1 GeV −〈q̄q〉Kµ=1 GeV −〈q̄q〉ss̄µ=1 GeV

(0.245 GeV)3 (0.284 GeV)3 (0.317 GeV)3
(53)

showing that, for light pseudoscalars, the ©in-meson condensateª I have deˇned
increases with increasing bound state mass; as does the leptonic decay constant,
fH .∗ Both of these trends are modiˇed as one moves into the heavy-quark
domain: −〈q̄q〉Hµ → const. and fH → 0 as MH →∞.

Figure 11 depicts the scalar functions in the Bethe Å Salpeter amplitude
obtained as solutions of Eq. (49), focusing on the zeroth Chebyshev moment of
each function, which is obtained via

0EH(k2) :=
2

π

∫ π

0

dβ sin2 β U0(cosβ)EH(k2, k · P ;P 2) , (54)

∗(−〈q̄q〉Hµ )/fH is the residue of the bound state pole in the pseudoscalar vertex, just as fH
is the residue of the bound state pole in the axial-vector vertex. As expected, 〈q̄q〉πµ=1 GeV ≈
〈q̄q〉0µ

∣∣
µ=1 GeV

.
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Table 2. Calculated properties of the K meson for various values of the momentum
partitioning parameter, ηP ; ©−ª means that no bound state solution exists in this
case. The mass (mexp

K = 0.496) and decay constant (fexp
K = 0.113) are in GeV, RK is

dimensionless

All amplitudes ηP = 0.50 ηP = 0.25 ηP = 0.00
mK fK RK mK fK RK mK fK RK

Method (A) 0.497 0.109 1.01 0.497 0.109 1.01 0.497 0.109 1.01
U0 only 0.469 0.117 0.96 0.482 0.117 0.95 0.475 0.113 1.02
U0 and U1 0.500 0.111 1.00 0.497 0.109 1.01 0.498 0.110 1.00
U0, U1 and U2 0.497 0.109 1.01 0.497 0.109 1.01 0.496 0.109 1.01
E only
Method (A) 0.430 0.079 1.55 0.430 0.079 1.55 0.429 0.076 1.55
U0 only 0.380 0.077 1.54 0.401 0.076 1.51 0.415 0.073 1.55
U0 and U1 0.439 0.089 1.52 0.430 0.078 1.55 0.431 0.076 1.57
U0, U1 and U2 0.430 0.078 1.55 0.430 0.078 1.55 0.427 0.076 1.55
E, F
Method (A) 0.587 0.17 0.79 0.557 0.14 0.86 0.533 0.11 0.94
U0 only 0.505 0.12 0.82 0.518 0.11 0.86 0.512 0.11 0.96
U0 and U1 - - - 0.556 0.14 0.86 0.537 0.12 0.94
U0, U1 and U2 0.583 0.16 0.79 0.557 0.14 0.86 0.532 0.12 0.93

E, F , Ĝ
Method (A) 0.500 0.108 1.01 0.500 0.108 1.01 0.500 0.108 1.01
U0 only 0.471 0.116 0.96 0.484 0.116 0.95 0.477 0.112 1.02
U0 and U1 0.504 0.110 1.00 0.500 0.108 1.01 0.502 0.109 1.00
U0, U1 and U2 0.500 0.108 1.01 0.500 0.108 1.01 0.499 0.108 1.01

and similarly for F , G [Ĝ for the K meson] and H . I note that: the momentum-
space width of 0EH(k2) increases as the current-quark mass of the bound state
constituents increases; 0FH(k2 = 0) decreases with increasing current-quark mass
but that 0FH(k2) is still larger at k2 > 0.5 GeV2 for bound states of higher mass;
0GH(k2) [0ĜK(k2)] behaves similarly; and the same is true for HH(k;P ) but it
is uniformly small in magnitude thereby explaining its quantitative insigniˇcance.

Figure 12 depicts the large-k2 behaviour of the scalar functions in the
pseudoscalar Bethe Å Salpeter amplitude. The momentum dependence of 0EH(k2)
at large-k2 is identical to that of the chiral-limit quark mass function, M(p2) in
Eq. (40), [14] and characterises the form of the quark-quark interaction in the
ultraviolet. Figure 12 elucidates that this is also true of 0FH(k2), k2 0GH(k2)
[k2 0ĜK(k2) for the K meson] and k2 0HH(k2). Each of these functions reaches
its ultraviolet limit by k2 ' 10 GeV2, which is very-much-less-than the renormal-
isation point, µ2 = 361 GeV2. As I will illustrate below, this result has important
implications for the behaviour of pseudoscalar meson form factors.

A direct veriˇcation of Eqs. (19)Å(22) is possible in this concrete model.
Consider the inhomogeneous axial-vector vertex equation, Fig. 8, in the ladder
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Fig. 11. The zeroth Chebyshev moment of the scalar functions in the mesons' Bethe Å
Salpeter amplitude: chiral limit (dotted line); π meson (solid line); K meson (long-dashed
line); and ˇctitious, ss̄ bound state (dashed line). For ease of comparison the amplitudes
are all rescaled so that 0EH(k2 = 0) = 1

truncation:

ΓH5µ(k;P ) = Z2γ5γµ
TH

2
−

−
∫ Λ

q

G((k − q)2)Dfree
µν (k − q)λ

a

2
γµS(q+)ΓH5µ(q;P )S(q−)

λa

2
γν . (55)

From the homogeneous BSE one already has the equations satisˇed by EH(k; 0),
FH(k; 0), GH(k; 0), and HH(k; 0). To proceed, one substitutes Eq. (17) for
ΓH5µ(k;P ) in Eq. (55). Using the coupled equations for EH(k; 0), etc., one can
identify and eliminate each of the pole terms associated with the pseudoscalar
bound state. [That the homogeneous BSE is linear in the Bethe Å Salpeter
amplitude allows this.] That yields a system of coupled equations for FR(k; 0),
GR(k; 0), and HR(k; 0), which can be solved without complication. [The factor
of Z2 automatically ensures that FR(k2 = µ2;P = 0) = 1.] The realisation of
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Fig. 12. Asymptotic behaviour of the 0th Chebyshev moments of the functions in the
π-meson Bethe Å Salpeter amplitude: fπ

0Eπ(k2) (GeV, solid line); fπ
0Fπ(k2) (dimen-

sionless, long-dashed line); k2 fπ
0Gπ(k2) (dimensionless, dashed line); and k2 fπ

0Hπ(k2)
(GeV, dot-dashed line). The k2 dependence is identical to that of the chiral-limit quark
mass function, M(p2), Eq. (40). For other pseudoscalar mesons the momentum depen-
dence of these functions is qualitatively the same, although the normalising magnitude
differs

Fig. 13. An illustration of the realisation of the identities Eqs. (19) and (20), which are a
necessary consequence of preserving the axial vector Ward Å Takahashi identity
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the ˇrst two identities, Eqs. (19) and (20), is illustrated in Fig. 13. The remaining
two identities, Eqs. (21) and (22), are realised in a similar fashion.

5. ADDITIONAL PHENOMENOLOGICAL APPLICATIONS

In the model illustration of Sec. 4 an algebraic Ansatz was developed for
the dressed-gluon propagator based on the qualitative behaviour of solutions of
the gluon DSE. From this basic beginning, I illustrated how one can proceed
to calculate hadronic observables. A number of qualitatively signiˇcant features
emerged, among them DCSB and conˇnement, all of which are related to the
strong momentum dependence of the quark mass function, Eq. (8), in the infrared.

That last observation suggests an alternative phenomenological approach:
develop an algebraic Ansatz for the dressed-quark propagator. This is not as
fundamental as the approach in Sec. 4 because many, apparently distinct features
of the dressed-quark propagator are encoded in a few parameters of the Ansatz
for the dressed-gluon propagator; modelling the dressed-quark propagator directly
requires additional parameters to describe correlated effects. However, it has a
signiˇcant merit: with an algebraic as opposed to a numerical representation of
the dressed-quark propagator it is possible to study scattering observables more
quickly and easily. The approach can yield quantitatively reliable results provided
the Ansatz exhibits those essential qualitative features manifest in a direct solu-
tion of the quark DSE using a realistic Ansatz for the dressed-gluon propagator.
Further, in allowing a rapid analysis of a broad range of observable phenomena,
it provides a means of exploring the hypothesis that the bulk of hadronic phe-
nomena are simply a manifestation of the nonperturbative, momentum-dependent
dressing of the elementary Schwinger functions in QCD.

A simple and widely used model is [15]

σ̄S(ξ) = 2m̄F(2(ξ + m̄2)) + F(b1 ξ)F(b3 ξ) (b0 + b2F(ε ξ)) , (56)

σ̄V (ξ) =
2(ξ + m̄2)− 1 + e−2(ξ+m̄2)

2(ξ + m̄2)2
, (57)

with σ̄S(ξ) := λσS(p2), σ̄V (ξ) := λ2 σV (p2), where p2 = λ2 ξ, λ is a mass-
scale, and F(y) := [1 − exp(−y)]/y. This ˇve-parameter form, where m̄ is
the current-quark mass, combines the effects of conˇnement ∗ and DCSB with

∗The representation of S(p) as an entire function is motivated by the algebraic solutions of
Eq. (7) in Refs.16,17.
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free-particle behaviour at large, spacelike p2∗. Applying Eq. (28) in this case:

−〈q̄q〉0µ := lim
M2→∞

Z4(µ2,M2)
3

4π2

∫ M2

0

ds s σ0
S(s) , (58)

= λ3 ln
µ2

Λ2
QCD

3

4π2

b0

b1 b3
, (59)

and the pion mass is given by

m2
π f

2
π = 2m 〈q̄q〉01 GeV . (60)

In Sec.4.1 we saw that when all the components of Γπ are retained, Eq. (60)
yields an approximation to the pion mass found in a solution of the Bethe Å
Salpeter equation that is accurate to 2%.

The model has been used for both u/d- and s-quark propagators with the

difference between avours manifest in bs0 6= b
u/d
0 , bs2 6= b

u/d
2 and ms 6= mu/d:

the ˇrst allows for a difference between the K and π in-meson condensates
and the second for ME

s 6= ME
u/d, and all three are phenomenological constraints

observed in the previous section. As emphasised above, in a solution of the quark
DSE using an Ansatz for the dressed-gluon propagator, the parameters in Eq. (56)
are correlated and one can anticipate this crudely when ˇtting them.

5.1. Pion Electromagnetic Form Factor. The renormalised impulse approx-
imation to the electromagnetic pion form factor is [15]

(p1 + p2)µ Fπ(q2) := Λµ(p1, p2) =

=
2Nc
N2
π

∫
d4k

(2π)4
trD[Ḡπ(k;−p2)S(k++)×

× iΓγµ(k++, k+−)S(k+−)Gπ(k − q/2; p1)S(k−−)], (61)

kαβ := k+αp1/2 + βq/2 and p2 := p1 + q, illustrated in Fig. 14. Here Gπ(k;P )
is the pion Bethe Å Salpeter amplitude normalised such that E(0; 0) = B(0)
in the chiral limit, in which case the consistent canonical normalisation of the

∗At large-p2: σV (p2) ∼ 1/p2 and σS(p2) ∼ m/p2. Therefore the parametrisation does
not incorporate the additional ln p2-suppression characteristic of QCD: it corresponds to γm → 1
in Eq. (40). It is a useful but not necessary simpliˇcation, which introduces model artefacts that
are easily identiˇed and accounted for. ε = 0.01 is introduced only to decouple the large- and
intermediate-p2 domains.
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Fig. 14. Impulse approximation to Fπ(q2): S labels the dressed-quark propagator; Γπ , the
pion Bethe Å Salpeter amplitudes; and Γµ, the dressed-quark-photon vertex

Bethe Å Salpeter amplitude is

2δijN2
π Pµ =

∫ Λ

q

{
tr

[
Ḡiπ(q;−P )

∂S(q+)

∂Pµ
Gjπ(q;P )S(q−)

]
+ (62)

+ tr

[
Ḡiπ(q;−P )S(q+)Gjπ(q;P )

∂S(q−)

∂Pµ

]}
,

where Ḡπ(q;−P )t := C−1 Gπ(−q;−P )C with C = γ2γ4, the charge conjugation
matrix, and Xt denotes the matrix transpose of X .

Given S and Eqs. (19)-(22), what form does the Bethe Å Salpeter amplitude
take?

In Sec. 4.2 we saw that the zeroth Chebyshev moments of the pion Bethe Å
Salpeter amplitude provided results for mπ and fπ that were indistinguishable
from those obtained with the full solution. Also Hπ ' 0 and hence it was
quantitatively unimportant in the calculation of mπ and fπ. These results are not
speciˇc to that particular model; in the latter case because the right-hand side of
Eq. (22) is zero and hence in general there is no ©seedª term for Hπ. We also
saw that at large-k2, independent of assumptions about the form of K , one has

E0
π(k2;P 2) ∝ −〈q̄q〉0k2

α(k2)

k2
, (63)

and that the same is true of F 0
π (k2;P 2), k2G0

π(k2;P 2), and k2H0
π(k2;P 2). This

makes manifest the ©hard-gluonª contribution to Fπ(q2) in Eq. (61). In addition,
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in an asymptotically free theory, one has [7]

k2G0
π(k2;P 2) = 2F 0

π(k2;P 2) , k2
∼> M2

UV , (64)

with MUV := 10 ΛQCD.
These observations, combined with Eqs. (19)Ä(22), motivate a model for Gπ :

Eπ(k;P ) = B0(k2) (65)

with Fπ(k;P ) = Eπ(k;P )/(110 fπ), Gπ(k;P ) = 2Fπ(k; p)/[k2 + M2
UV], and

Hπ(k;P ) ≡ 0. The relative magnitude of these functions at large k2 is chosen to
reproduce the numerical results in Fig. 12.

The ˇnal element in Eq. (61) is Γγµ(p1, p2), the renormalised, dressed-quark-
photon vertex, and it is because this vertex must satisfy the vector Ward Å Ta-
kahashi identity:

(p1 − p2)µ iΓ
γ
µ(p1, p2) = S−1(p1)− S−1(p2) , (66)

that (p1− p2)µ Λµ(p1, p2) = 0 and no renormalisation constants appear explicitly
in Eq. (61). Γγµ(p1, p2) has been much studied [5] and, although its exact form
remains unknown, its robust qualitative features have been elucidated so that a
phenomenologically efˇcacious Ansatz has emerged [18]

iΓγµ(p, q) := iΣA(p2, q2) γµ +

+ (p+ q)µ

[
1

2
iγ · (p+ q) ∆A(p2, q2) + ∆B(p2, q2)

]
, (67)

Σf (p2, q2) :=
1

2
[f(p2) + f(q2)] , ∆f (p2, q2) :=

f(p2)− f(q2)

p2 − q2
, (68)

where f = A,B. A feature of Eq. (67) is that the vertex is completely determined
by the renormalised dressed-quark propagator. In Landau gauge the quantitative
effect of modiˇcations, such as that canvassed in Ref.19, is small and can be
compensated for by small changes in the parameters that characterise a given
model study [20].

The model parameters were determined [15] by optimising a least-squares ˇt
to fπ, rπ and 〈q̄q〉01 GeV, and a selection of pion form factor data on the domain
q2 ∈ [0, 4] GeV2. The procedure does not yield a unique parameter set with, for
example, the two sets:

λ(GeV) m̄ b0 b1 b2 b3
A 0.473 0.0127 0.329 1.51 0.429 0.430 ,
B 0.484 0.0125 0.314 1.63 0.445 0.405 ,

(69)
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Table 3. Comparison between the calculated values of low-energy pion observables
and experiment or, in the case of (−〈q̄q〉01 GeV)1/3 and mu/d, the values estimated
using other theoretical tools. Each set in Eq. ( 69) yields the same calculated values.
ΛQCD = 0.234 GeV

Calculated Experiment

fπ 0.092 GeV 0.092

(−〈q̄q〉01 GeV)1/3 0.236 0.236 ± 0.008 [13]

mu/d 0.006 0.008 ± 0.004 [21]

mπ 0.1387 0.1385

rπ 0.55 fm 0.663 ± 0.006 [22]

rπfπ 0.25 (dimensionless) 0.310 ± 0.003

providing equally good ˇts, as illustrated in Table 3. There is a domain of
parameter sets that satisfy the ˇtting criterion and they are distinguished only by
the calculated magnitude of the pion form factor at large-q2. The two sets in
Eq. (37) delimit reasonable boundaries and illustrate the model dependence in the
result. In the chiral limit: f0

π = 0.090 GeV.

The quark propagator obtained with these parameter values is pointwise little
different to that obtained in Ref.23. One gauge of this is the value of the Euclidean
constituent quark mass. Here ME

u/d = 0.32 GeV, whereas ME
u/d = 0.30 GeV in

Ref.23. It is also qualitatively similar to the numerical solution described in
Sec. 4.1 [7], where ME

u/d = 0.56 GeV. Indeed, the results are not sensitive to
details of the ˇtting function: ˇtting with different conˇning, algebraic forms
yields S(p) that is pointwise little changed, and the same results for observables.
The earlier parametrisation [23] has been applied more widely, as reviewed in
Ref.24, and Table 4 summarises the results.

In the calculations fπrπ is 20% too small. This discrepancy cannot be reduced
in impulse approximation because the nonanalytic contributions to the dressed-
quark-photon vertex associated with π-π rescattering and the tail of the ρ-meson
resonance are ignored [29]. It can only be eliminated if these contributions
are included. This identiˇes a constraint on realistic, impulse approximation
calculations: they should not reproduce the experimental value of fπrπ to better
than ∼ 20%, otherwise the model employed has unphysical degrees-of-freedom.

The pion form factor calculated [15] using Eqs. (56) and (57) with (69)
is compared with available data in Figs. 15 and 16. It is also compared with
the result obtained in Ref.23, wherein the calculation is identical except that the
pseudovector components of the pion were neglected. Figure 15 shows a small,
systematic discrepancy between the calculations and the data at low q2, which is
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Table 4. Summary of results obtained using the parametrisation of S(p) introduced
in Ref.23, which differs little from that speciˇed by Eqs. (56) and (57). aIJ are π-π
scattering lengths, whose experimental values are discussed in Ref.28, and F 3π(4m2

π)
is the value of the γπ → ππ transition form factor at the softest point kinematically
accessible. The citations for the calculated results specify the article in which the
annotated study is described. The ©experimentalª values of the current-quark masses
and the quark condensate are estimates made using other theoretical tools: see Table 3

Calculated ©Experimentª

fπ 0.0924 GeV 0.0924 ± 0.001

fK 0.113 0.113 ± 0.001

mπ 0.139 0.138

mK 0.494 0.494

mave
1 GeV2 0.0045 0.008

ms
1 GeV2 0.113 0.1 ∼ 0.3

−〈q̄q〉
1
3

1 GeV2 0.247 0.236± 0.008

rπ± 0.55 fm 0.663 ± 0.006

rK± 0.49 [25] 0.583 ± 0.041

r2
K0 -0.020 fm2 -0.054 ± 0.026

gπ0γγ 0.50 [23] (dimensionless) 0.504 ± 0.019

F 3π(4m2
π) 1.04 [26] 1 (Anomaly)

a0
0 0.19 [27] 0.26 ± 0.05

a2
0 -0.054 -0.028 ± 0.012

2a0
0 − 5a2

0 0.65 0.66 ± 0.12

a1
1 0.038 0.038 ± 0.002

a0
2 0.0017 0.0017 ± 0.0003

a2
2 -0.00029

fK/fπ 1.22 1.22 ± 0.01

rK±/rπ± 0.87 0.88 ± 0.06

due to the underestimate of rπ in impulse approximation∗. The results obtained
with or without the pseudovector components of the pion Bethe Å Salpeter ampli-
tude are quantitatively the same, which indicates that the pseudoscalar component,
Eπ, is dominant in this domain.

∗Just as in the present calculation, fπrπ = 0.25 in Ref.23. However, the mass-scale is ˇxed
so that fπ = 0.084, which is why this result appears to agree better with the data at small-q2: rπ is
larger.
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Fig. 15. Calculated pion form factor compared with data at small q2. The data are
from Refs.22 (crosses) and 30 (circles). The solid line is the result obtained when the
pseudovector components of the pion Bethe Å Salpeter amplitude are included; the dashed-
line, when they are neglected [23]. On the scale of this ˇgure, both parameter sets in
Eq. (69) yield the same calculated result

The increasing uncertainty in the experimental data at intermediate q2 is
apparent in Fig. 16, as is the difference between the results calculated with or
without the pseudovector components of the pion Bethe Å Salpeter amplitude.
These components provide the dominant contribution to Fπ(q2) at large pion
energy because of the multiplicative factors: γ ·P and γ ·k k ·P , which contribute
an additional power of q2 in the numerator of those terms involving F 2, FG,
and G2 relative to those proportional to E. Using the method of Ref.23 and the
model-independent asymptotic behaviour indicated by Eq. (63) one ˇnds

Fπ(q2) ∝ α(q2)

q2

(−〈q̄q〉0q2 )2

f4
π

; (70)

i.e., q2Fπ(q2) ≈ const., up to calculable ln q2-corrections. If the pseudovector
components of Γπ are neglected, the additional numerator factor of q2 is missing
and one obtains [23] q4Fπ(q2) ≈ const.
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Fig. 16. Calculated pion form factor compared with the largest q2 data available: dia-
monds Å Ref.30; and circles Å Ref.31. The solid lines are the results obtained when the
pseudovector components of the pion Bethe Å Salpeter amplitude are included (lower line
Å set A in Eq. (69); upper line Å set B), the dashed-line when they are neglected [23]

With this model the behaviour identiˇed in Eq. (70) becomes apparent at
q2
∼> 2M2

UV . This is the domain on which the asymptotic behaviour indicated
by Eq. (63) is manifest. The calculated results, obtained with the two sets of
parameters in Eq. (37), illustrate the model dependent uncertainty:

q2Fπ(q2)
∣∣
q2∼10−15 GeV2 ∼ 0.12− 0.19 GeV2 . (71)

It arises primarily because the model allows for a change in one parameter to be
compensated by a change in another. In this example: bB

2 > bA
2 but bB

0 + bB
2 =

bA
0 + bA

2 ; and bA
1 b

A
3 = bB

1 b
B
3 , which allows an equally good ˇt to low-energy

properties but alters the intermediate-q2 behaviour of Fπ(q2). As emphasised, in
a solution of Eq. (7) these coefˇcients of the 1/p4 and 1/p6 terms are correlated
and such compensations cannot occur.
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As a comparison, evaluating the leading-order perturbative-QCD result with
the asymptotic quark distribution amplitude: φas(x) :=

√
3 fπ x(1 − x), yields

q2Fπ(q2) = 16 πf2
π α(q2) ≈ 0.15 GeV2 , (72)

assuming a value of α(q2 ∼ 10 GeV2) ≈ 0.3. However, the perturbative analy-
sis neglects the anomalous dimension accompanying condensate formation; e.g.,
Eqs. (19)-(22) are not satisˇed in Ref.32.

5.2. Electroproduction of Vector Mesons. There is an extensive body of
literature describing Pomeron phenomenology, all derived from the observation
that the total cross section in high-energy scattering: p-p, p̄-p, π±-p, γ-p, etc.,
is forward-peaked and rises slowly with

√
s. This is illustrated [21] in Fig. 17

and can be described [10] by a Pomeron-exchange model of the quark-nucleon
interaction with the following features:

1. The quark-Pomeron coupling is q̄f (p2)Γfµq
f (p1), where Γµ := βf γµ with

βf a avour-dependent coupling constant. It is the only avour-dependence in
the interaction.

2. The Pomeron ©propagatorª is characterised by a Regge trajectory:

G(s, t) := (α1s)
α0+α1t (73)

with α0 > 0, which ensures the increase with s, and the Pomeron-nucleon cou-
pling is 3βuF1(t), where F1(t) is the Dirac form factor of the proton.

3. The interaction is used in impulse approximation so that, for example, the
πN → πN interaction is completely described by

〈P ; p2m
′
s|TπN→πN |q; p1ms〉 :=

:= Λµ(q, P ) 3βu/d F1(t)G(s, t) ūm′s(p2)γµums(p1) , (74)

where ums(p1) is a nucleon spinor and Λµ(q, P ) := 2Λuµ(q, P ) + 2Λd̄µ(q, P ) with

Λfµ(q, P ) :=

:= Nc trD

∫
d4k

(2π)4
Su(k−+)Γπ(k0−)Sd(k−−)Γ̄π(k)Su(k++)βf iγµ (75)

describing the interaction of the Pomeron with the f -quark in the pion. The
parameters: βf , α0, α1, in this model were ˇxed [10] by requiring a good
description of πN and KN scattering, and this is achieved with

βu/d = 2.35 GeV−2, βs = 1.50 GeV−2, α0 = 0.10, α1 = 0.33 GeV−2 .
(76)
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Fig. 17. Total and elastic cross sections for p-p and p̄-p scattering. The slow increase of
the total cross section with

√
s at high energy is obvious.

In the diffractive regime the process e− p → e−′ p′ V , where V = ρ, φ, ψ,
is also expected to proceed via soft-Pomeron exchange and the model introduced
above can be applied directly. The matrix element is

〈p2m2; kλρ|Jµ|p1m1〉 =

= 2βf tµνλ(q, k) ε
λρ
λ (k)GP(w̄2, t) 3βuF1(t) ū(p2)γνu(p1) , (77)
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Fig. 18. ρ-meson electroproduction matrix element. ω̄2 := −(q − P/2 + p1)2, where p1

is the momentum of the struck nucleon

depicted in Fig. 18, where the γP → ρ transition form factor is

tµνλ(q, P ) = 3e0

∫
d4k

(2π)4
tr
{
S(k +

1

2
P ) ×

×Γγµ(k +
1

2
P, k − q +

1

2
P )S(k − q +

1

2
P ) γν S(k − 1

2
P ) Vλ(k;−P )

}
. (78)

The unknown quantity in Eq. (78) is the vector meson Bethe Å Salpeter ampli-
tude, Vν(k;−P ). In the absence of a solution of the associated Bethe Å Salpeter
equation, an oft used and phenomenologically efˇcacious procedure [24] is to
parametrise the amplitude in a manner similar to that employed for the pion in
Sec. 5.1:

Vν(k;P ) =

(
γν +

Pνγ · P
m2
V

)
1

NV

{
e−k

2/a2
V +

cV

1 + k2/b2V

}
, (79)

whereNV is ˇxed via the canonical normalisation condition: clearly, P ·V (k;P ) =
0. The parameters are

a (GeV) b (GeV) c
ρ 0.40 0.008 125.0
φ 0.45 0.6 0.3
ψ 1.10 0.0 0.0

(80)

which were ˇxed [10] by requiring the ˇt to the dimensionless coupling constants
in Eq. (81).

gρ→e+e− gρ→π+π− gφ→e+e− gφ→KK̄ gψ→e+e−
Theory 4.6 6.8 12.7 3.9 11.5
Experiment 5.0 6.1 12.9 4.6 11.5

(81)
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Fig. 19. ρ-meson electroproduction cross section at W = 15 GeV: solid line Å calculated
result; long-dashed line Å result if m̄u/d → 10 m̄u/d; dash-dot line Å result if m̄u/d →
→ 25 m̄u/d ' m̄s. The data are: circles Å Ref.33; squares Å Ref.34; triangles Å Ref.35

The experimental values of the decay constants were calculated from the widths
in Ref.21, and the ˇt is acceptable given the simplicity of the Ansatz for Vν ,
which includes only one of the eight scalar functions necessary to completely
specify a vector meson bound state. At this point there are no free parameters in
the calculation of the electroproduction cross sections.

Figure 19 depicts the Q2-dependence of the ρ-meson electroproduction cross
section and the magnitude is a prediction. There is complete agreement on
the entire range of accessible Q2, with the large Q2 behaviour [10]: 1/Q4,
which becomes evident at Q2 ' 1-2 GeV2. Below that point the nonperturbative
character of the dressed-quark propagator dominates the evolution of the cross
section. It is important to observe the prediction that, the larger the current-quark
mass of the constituents, the larger the value of Q2 at which the asymptotic
behaviour is manifest.

The calculated φ-meson electroproduction cross section is depicted in Fig. 20.
It is in excellent agreement with Refs.36 and 37, which used a nucleon target, as
opposed to Ref.35, which averaged over variety of nuclear targets. As could be
anticipated from Fig. 19, the onset of the asymptotic 1/Q4 behaviour is pushed
to larger-Q2 for the φ-meson because the current-quark mass of the constituents,
the s-quark, is larger. In calculating the ψ-meson electroproduction cross section
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Fig. 20. φ-meson electroproduction cross section at W = 70 GeV: solid line; the dashed
line is the ρ-meson result for comparison. The data are: triangles Å Ref.35; circles Å
Ref.36; squares Å Ref.37

Fig. 21. ψ-meson electroproduction cross section at W = 100 GeV: solid line; the dashed
line is the ρ-meson result at W = 15 GeV for comparison. The data are from Refs.38,39

a very simple form was used for the c-quark propagator:

Sc(k) :=
1

m2
c

(−iγ · k +mc)F(1 + k2/m2
c) (82)

with mc = 1.2 GeV (∼ m1 GeV
c in Eq. (10)). This and the simple form of the

ψ-meson Bethe Å Salpeter amplitude anticipate the successful application of
DSEs to heavy-meson observables [9]. The calculated cross section is depicted in
Fig. 21. The striking prediction, conˇrmed by recent data, is that although two-
orders of magnitude smaller than the ρ-meson cross section at the photoproduction
point, the ψ-meson cross section is equal to that of the W = 100 GeV, ρ-meson
cross section at Q2 = 15 GeV2. This is because the large c-quark mass shifts the
onset of the asymptotic 1/Q4-behaviour to larger-Q2.
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6. FINITE TEMPERATURE AND CHEMICAL POTENTIAL

As we have seen, at zero temperature and chemical potential the low-energy
and small-q2 behaviour of QCD is characterised by conˇnement and DCSB. The
internal scale that marks the boundary between small and large energy in QCD
is Mχ ∼ ΛQCD. As the energy and/or momentum transfer increases, QCD is
characterised by asymptotic freedom; i.e., the coupling evolves

αS(Q2, T = 0 = µ)
Q2→∞−→ 0 (83)

and quarks and gluons behave as weakly interacting, massless particles in high-
energy and/or large-Q2 processes.

The study of QCD at ˇnite temperature and baryon number density proceeds
via the introduction of the intensive variables: temperature, T ; and quark chem-
ical potential, µ. These are additional mass-scales, with which the coupling can
run and hence, for T � ΛQCD and/or µ � ΛQCD, αS(Q2 = 0, T, µ) ∼ 0. It
follows that at ˇnite temperature and/or baryon number density there is a phase of
QCD in which quarks and gluons are weakly interacting, irrespective of the mo-
mentum transfer [40]; i.e., a quark-gluon plasma. Such a phase of matter existed
approximately one microsecond after the big-bang. In this phase conˇnement and
DCSB are absent and the nature of the strong interaction spectrum is qualitatively
different. The contemporary expectation for the position of the phase boundary
in the (µ, T )-plane is illustrated in Fig. 22.

Fig. 22. The anticipated quark-gluon phase boundary in the (µN , T )-plane. ©HGª Å
hadron gas, ©QGPª Å quark-gluon plasma. The nucleon chemical potential: µN := 3µ;
i.e., three-times the quark chemical potential. ©SPSª and ©AGSª mark the points in the
plane that is the estimate of these facilities explore.
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The path followed in the transition to the plasma is important because it
determines some observational consequences of the plasma's existence. For ex-
ample [41], the time-scale for the expansion of the early universe: ∼ 10−5 s, is
large compared with the natural time-scale in QCD: 1/ΛQCD ∼ 1 fm/c ∼ 10−23 s,
hence thermal equilibrium is maintained throughout the QCD transition. There-
fore, if the transition is second-order, the ratio B := baryon-number/entropy,
remains unchanged from that value attained at an earlier stage in the universe's
evolution. However, a ˇrst-order transition would be accompanied by a large
increase in entropy density and therefore a reduction in B after the transition.
Hence the order of the QCD transition constrains the mechanism for baryon num-
ber generation in models describing the formation of the universe, since with a
second-order transition this mechanism is only required to produce the presently
observed value of B and need not allow for dilution. In the absence of quarks,
QCD has a ˇrst-order deconˇnement transition, and with three or four mass-
less quarks a ˇrst-order chiral symmetry restoration transition is expected [41].
A current, primary question is: what happens in the realistic case of two light
quark avours?

Nonperturbative methods are necessary to study the phase transition, which
is characterised by qualitative changes in order parameters such as the quark
condensate. One widely used approach is the numerical simulation of ˇnite tem-
perature lattice-QCD, with the ˇrst simulations in the early eighties and extensive
efforts since then [42]. Here I focus on the application of DSEs. This is a new
usage and much remains to be learnt: these are exploratory studies. One goal is to
develop DSE models of QCD at ˇnite-T and µ (QCDTµ ) that can be used to check
the results of numerical simulations, and be constrained by them. These models
can then be employed to extrapolate into that domain presently inaccessible to
lattice studies, such as ˇnite chemical potential and the effects of T and µ on
bound state properties, the latter of which are expected to provide the signatures
of quark-gluon plasma formation in relativistic heavy ion collisions.

Before discussing details it is interesting to provide a human scale for the
temperatures and densities involved. The natural scale in QCD is ΛQCD ∼
200 MeV and temperatures of this order of magnitude will be necessary to cre-
ate the plasma. ΛQCD ∼ 1010× room-temperature! It represents a temperature
on the astrophysical and cosmological scale. Nuclear matter density
ρ0 ≈ 3 × 1014 g/cm3 = 0.16 N/fm3 and this is more than 1013× the density
of solid lead! The density at the core of a neutron star is expected to be approxi-
mately 4 ρ0 [43] and it is densities on this order that are anticipated to be required
for plasma formation.

The expectation of the existence of a new phase of matter, the quark-gluon
plasma, has led to the construction of a Relativistic Heavy Ion Collider (RHIC)
at Brookhaven National Laboratory. Construction is to be completed in 1999. It
will use counter-circulating, colliding 100 A GeV 197Au beams to generate a total
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Fig. 23. Mass spectra for inclusive e+- e− pairs in 450GeV p-Be collisions showing
the data and various contributions from hadron decays. The shaded region indicates the
systematic error on the summed contributions [45]

centre-of-mass energy of ∼ 40 TeV, in an effort to produce an equilibrated quark-
gluon plasma. It is anticipated to approach the quark-gluon plasma via a low
baryon density route. Contemporary, ˇxed target experiments at the Brookhaven-
AGS and CERN-SpS explore a high baryon density environment at much lower
centre-of-mass energies. These experiments are crucial in developing the ex-
pertise necessary for operating detectors under RHIC conditions but they are not
expected to ©discoverª the plasma. The CERN-SpS experiments have nevertheless
produced some interesting results.

One example is the ©NA45-CERESª experiment [44], which studies e+- e−

pair production in heavy ion collisions. e± pairs leave the interaction region
without interacting strongly and hence they are a probe of the early stages of the
interaction. In Fig. 23 I illustrate the dilepton spectrum obtained in high-energy
p-Be collisions. It is well described by known hadron decays. The same is
true of pÅAu collisions. However, this is not the case in S-Au collisions, as
illustrated in Fig. 24. There the known hadron decays describe the data only for
mee < 300 MeV, which is the region dominated by π0 Dalitz decays. At higher
energies the shape of the spectrum is different and shows a strong enhancement
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Fig. 24. Mass spectra for inclusive e+- e− pairs in 200GeV S-Au collisions showing
the data and various contributions from hadron decays. The shaded region indicates the
systematic error on the summed contributions [45]

in the dilepton yield. Integrating over the region 0.2 < mee < 1.5 GeV the
enhancement factor is

5.0± 0.7 stat.± 2.0 syst. (84)

The enhancement persists in PbÅAu collisions [44]. What explanation can be
offered?

One model calculation [46] shows that this enhancement can be explained by
a medium-induced reduction of the ρ-meson's mass; another [47], that it follows
from an increase in the ρ-meson's width. A decrease in the ρ-meson's mass
is consistent with the QCD sum rules analysis of Ref.48 but inconsistent with
that of Ref.49, which employs a more complex phenomenological model for the
in-medium spectral density used in matching the two sides of the sum rule. In
Ref.49 there is no shift in the ρ-meson mass but a signiˇcant increase in its width.
The consistency between Refs.47 and 49 is not surprising since, in contrast to
Ref.48, they both rely heavily on effective Lagrangians with elementary hadron
degrees-of-freedom. These are possibilities that can be explored using DSEs,
which focusing on dressed-quark and -gluon degrees of freedom is an approach
most akin to Ref.48. A ˇrst attempt [50], summarised in Sec. 7.6, predicts a
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15% suppression of mρ at nuclear matter density but employs a model that is
inadequate to address Γρ.

6.1. Notes on Field Theory. Equilibrium statistical ˇeld theory can be under-
stood by analogy with equilibrium statistical mechanics. For a particle moving in
a potential V the density matrix is given by the path integral

ρ(x, x′;T := 1/β) :=∫ x(β)=x′

x(0)=x

Dx(τ) exp

{
−
∫ β

0

dτ

[
1

2
mẋ(τ)2 − V (x(τ))

]}
, (85)

where the underlined term is just the Lagrangian. All of the thermodynamic
information about this system can be obtained from the partition function

Z(T ) :=

∫
V

dx ρ(x, x, T ) ; (86)

for example, the pressure P = T ln Z(T )/V and the baryon density ρB =
(1/3)∂P/∂µ.

The equilibrium thermodynamics of a quantum ˇeld theory is also completely
speciˇed by a partition function, or generating functional. In the particular case
of a self-interacting scalar ˇeld this is given by the functional integral:

Z[T ] :=

∫
Πx̃,τ∈[0,β]Dφ(x̃, τ) exp

(
−
∫ β

0

dτ

∫
d3xLE(x;φ)

)
, (87)

where LE(x;φ) is the Euclidean Lagrangian density describing the interaction of
φ(x̃, τ), whose boundary conditions are periodic:

φ(x̃, τ = 0) = φ(x̃, τ = β) . (88)

The boundary conditions for fermions are antiperiodic:

ψ(x̃, τ = 0) = −ψ(x̃, τ = β) . (89)

This difference in boundary conditions is the reason for the difference between the
Matsubara frequencies of fermions and bosons and hence why fermions acquire
a screening mass at ˇnite temperature.

It is immediately obvious that the O(4) invariance of the Euclidean theory
is lost: at ˇnite temperature (and/or chemical potential) the theory exhibits only
an O(3) symmetry corresponding to spatial rotations and translations. This is
why the formalism, necessarily used in lattice simulations, is only applicable to
equilibrium systems Å there is no generator of translations in time. One also
notes from Eq. (87) that as T → ∞ one dimension disappears completely and
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hence the corresponding (d−1)-dimensional theory is a candidate to describe the
inˇnite-temperature limit of a d-dimensional theory.

The ˇnite temperature, free fermion Lagrangian density is

LEFree(ψ̄, ψ) = ψ̄(~x, τ)
(
~γ · ~∂ + γ4 ∂τ +m

)
ψ(~x, τ) . (90)

Introducing a Fourier decomposition:

ψ(~x, τ) = T

∞∑
n=−∞

∫
d3p

(2π)3
ψ(~p, ωn)ei~p·~x+iωnτ , (91)

antiperiodicity entails that the fermion Matsubara frequencies are

ωn = (2n+ 1)π T , n ∈ ZZ (92)

and the free fermion action is

SEβ [ψ̄, ψ]Free = T

∞∑
n=−∞

∫
d3p

(2π)3
ψ̄(~p, ωn) (i~γ · ~p+ iγ4ωn +m) ψ(~p, ωn) .

(93)
From this one identiˇes the ˇnite temperature, free fermion propagator

S(p) =
1

i~γ · ~p+ iγ4 ωn +m
. (94)

Analogous arguments, using the periodic boundary conditions, lead to an
identiˇcation of the free boson propagator

D(p,Ωn) =
1

|~p |2 + Ω2
n +m2

, (95)

where Ωn = 2 π nT . Having obtained the free particle propagators one can
proceed to deˇne a perturbation theory. As an example, in massless φ4 theory
the one-loop correction to the φ propagator is

∝ T
∞∑

n=−∞

∫
d3p

(2π)3

1

Ω2
n + |~p |2 . (96)

The sum can be evaluated:

T

∞∑
n=−∞

1

Ω2
n + |~p |2 =

1

|~p |
1

exp(|~p |/T )− 1
+ T−independent piece , (97)

to yield the Bose-Einstein factor. This is a source of problems: for large temper-
atures

1

exp(|~p |/T )− 1
=

T

|~p | (98)

and one can thereby encounter additional infrared divergences.
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These are particularly serious in QCD. To illustrate this [51] consider an
(`+1)-gluon-loop diagram and focus on the n = 0 mode, which obviously yields
the dominant infrared behaviour. The estimate is made easier if one neglects the
tensor structure and notes that: from the vertices there is a factor of g2` p2`; the
loop-sum-integral gives (T

∫
p2∈[0,T ]

d3p)`+1; and the propagators, (p2 +m2)−3`,
where m is a possible, dynamically generated mass-scale. A little thought and
calculation shows that the net order of a given diagram in perturbation theory is

` = 1, 2 ` = 3 ` ≥ 4

g2` T 4 g6 T 4 ln(T/m) g6 T 4 [g2T/m]`−3.
(99)

Clearly, if m = 0 the diagrams are infrared divergent for ` > 2. The divergences
may cancel when all diagrams of a given order are summed but that is difˇcult
to verify. Suppose instead that the mass-scale m ∼ g T , as does the Debye mass
in QED, then no problem arises: at each order above ` = 3 the diagrams are
suppressed by powers of the coupling and a self-consistent calculation of the
mass-scale is straightforward. This underlies the successful application of the
method of ©hard thermal loopsª [52]. However, suppose that m ∼ g2T , which
is the next possibility. In this case every diagram above ` = 2 contributes with
the same strength: g6, which presents a serious impediment to the application of
perturbation theory!

The introduction of a quark chemical potential modiˇes Eq. (93):

SEβ [ψ̄, ψ]Free :=

:= T

∞∑
n=−∞

∫
d3p

(2π)3
ψ̄(~p, ωn) (i~γ · ~p+ iγ4 ωn − γ4µ+m) ψ(~p, ωn) (100)

so that even the free Dirac operator is not hermitian and hence the QCD ac-
tion is necessarily complex. As such it does not specify a probability measure,
which precludes the straightforward application of Monte-Carlo methods in the
evaluation of the partition function. However, the application of DSEs remains
straightforward. The propagators and vertices are complex, so twice as many
functions are required to represent them but otherwise there are no complications.
Thus they provide a nonperturbative means of exploring this domain, which is
presently inaccessible in lattice simulations.

6.2. Some Lattice Results. Since the early eighties, as one branch of the
extensive application of lattice methods in many areas of QCD, Monte-Carlo
simulations have been used to estimate the ˇnite temperature QCD partition func-
tion [53]. These studies have contributed considerably to the current understand-
ing of the nature of the quark-gluon plasma. Due to the persistent limitation
of computational power many analyses have focused on the pure gauge sector,
which exhibits a ˇrst-order deconˇnement transition at a critical temperature of
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Fig. 25. Energy density and pressure for 2-light-avour QCD on lattices with four temporal
lattice sites, from Ref.58

T
Nf=0
c ≈ 270 MeV [54]. In studying the chiral transition this commonly used

quenched approximation is inadequate because the details depend sensitively on
the number of active (light) avours. It is therefore necessary to include the
fermion determinant.

That is even more important when µ 6= 0 because the Dirac operator is not
hermitian and thus the fermion determinant acquires an explicit imaginary part, in
addition to those terms associated with axial anomalies. The QCD action being
complex entails that the study of ˇnite density is signiˇcantly more difˇcult than
that of ˇnite temperature. Simulations that ignore the fermion determinant at
µ 6= 0 encounter a forbidden region, which begins at µ = mπ/2 [55], and since
mπ → 0 in the chiral limit this is a serious limitation, preventing a reliable study
of chiral symmetry restoration. The phase of the fermion determinant is essential
in eliminating this artefact [56].

QCD with dynamical quarks is a contemporary focus and for two avours
of light quarks the theory appears [57] to exhibit a second-order transition at

a critical temperature T
Nf=2
c ≈ 150 MeV. This is illustrated in Fig. 25, which

shows a rapid change in the energy density in a small region around 150 MeV.
For three or more light quark avours the continuum theory is expected to have
a ˇrst order chiral symmetry restoration transition.

The quark condensate is an order parameter for chiral symmetry breaking,
with its nonzero value at T = 0 responsible for the pion mass being proportional
to the square-root of the light current-quark masses. Its behaviour near the
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Fig. 26. Chiral condensate calculated [57] using staggered fermions and normalised to its
zero temperature value. Only the Nf = 0 results are extrapolated to zero quark mass

critical temperature is depicted in Fig. 26, and the rapid, qualitative change with
increasing T is easily apparent. Very important is that, independent of the number
of light-quark avours, the condensate is unchanged for T < 0.9Tc. It suggests
that hadron properties are insensitive to T until very near the phase boundary.

The simulations with dynamical fermions are still preliminary, and many
uncertainties remain. For example, a review [59] of recent results obtained with
larger lattices and lighter quarks reports a signiˇcant lattice-volume-dependence
for the critical exponents of the two light-avour chiral symmetry restoration
transition: the transition may even be ˇrst order! This might be an artefact
of introducing lighter dynamical quarks, which drive the simulations to stronger
coupling. The order of the transition with three and four avours also remains
unclear. With these uncertainties it is apparent that the lattice study of the phase
transition will require further, even more computer-intensive simulations.

7. DSEs AT FINITE T AND µ

The contemporary application of DSEs at ˇnite temperature and chemical
potential is a straightforward extension of the T = 0 = µ studies. The direct
approach is to develop a ˇnite-T extension of the Ansatz for the dressed-gluon
propagator. The quark DSE can then be solved and, having the dressed-quark
and -gluon propagators, the response of bound states to increases in T and µ
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can be studied. As a nonperturbative approach that allows the simultaneous
study of DCSB and conˇnement, the DSEs have a signiˇcant overlap with lattice
simulations: each quantity that can be estimated using lattice simulations can also
be calculated using the DSEs. This means they can be used to check the lattice
simulations, and importantly, that lattice simulations can be used to constrain their
model-dependent aspects. Once agreement is obtained on the common domain,
the DSEs can be used to explore phenomena presently inaccessible to lattice
simulations.

7.1. Quark DSE. The renormalised dressed-quark propagator at ˇnite-(T, µ)
has the general form

S(~p, ω̃k) =
1

i~γ · ~pA(~p, ω̃k) + iγ4 ω̃kC(~p, ω̃k) +B(~p, ω̃k)
(101)

≡ −i~γ · ~p σA(~p, ω̃k)− iγ4 ω̃kσC(~p, ω̃k) + σB(~p, ω̃k) , (102)

where ω̃k := ωk + iµ. The complex scalar functions: A(~p, ω̃k), B(~p, ω̃k) and
C(~p, ω̃k) satisfy:

F(~p, ω̃k)∗ = F(~p, ω̃−k−1) , (103)

F = A,B,C, and although not explicitly indicated they are functions only of
|~p |2 and ω̃2

k.
The DSE for the renormalised dressed-quark propagator is

S−1(~p, ω̃k) = ZA2 i~γ · ~p+ Z2 (iγ4 ω̃k +mbm) + Σ′(~p, ω̃k) , (104)

where ZA2 and Z2 are renormalisation constants, mbm is the bare mass, and the
regularised self energy is

Σ′(~p, ω̃k) = i~γ · ~pΣ′A(~p, ω̃k) + iγ4 ω̃k Σ′C(~p, ω̃k) + Σ′B(~p, ω̃k) , (105)

with
Σ′F (~p, ω̃k) =

=

∫ Λ̄

l,q

4

3
g2Dµν(~p− ~q, ω̃k − ω̃l)1

4
tr [PFγµS(~q, ω̃l)Γν(~q, ω̃l; ~p, ω̃k)] , (106)

where PA := −(ZA1 /p
2)iγ · p, PB := Z1, PC := −(Z1/ω̃k)iγ4, ZA1 and Z1 are

vertex renormalisation constants, and
∫ Λ̄

l,q
:= T

∑∞
l=−∞

∫ Λ̄ d3q
(2π)3 . This last is

a mnemonic to represent a translationally invariant regularisation of the integral
with Λ̄ the regularisation mass scale.

In Eq. (106) the Landau-gauge, ˇnite-(T, µ) dressed-gluon propagator has
the form

g2Dµν(~p,Ω) = PLµν(~p,Ω) ∆F (~p,Ω) + PTµν(~p) ∆G(p,Ω), (107)
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where

PTµν(~p) :=

{
0; µ and/or ν = 4,

δij −
pipj

p2
; µ, ν = 1, 2, 3 , (108)

PLµν(~p,Ω) := δµν −
pµpν∑4
α=1 pαpα

− PTµν(p); µ, ν = 1, . . . , 4 . (109)

A ©Debye-massª for the gluon appears as a T -dependent contribution to ∆F .
In renormalising we require that

S−1(~p, ω̃0)
∣∣µ=0

~p2+ω̃2
0=ζ2 = i~γ · ~p+ iγ4 ω0 +mζ

R , (110)

where ζ is the renormalisation point and mζ
R is the renormalised current-quark

mass. This entails that the renormalisation constants are:

ZA2 (ζ2, Λ̄2) = 1− Σ′A(~p, ω̃0)|µ=0
|~p |2+ω̃2

0=ζ2 , (111)

Z2(ζ2, Λ̄2) = 1− Σ′C(~p, ω̃0)|µ=0
|~p |2+ω̃2

0=ζ2 , (112)

mζ
R = Z2mbm + Σ′B(~p, ω̃0)|µ=0

|~p |2+ω̃2
0=ζ2 , (113)

and yields the renormalised self energies:

F(~p, ω̃k) = ξF + Σ′F (~p, ω̃k)− Σ′F (~p, ω̃0)|µ=0
|~p |2+ω̃2

0=ζ2 , (114)

where F = A, B, C; ξA = 1 = ξC and ξB = mζ
R.

In studying conˇnement one cannot assume that the analytic structure of a
dressed propagator is the same as that of the free particle propagator: it must be
determined dynamically. Indeed, one knows that the p̃k := (~p, ω̃k)-dependence
of A and C is qualitatively important since it can conspire with that of B to
eliminate free-particle poles in the dressed-quark propagator [17]. In this case
the propagator does not have a Lehmann representation so that, in general, the
Matsubara sum cannot be evaluated analytically. More importantly, it either
complicates or precludes a real-time formulation of the ˇnite temperature theory,
which makes the study of nonequilibrium thermodynamics a very challenging
problem. In addition, as we will see, this p̃k-dependence of A and C can be
a crucial factor in determining the behaviour of bulk thermodynamic quantities
such as the pressure and entropy; being responsible for these quantities reaching
their respective Stefan Ä -Boltzmann limits only for very large values of T and
µ. It is therefore important in any DSE study to retain A(p̃k) and C(p̃k), and
their dependence on p̃k.
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7.2. Phase Transitions and Order Parameters. Phase transitions are char-
acterised by the behaviour of an order parameter, 〈X〉, the expectation value
of an operator. In the ordered phase of a system: 〈X〉 6= 0, whereas in the
disordered phase 〈X〉 = 0. A phase transition is ˇrst-order if 〈X〉 → 0 discontin-
uously, whereas it is second-order if 〈X〉 → 0 continuously. For a second-order
transition, the length-scale associated with correlations in the system diverges as
〈X〉 → 0 and one can deˇne a set of critical exponents that characterise the
behaviour of certain macroscopic properties at the transition point. For example,
in a system that is ferromagnetic for temperatures less than some critical value,
Tc, the magnetisation, M , is an order parameter and in the absence of an external
magnetic ˇeld M ∝ (Tc − T )β for T ∼ T−c , where β is the critical exponent. At
T = Tc the behaviour of the magnetisation in the presence of an external ˇeld,
h → 0+, deˇnes another critical exponent, δ: M ∝ h(1/δ). In a system that can
be described by mean ˇeld theory these critical exponents are

βMF = 0.5 , δMF = 3.0 . (115)

The problem is that it can be difˇcult to identify the order parameter relevant to
the discussion of a phase transition.

One order parameter for the chiral symmetry restoration transition is well
known Å it is the quark condensate, deˇned via the renormalised dressed-quark
propagator [7]:

−〈q̄q〉ζ := Nc lim
Λ̄→∞

Z4(ζ, Λ̄)

∫ Λ̄

l,q

B0(p̃k)

|~p |2A0(p̃k)2 + ω̃2
l C0(p̃k)2 +B0(p̃k)2

,

(116)
for each massless quark avour, where the subscript ©0ª denotes that the scalar
functions: A0, B0, C0, are obtained as solutions of Eq. (104) in the chiral limit.
The functions have an implicit ζ-dependence. An equivalent order parameter is

X := ReB0(~p = 0, ω̃0) , (117)

which was used in Refs.60Ä62. Thus the zeroth Matsubara mode determines the
character of the chiral phase transition, a conjecture explored in Ref.63.

What is an order parameter for deconˇnement?
In Sec.2.3 I observed that the analytic properties of Schwinger functions

play an important role in conˇnement. For illustrative simplicity, set µ = 0, the
generalisation to µ 6= 0 is not difˇcult, and consider

∆B0(x, τ = 0) := T

∞∑
n=−∞

1

4πx

2

π

∫ ∞
0

dp p sin(px)σB0 (p, ωn) (118)

:=
T

2πx

∞∑
n=0

∆n
B0

(x) . (119)
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Fig. 27. −E(t) := ln ∆(t) in QED3. Here the analogue of the mass-function is E′(t)
and the difference between the unconˇned theory: ©+ª, and the conˇning theories is
unmistakable

For a free fermion of mass M , σB0(p, ωn) = M/(ω2
n + p2 +M2) and

∆n
B(x) = M e−x

√
ω2
n+M2

: (120)

the n = 0 term dominates the sum. In this case the ©mass-functionª

M(x;T ) :=
d

dx

(
− ln

∣∣∆0
B0

(x)
∣∣) =

√
π2T 2 +M2 . (121)

The most important observation is that for a free particle M(x, T ) has a
ˇxed, real value, which identiˇes the mass-pole in the propagator. It also exhibits
the fermion ©screening massª = πT , which becomes important for T ∼M/π. In
the context of dynamical mass generation: M ∼ ME. Since ME

u/d ≈ 450 MeV
one anticipates that ˇnite-T effects will become important at T ∼ 150 MeV (or
ˇnite µ effects at µ ∼ 450 MeV). For a boson of mass Mb, M(x;T ) = Mb: there
is no screening mass.
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How does ∆0(x) behave if the dressed-propagator does not have a Lehmann
representation? An example [64] is

D(p,Ω) =
p2 + Ω2

n +M2

(p2 + Ω2
n +M2)2 + 4 b4

, (122)

which has complex conjugate poles. In this case

∆0
D(x) = e−Mx cos[bx] ; (123)

i.e., the Schwinger function oscillates and the mass-function has singularities,
which is an unambiguous signal for the absence of a Lehmann representation and
hence conˇnement!

An order parameter for conˇnement is now obvious [65]. Denote the posi-
tion of the ˇrst zero in ∆0

B0
(x) by rz1

0 , which is inversely proportional to the
distance of the poles from the real axis. Deˇne κ0 := 1/rz1

0 , then κ0 ∝ b and
deconˇnement is observed if, for some T = Tc, κ0(Tc) = 0: at this point thermal
uctuations have overwhelmed the conˇnement scale-parameter and the poles
have migrated to the real-axis. This criterion generalises easily to the case of
µ 6= 0 and to situations in which the dressed-propagator has an essential singular-
ity rather than complex conjugate poles. It is also valid for both light and heavy
quarks.

An analogue of this criterion, with

∆(t) :=
1

2π

∫ ∞
−∞

dp4 eip4t σS(~p = 0, p4) , (124)

has been used to very good effect in an analysis [66] of QED3 at T = 0. QED3 is
conˇning in quenched approximation but not when massless fermions are allowed
to inuence the propagation of the photon. In that case complete charge screening
is possible. Conˇnement is recovered in the theory if the fermion in the photon
vacuum polarisation loop is massive. This application is summarised in Fig.27.

7.3. Illustration at (T 6= 0, µ = 0). As a ˇrst example I summarise a
study [60] that uses a one-parameter, model dressed-gluon propagator. This
parameter, mt, is a mass-scale that marks the boundary between the perturba-
tive and nonperturbative domains, and its value, mt = 0.69 GeV, was ˇxed in
T = 0 studies [67]. The extension of the model to ˇnite-T involves no additional
parameters and is deˇned with: ∆F (p,Ω) := D(p,Ω;mD) and ∆G(p,Ω) :=
:= D(p,Ω; 0);

D(p,Ω;m) :=
16

9
π2

[
2π

T
m2
t δ0nδ

3(p) +
1− e[−(p2+Ω2+m2)/(4m2

t )]

p2 + Ω2 +m2

]
, (125)
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where m2
D = (8/3)π2T 2 is the perturbatively evaluated ©Debye-massª∗. The

quark DSE was solved using the rainbow approximation

Γµ(q, ωl; p, ωk) = γµ . (126)

I have discussed this truncation in Secs. 2.4 and 4, and here only note that in
T = 0 studies it has proven to be reliable in Landau gauge; i.e., at this level an
efˇcacious phenomenology with a more sophisticated vertex Ansatz only requires
a small quantitative modiˇcation of the parameters that characterise the small-k2

behaviour of the dressed-gluon propagator [65]. Using this truncation, mutually
consistent constraints are ZA1 = ZA2 and Z1 = Z2.

The quark DSE was solved numerically with mζ
R = 1.1 MeV, ζ = 9.47 GeV.

The T = 0 ˇtting of mt and mR ensured a best χ2-ˇt to a range of pion
observables, yielding

fπ = 92.4 mπ = 139.5 rπNπ = 0.24 gπ0γγ = 0.45

(92.4± 0.3) (138.3± 0.5) (0.31± 0.004) (0.50± 0.02)

a0
0 = 0.16 a2

0 = −0.041 a1
1 = 0.028 a0

2 = 0.0022

(0.21± 0.02) (−0.040± 0.003) (0.038± 0.002) (0.0017± 0.0003)
(127)

with the experimental values listed in parentheses∗∗. The ˇnite-T study repro-
duces these results to within 6% at T = 5 MeV, using the ˇnite-T generalisations
of the formulae in Ref.67:

m2
πN

2
π = 〈mζ

R (q̄q)ζ〉π ; (128)

cd..〈mζ
R (q̄q)ζ〉π := 8Nc

∫ Λ̄

k,p

B0

(
σB0 −B0

[
ω2
kσ

2
C + p2σ2

A + σ2
B

])
,

which vanishes linearly with mζ
R; the canonical normalisation constant is

N2
π = 2Nc

∫ Λ̄

k,p

B2
0

{
σ2
A − 2

[
ω2
kσCσ

′
C + p2σAσ

′
A + σBσ

′
B ] (129)

−4

3
p2
([
ω2
k

(
σCσ

′′
C − (σ′C)2

)
+ p2

(
σAσ

′′
A − (σ′A)2

)
+ σBσ

′′
B − (σ′B)2

])}
,

∗The inuence of the Debye-mass on ˇnite-T observables is qualitatively unimportant, even in
the vicinity of the chiral symmetry restoration transition. The ratio of the coefˇcients in the two terms
in Eq. (125) is such that the long-range effects associated with δ0 kδ

3(p) are completely cancelled at
short-distances; i.e., for |~x|2m2

t � 1.
∗∗In Sec. 5.1 I discussed why rπNπ ≈ 0.25 in impulse approximation. The π-π scattering

lengths ˇtted in Ref.67 were taken from Ref.68.
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Fig. 28. The order parameters for chiral symmetry restoration (X (T ), diamonds) and
deconˇnement (κ0(T ), circles) both vanish at Tc = 150 MeV. The parameters for the
ˇtted curves are presented in Table 5

with σ′B ≡ ∂σB(p2, ωk)/∂p2, etc.; and the pion decay constant is obtained from

fπ Nπ = 4Nc

∫ Λ

p

B0

{
σAσB +

2

3
|~p |2 (σ′AσB − σAσ′B)

}
. (130)

Equations (128)Å(130) were derived under the assumption that Γπ = iγ5B0.
Some of the limitations of this assumption were discussed in Secs. 4.2 and 5.1,
and they are considered further in Ref.7. It is quantitatively unreliable near the
transition temperature, however, the qualitative behaviour of Nπ and fπ is the
same, see Table 5. Only after these studies were completed was it understood
that Nπ provides the best approximation to the leptonic decay constant when
Γπ = iγ5B0 is assumed.

The calculated T -dependence of the chiral symmetry and deconˇnement order
parameters is depicted in Fig. 28. The curves in the ˇgure, ˇtted on T ∈
[120, 150] MeV, are of the form α (1 − T/Tc)β with Tc ≈ 150 MeV and α, β
given in Table 5. The transitions are coincident and second-order with βX = βκ0 ,
within errors: ∼ 10%. This estimate of βX is not a mean ˇeld value and it agrees
with a lattice estimate [69]: βlat = 0.30± 0.08. It has been argued [41] that two-
light-avour QCD is in the universality class of the N = 4 Heisenberg magnet,
for which βH = 0.38 ± 0.01 and both the DSE and lattice results are broadly
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Table 5. Parameters characterising the behaviour of the listed quantities, ˇtted to
α (1− T/Tc)β , near Tc = 150 MeV

α β

X 1.1 GeV 0.33
κ0 0.16 GeV 0.30
N2
π (0.18 GeV)2 1.1

fπNπ (0.15 GeV)2 0.93
〈mR(q̄q)〉 (0.15 GeV)4 0.92
mπ 0.12 GeV -0.11
fπ 0.12 GeV 0.36

Fig. 29. Temperature dependence of the pion mass (mπ(T ), circles) and pion weak-decay
constant (fπ(T ), diamonds)

consistent with this value. However, neither of these estimates of β survives
more exhaustive study [59,70], and the most recent analyses [70,71] suggest that
in DSE models whose long-range part is described by the regularised singularity
in Eq. (125) the chiral symmetry restoration transition at ˇnite-T is described by
a mean-ˇeld value of β.

The behaviour of pion observables calculated from Eqs.(128)Å(130) is de-
picted in Fig.29. fπ and mπ are weakly sensitive to T for T < 0.7TXc , and
this is also seen in lattice simulations; e.g., the quark condensate in Fig. 26
and fπ in Fig. 30. However, as T approaches TXc , the mass eigenvalue in the



592 ROBERTS C.D.

Fig. 30. Temperature dependence of the pion weak-decay constant on a 323×8 lattice [57]

pion Bethe Å Salpeter equation moves to increasingly larger values, as thermal
uctuations overwhelm attraction in the channel, until at T = TXc there is no so-
lution and fπ → 0. This means that the pion-pole contribution to the four-point,
quark-antiquark correlation function disappears; i.e., there is no quark-antiquark
pseudoscalar bound state for T > TXc . That may have important consequences
for a wide range of physical observables [72], if borne out by improved studies;
e.g., such T -dependence for fπ and mπ would lead to a 20% reduction in the
π → µνµ decay widths at T ≈ 0.9TXc .

7.4. Complementary study at (T = 0, µ 6= 0). The ˇnite-µ behaviour of the
same model [67] has also been explored [62]. The dressed-gluon propagator has
the simple form [67]

g2Dµν(k) =

(
δµν −

kµkν

k2

)
G(k2)

k2
, (131)

G(k2)

k2
=

16

9
π2

[
4π2m2

t δ
4(k) +

1− e−[k2/(4m2
t )]

k2

]
, (132)

and the rainbow approximation is used again. Neither the dressed propagator
nor vertex have explicit µ-dependence, which can arise through quark vacuum
polarisation insertions. As such they may be inadequate at large values of µ,
particularly near any critical chemical potential. However, in the absence of
ˇnite-µ studies of these quantities, the exploration of such models is useful, and
one can assess the results obtained in the light of existing experiments and related
theoretical studies.
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The renormalised dressed-quark propagator is

S(p[µ]) := −i~γ · ~pσA(p[µ])− iγ4 ω[µ] σC(p[µ]) + σB(p[µ]) , (133)

where p[µ] := (~p, ω[µ]), with ω[µ] := p4 + iµ. The quark DSE and the renormal-
isation conditions are similar to those discussed in the previous section, and the
equation has two qualitatively distinct solutions: a chirally symmetric WignerÄ
Weyl mode, characterised by B0 ≡ 0; and a conˇning NambuÄGoldstone mode,
characterised by B0 6≡ 0.

To explore the possibility of a phase transition one calculates the relative
stability of the different phases, which is measured by the difference in pressure
between them. The pressure is obtained directly from the partition function, Z: it
is the sum of all vacuum-to-vacuum transition amplitudes. In ©stationary phaseª
approximation, the partition function is given by the tree-level auxiliary-ˇeld
effective action [73] and the pressure is:

P [S] :=
T

V
lnZ =

T

V

{
TrLn

[
1

T
S−1

]
− 1

2
Tr [ΣS]

}
. (134)

It is a functional of S(p[µ]). In the absence of interactions Σ ≡ 0 and Eq. (134)
yields the free fermion partition function. [Additive gluon contributions cancel
in the pressure difference and are neglected.] The contribution of hadrons and
hadron-like correlations to the partition function are neglected in Eq. (134). At
the level of approximation consistent with Eq. (134) these terms are an additive
contribution that can be estimated using the hadronisation techniques of Ref.74.
After a proper normalisation of the partition function; i.e., subtraction of the
vacuum contribution, they are the only contributions to the partition function in
the conˇnement domain. They are easy to calculate and are considered no further
here as they are not a signiˇcant inuence on the position of the phase boundary.

The pressure difference is

1

2NfNc
B(µ) :=

∫ Λ

p

{
ln

[
| ~p |2A2

0 + ω2
[µ]C

2
0 +B2

0

| ~p |2Â2
0 + ω2

[µ]Ĉ
2
0

]
+

+ | ~p |2 (σA0 − σ̂A0) + ω2
[µ] (σC0 − σ̂C0)

}
, (135)

which deˇnes a µ-dependent ©bag constantª [75]. In Eq. (135), Â and Ĉ represent
the solution of Eq.(104) obtained when B0 ≡ 0; i.e., when DCSB is absent. This
solution exists for all µ. B(µ) is plotted in Fig. 31. It is positive when the NambuÄ
Goldstone phase is dynamically favoured; i.e., has the highest pressure, and
becomes negative when the Wigner pressure becomes larger. The critical chemical
potential is the zero of B(µ); i.e., µc = 375 MeV. This abrupt switch from the
NambuÄGoldstone to the WignerÄWeyl phase signals a ˇrst order transition.
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Fig. 31. B(µ) from (135); B(µ) > 0 marks the domain of conˇnement and dynamical
chiral symmetry breaking. The zero of B(µ) is µc = 375 MeV. B(0) = (0.104 GeV)4,
which can be compared with the value ∼ (0.145 GeV)4 commonly used in bag-like models
of hadrons [74]

The order parameter for chiral symmetry restoration is that given in Eq. (117),
while the conˇnement order parameter at (T = 0, µ 6= 0) is derived from

∆S(τ) :=
1

2π

∫ ∞
−∞

dp4 eip4τ σB0(~p = 0, ω[µ]) , (136)

an analogue of Eq. (118). For a free, massive fermion σB(~p = 0, ω[µ]) =
M/(ω2

[µ]+M
2). This function has poles at p2

4 = −(M±µ)2, which are associated
with the µ-induced offset of the particle and antiparticle zero-point energies, and

∆S(τ) =
1

2
e−(M−µ) τ θ(M − µ) , (137)

which is positive-deˇnite and monotonically decreasing. In contrast, as observed
above, for a Schwinger function with complex-conjugate p2-poles, ∆S(τ) has
zeros at τ > 0.

The µ-dependence of the order parameters for chiral symmetry restoration and
deconˇnement is depicted in Fig. 32. The chiral order parameter increases with
increasing chemical potential up to µc, with X (µc)/X (0) ≈ 1.2, whereas κ(µ) is
insensitive to increasing µ. At µc they both drop immediately and discontinuously
to zero, as expected of a ˇrst-order phase transition. The increase of the chiral
order parameter with µ is a necessary consequence of the momentum dependence
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Fig. 32. The order parameters for chiral symmetry restoration [X , diamonds] and decon-
ˇnement [κ, circles]. µc = 375 MeV.

of the scalar piece of the quark self energy, B(p[µ]), as is easily seen in Ref. 61
and in Secs. 7.5 and 7.6. The vacuum quark condensate behaves in qualitatively
the same manner as X .

The behaviour of mπ and fπ is illustrated in Fig. 33. One observes that
although the chiral order parameter increases with µ, mπ decreases slowly as µ
increases. This slow fall continues until µ ≈ 0.7µc, when mπ(µ)/mπ(0) ≈ 0.94.
At this point mπ begins to increase although, for µ < µc, mπ(µ) does not ex-
ceed mπ(0). This precludes pion condensation, in qualitative agreement with
Ref.76. The behaviour of mπ results from mutually compensating increases in
〈mζ

R(q̄q)ζ〉π and N2
π . This is a manifestation of the manner in which dynami-

cal chiral symmetry breaking protects pseudoscalar meson masses against rapid
changes with µ. The pion leptonic decay constant is insensitive to the chemical
potential until µ ≈ 0.7µc, when it increases sharply so that fπ(µ−c )/fπ(µ = 0) ≈
≈ 1.25. The relative insensitivity of mπ and fπ to changes in µ, until very near
µc, mirrors the behaviour of these observables at ˇnite-T [60]. For example, it
leads only to a 14% increase in the π → µν decay width at µ ≈ 0.9µc. The
universal scaling conjecture of Ref.77 is inconsistent with the anticorrelation we
observe between the µ-dependence of fπ and mπ.

Comparing the µ-dependence of fπ and mπ with their T -dependence, one
observes an anticorrelation; e.g., at µ = 0, fπ falls continuously to zero as T is
increased towards Tc ≈ 150 MeV [60]. This too is a necessary consequence of the
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Fig. 33. Chemical potential dependence of the pion mass [mπ , circles] and pion leptonic
decay constant [fπ , diamonds]

momentum-dependence of the quark self-energy. In calculating these observables
the natural dimension is mass-squared, and their behaviour at ˇnite T and µ is
determined by Re(ω2

[µ]) ∼ [π2T 2 − µ2], where the T -dependence arises from

the introduction of the fermion Matsubara frequency: p4 → (2n+ 1)πT . Hence
when such a quantity decreases with T it will increase with µ, and vice-versa.
This is elucidated in Secs. 7.5 and 7.6, and in Ref.50.

The conˇned-quark vacuum consists of quark-antiquark pairs correlated in a
scalar condensate. Increasing µ increases the scalar density: (−〈q̄q〉). This result
is an expected consequence of conˇnement, which entails that each additional
quark must be locally paired with an antiquark thereby increasing the density of
condensate pairs as µ is increased. For this reason, as long as µ < µc, there
is no excess of particles over antiparticles in the vacuum and hence the baryon
number density remains zero [61]; i.e., ρu+d

B = 0 , ∀µ < µc. This is just the
statement that quark-antiquark pairs conˇned in the condensate do not contribute
to the baryon number density.

The quark pressure, Pu+d[µ], can be calculated [61], see Sec. 7.5, and one
ˇnds that after deconˇnement it increases rapidly, as the condensate ©breaks-upª,
and an excess of quarks over antiquarks develops. The baryon-number density,



NONPERTURBATIVE EFFECTS IN QCD 597

ρu+d
B = (1/3)∂Pu+d/∂µ, also increases rapidly, with

ρu+d
B (µ ≈ 2µc) ' 3 ρ0 , (138)

where ρ0 = 0.16 fm−3 is the equilibrium density of nuclear matter. For compari-
son, the central core density expected in a 1.4M� neutron star is 3.6-4.1 ρ0 [43].
Finally, at µ ∼ 5µc, the quark pressure saturates the ultrarelativistic limit:
Pu+d = µ4/(2π2), and there is a simple relation between baryon-density and
chemical-potential:

ρuF+dF
B (µ) =

1

3

2µ3

π2
, ∀µ ∼> 5µc , (139)

so that ρuF+dF
B (5µc) ∼ 350 ρ0. Thus the quark pressure in the deconˇned domain

overwhelms any ˇnite, additive contribution of hadrons to the equation of state,
which anticipating this was neglected in Ref.62. This discussion suggests that a
quark-gluon plasma may be present in the core of dense neutron stars.

7.5. Simultaneous study of (T 6= 0, µ 6= 0). This is the most difˇcult
problem and the most complete study [61] to date employs a simple Ansatz for
the dressed-gluon propagator:

g2Dµν(~p,Ωk) =

(
δµν −

pµpν

|~p |2 + Ω2
k

)
2π3 η

2

T
δk0 δ

3(~p) , (140)

which exhibits the infrared enhancement suggested by Ref.6. As an infrared-
dominant model that does not represent well the behaviour of Dµν(~p,Ωk) away
from |~p |2 + Ω2

k ≈ 0, some model-dependent artefacts arise. However, there is
signiˇcant merit in its simplicity and, since the artefacts are easily identiˇed, the
model remains useful as a means of elucidating many of the qualitative features
of more sophisticated Anséatze.

With this model, using the rainbow approximation, the QCDTµ gap equation,
or DSE for the dressed-quark propagator, is [3]

S−1(~p, ωk) = S−1
0 (~p, ω̃k) +

1

4
η2γνS(~p, ω̃k)γν . (141)

A simplicity inherent in Eq. (140) is now apparent: it allows the reduction of
an integral equation to an algebraic equation, in whose solution many of the
qualitative features of more sophisticated models are manifest, as will become
clear. In terms of the scalar functions introduced in Eq. (101), Eq. (141) reads

η2m2 = B4 +mB3 +
(
4p̃2
k − η2 −m2

)
B2 −m

(
2 η2 +m2 + 4 p̃2

k

)
B , (142)

A(p̃k) = C(p̃k) =
2B(p̃k)

m+B(p̃k)
. (143)
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Of particular interest is the chiral limit, m = 0. In this case Eq. (142) reduces
to a quadratic equation for B(p̃k), which has two qualitatively distinct solutions.
The ©NambuÄGoldstoneª solution, for which

B(p̃k) =

{ √
η2 − 4p̃2

k , Re(p̃2
k) <

η2

4
0 , otherwise

(144)

C(p̃k) =


2 , Re(p̃2

k) <
η2

4
1

2

(
1 +

√
1 +

2η2

p̃2
k

)
, otherwise ,

(145)

describes a phase of this model in which: 1) chiral symmetry is dynamically
broken, because one has a nonzero quark mass-function, B(p̃k), in the absence
of a current-quark mass; and 2) the dressed-quarks are conˇned, because the
propagator described by these functions does not have a Lehmann representation.
The alternative ©Wignerª solution, for which

B̂(p̃k) ≡ 0, Ĉ(p̃k) =
1

2

(
1 +

√
1 +

2η2

p̃2
k

)
, (146)

describes a phase of the model in which chiral symmetry is not broken and the
dressed-quarks are not conˇned.

With these two ©phasesª, characterised by qualitatively different, momentum-
dependent modiˇcations of the quark propagator, this model can be used to
explore chiral symmetry restoration and deconˇnement, and elucidate aspects of
the method in such studies.

In this model the relative stability of the different phases is measured by a
(T, µ)-dependent ©bag constantª [75],

B(T, µ) := P [SNG]− P [SW] , (147)

where SNG means Eq. (101) obtained from Eq. (144) and SW, Eq. (101) obtained
from Eq. (146). As above, B(T, µ) > 0 indicates the stability of the conˇned
(NambuÄGoldstone) phase and hence the phase boundary is speciˇed by that
curve in the (T, µ)-plane for which

B(T, µ) ≡ 0 . (148)

In the chiral limit
B(T, µ) =

= η4 2NcNf
T̄

π2

lmax∑
l=0

∫ Λ̄l

0

dy y2

{
Re
(
2p̄2
l

)
− Re

(
1

C(p̄l)

)
− ln

∣∣p̄2
lC(p̄l)

2
∣∣} ,
(149)
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Fig. 34. B(T, µ) from Eq. (149); B(T, µ) > 0 marks the conˇnement domain. The scale
is set by B(0, 0) = (0.102 η)4 = (0.109 GeV)4; η = 1.06 GeV [12]

with: T̄ = T/η, µ̄ = µ/η; lmax is the largest value of l for which ω̄2
lmax
≤ 1

4
+ µ̄2

and this also speciˇes ωlmax , Λ̄2 = ω̄2
lmax
− ω̄2

l , p̄l = (~y, ω̄l + iµ̄). B(T, µ) is
depicted in Fig. 34 and the critical line in Fig. 35. The deconˇnement and chiral
symmetry restoration transitions are coincident.

For µ = 0 the transition is second order and the critical temperature is
T 0
c = 0.159 η, which using the value of η = 1.06 GeV obtained by ˇtting the π

and ρ masses [12] corresponds to T 0
c = 0.170 GeV. This is only 12% larger than

the value obtained in Sec. 7.3, [60], and the order of the transition is the same.
However, in the present case the critical exponent is β = 0.5. For any µ 6= 0
the transition is ˇrst-order, as revealed by close scrutiny of Fig. 34. For T = 0
the critical chemical potential is µ0

c = 0.3 GeV, which is ≈ 30% smaller than the
result in Sec. 7.4 [62]. One notes from Fig. 35 that µc(T ) is insensitive to T
until T ≈ 0.3T 0

c . The discontinuity in the order parameters vanishes as µ→ 0.
In the deconˇnement domain, illustrated clearly in Fig. 35, the quarks con-

tribute an amount

P [SW] = η4 2NcNf
T̄

π2

∞∑
l=0

∫ ∞
0

dy y2

{
ln
∣∣∣β2p̃2

l Ĉ(p̄l)
2
∣∣∣− 1 + Re

(
1

Ĉ(p̄l)

)}
(150)

to the pressure, which must be renormalised to zero on the phase boundary. Just
as for free fermions, this expression is formally divergent and one must isolate and
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Fig. 35. The phase boundary in the (T̄ , µ̄)-plane obtained from (148) and (149). The
©structureª in this curve, apparent for small-T , is an artefact of the inadequate representa-
tion of the quark-quark interaction in the ultraviolet by Eq. (140)

deˇne the active, temperature-dependent contribution. This is difˇcult because, in
general, Ĉ(p̄l) is only known numerically and hence it is not possible to evaluate
P [SW] analytically. A method for the numerical evaluation of Eq. (150) was
developed in Ref.61.

Consider the derivative of the integrand in Eq. (150):

∞∑
l=0

d

dT̄

{
ln
∣∣∣β2p̃2

l Ĉ(p̄l)
2
∣∣∣− 1 + Re

(
1

Ĉ(p̄l)

)}
=

=

∞∑
l=0

{
− 1

T̄

[
(y − µ̄)2

(y − µ̄)2 + ω̄2
l

+
(y + µ̄)2

(y + µ̄)2 + ω̄2
l

]
+ Re

(
2Ĉ(p̄l)− 1

Ĉ(p̄l)2

dĈ(p̄l)

dT̄

)}
.

(151)
In the absence of interactions C(p̄l) ≡ 1, the second term is zero and

− 2

T̄

∞∑
l=0

[
(y − µ̄)2

(y − µ̄)2 + ω̄2
l

+
(y + µ̄)2

(y + µ̄)2 + ω̄2
l

]
=

d

dT̄

{
e(y)

T̄
+ I(e(y))

}
, (152)

where in this case e(y) = y and

I(ζ) = ln

[
1 + exp

(
−ζ − µ̄

T̄

)]
+ ln

[
1 + exp

(
−ζ + µ̄

T̄

)]
. (153)
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Fig. 36. κ(y, µ̄), which describes the nonperturbative modiˇcation of the free particle
dispersion law, for µ̄ = 0, 0.3, 0.6. By assumption, it is independent of T

Appropriately inserting Eq. (152) for the parenthesised term in Eq. (150), and
neglecting T -independent terms one obtains,

P [S0] = η4 NcNf
T̄

π2

∫ ∞
0

dy y2 I(y) (154)

= η4 NcNf
1

12π2

(
µ̄4 + 2π2µ̄2T̄ 2 +

7

15
π4T̄ 4

)
, (155)

which is the massless free particle pressure.
To proceed in the general case, the assumption is made [61] that the nontrivial

momentum dependence of Ĉ(p̄l), which is manifest in all DSE-models of QCDTµ ,
acts primarily to modify the usual massless, free particle dispersion law. One
evaluates the sum on the right-hand side of (151) numerically and uses the form
on the right-hand side of Eq. (152) to ˇt a modiˇed, T -independent dispersion
law, e(y, µ̄) = y + κ(y, µ̄), to the numerical results. The existence of a κ(y, µ̄)
that provides a good χ2-ˇt on the deconˇnement domain is understood as an
a posteriori justiˇcation of the assumption. In Ref.61 the relative error between
the ˇt and the numerical results is < 10% on the entire T -domain.

The calculated form of κ(y, µ̄) is depicted in Fig. 36; it only depends weakly
on µ̄. The form indicates a persistence of nonperturbative effects into the domain
of deconˇnement, evident in the nontrivial momentum dependence of Ĉ(p̄l) and
its slow evolution to the asymptotic value Ĉ(p̄l) = 1. The effect of this is to
generate a mass-scale in the massless dispersion law: κ(0, 0) ' 0.6 ∼ 2µ̄0

c . This
mass-scale is unrelated to the chiral-symmetry order parameter, X in Eq. (117),
and is a qualitatively new feature of the study. For µ̄ > 5µ̄0

c the explicit mass-
scale introduced by the chemical potential overwhelms the dynamically generated
scale.
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Fig. 37. The quark pressure, Pq(T̄ , µ̄), normalised to the free, massless (or Ultra-
Relativistic) result, Eq. (155)

Using this result, Eq. (150) becomes

P [SW] = η4NcNf
T̄

π2

∫ ∞
0

dy y2 I(e(y, µ̄)) , (156)

and the quark pressure in this DSE-model of QCDTµ is

Pq(T, µ) = θ(D) {P [SW]− P [SW]|∂D} , (157)

where D is the domain marked ©Deconˇnedª in Fig. 35, θ(D) is a step function,
equal to one for (T, µ) ∈ D, and P [SW]|∂D indicates the evaluation of this
expression on the boundary of D, as deˇned by the intersection of a straight-line
from the origin in the (T, µ)-plane to the argument-value. It is plotted in Fig. 37,
which illustrates clearly that in this model the free particle (StefanÄBoltzmann)
limit is reached at large values of T̄ and µ̄. The approach to this limit is slow,
however. For example, at T̄ ∼ 0.3 ∼ 2T̄ 0

c , or µ̄ ∼ 1.0 ∼ 3µ̄0
c , Eq. (157) is

only 50% of the free particle pressure, Eq. (155). A qualitatively similar result is
observed in numerical simulations of lattice-QCD actions at ˇnite-T [42]. This
feature results from the slow approach to zero with y of κ(y, µ̄), illustrated in
Fig. 36, and emphasises the persistence of the momentum dependent modiˇcations
of the quark propagator.

With the deˇnition and calculation of the pressure, Pq(T, µ), all the remaining
bulk thermodynamic quantities that characterise the model can be calculated. As
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Fig. 38. The ©interaction measureª, ∆(T, µ), normalised to the free, massless result for
the pressure, Eq. (155)

an example the ©interaction measureª: ∆ := ε − 3P , where ε is the energy
density, is plotted in Fig. 38. It is zero for an ideal gas, hence the name: ∆
measures the interaction-induced deviation from ideal gas behaviour. This ˇgure
provides a very clear indication of the persistence of nonperturbative effects into
the deconˇnement domain, with a µ = 0 maximum of ∆ ≈ 0.2P [S0] at T ≈ 2Tc
and a T = 0 maximum of ∆ ≈ 0.3P [S0] at µ ≈ 3µc. Both Figs. 37 and 38
indicate that there is a ©mirroringª of ˇnite-T behaviour in the µ-dependence of
the bulk thermodynamic quantities.

7.6. π and ρ properties. The model discussed in the last section has been
used [50] to study the (T, µ)-dependence of π and ρ properties, and to elucidate
other features of the models described above that employ a more sophisticated
Ansatz for the dressed-gluon propagator. In these applications its simplicity is
particularly helpful.

To begin, consider the vacuum quark condensate, which in this model is

−〈q̄q〉 = η3 8Nc
π2

T̄

lmax∑
l=0

∫ Λ̄l

0

dy y2 Re

(√
1

4
− y2 − ω̃2

l

)
: (158)

for T = 0 = µ, (−〈q̄q〉) = η3/(80 π2) = (0.11 η)3. In Fig. 39 one observes that
(−〈q̄q〉) decreases with T but increases with increasing µ, up to a critical value of
µc(T ) when it drops discontinuously to zero. These results are in qualitative and
semiquantitative agreement with the (T = 0, µ 6= 0) and (T 6= 0, µ = 0) studies
described in Secs. 7.3 and 7.4. The increase with µ is also qualitatively identical
to that observed in a random matrix theory with the global symmetries of the
QCD partition function [78]. (−〈q̄q〉) must increase with µ in the conˇnement
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Fig. 39. The quark condensate, Eq. (158), as a function of µ for a range of values of T . In
all existing studies, in which the quark mass function has a realistic momentum dependence,
it increases with µ and decreases with T . At the critical chemical potential, µc(T ), (−〈q̄q〉)
drops discontinuously to zero, as expected of a ˇrst-order transition. For µ = 0 it falls
continuously to zero, exhibiting a second-order transition at Tc(µ = 0) = 0.16 η.

domain because conˇnement entails that each additional quark must be locally-
paired with an antiquark, thereby increasing the density of condensate pairs. This
vacuum rearrangement is manifest in the behaviour of the necessarily-momentum-
dependent scalar part of the quark self energy, B(p̃k). In this model Eqs. (128)-
(130) yield very simple expressions in the chiral limit; for example∗,

f2
π = η2 16Nc

π2
T̄

lmax∑
l=0

Λ̄3
l

3

(
1 + 4 µ̄2 − 4 ω̄2

l −
8

5
Λ̄2
l

)
. (159)

Characteristic in Eq. (159) is the combination µ2 − ω2
l , which entails that, what-

ever change fπ undergoes as T is increased, the opposite occurs as µ is increased.
Without calculation, Eq. (159) indicates that fπ will decrease with T and increase
with µ. This provides a simple elucidation of the results described above. Fig-
ure 40 illustrates this behaviour for m 6= 0. The (T, µ)-dependence of mπ, from
Eq. (128), is also depicted in Fig. 40. It is insensitive to changes in µ and
only increases slowly with T , until T is very near the critical temperature. As in
Sec. 7.4, this insensitivity is the result of mutually cancelling increases in 〈m q̄q〉π

∗This is the expression for N2
π from Eq. (129), which provides a better approximation to the

pion leptonic decay constant than Eq. (130) when one assumes Γπ(p;P ) = iγ5 B0(p2).
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Fig. 40. The pion mass, Eq. (128), and weak decay constant, Eq. (129), as a function
of µ for a range of values of T . mπ falls slowly and uniformly with µ [mπ(T =
0, µc) = 0.95mπ(T = 0, µ = 0)] but increases with T . Such a decrease is imperceptible
if the ordinate has the range in Fig. 41. fπ increases with µ and decreases with T

[fπ(T = 0, µc) = 1.51 fπ(T = 0, µ = 0)]

and fπ, and is a feature of studies that preserve the momentum-dependence of
the conˇned, dressed-quark degrees of freedom in bound states.

With η = 1.37 GeV and m = 30 MeV, one obtains fπ = 92 MeV and
mπ = 140 MeV at T = 0 = µ. That large values of η and m are required
is a quantitative consequence of the inadequacy of Eq. (140) in the ultraviolet:
the large-p2 behaviour of the scalar part of the dressed-quark self energy is
incorrect. This defect is remedied easily [7] without qualitative changes to the
results presented here [71].

ρ-meson properties are more difˇcult to study: one must solve the vector-
meson Bethe Å Salpeter equation directly. As described above, the ladder trunca-
tion of the kernel in the inhomogeneous axial-vector vertex equation and the rain-
bow truncation of the quark DSE form an AV-WTI identity preserving pair [3].
It follows that the ladder BSE is accurate for avour-nonsinglet pseudoscalar and
vector bound states of equal-mass quarks because of a cancellation in these chan-
nels between diagrams of higher order in the systematic expansion illustrated in
Fig. 7.

A ladder BSE using the T = 0 limit of Eq. (140) was introduced in Ref.12.
It has one notable pathology: the bound state mass is determined only upon the
additional speciˇcation that the constituents have zero relative momentum. That
speciˇcation leads to a conict with Eqs. (19)-(22), which follow from the AV-
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Fig. 41. Mρ+ and mπ as a function of µ̄ for T̄ = 0, 0.1. On the scale of this ˇgure, mπ

is insensitive to this variation of T . The current-quark mass is m = 0.011 η, which for
η = 1.06 GeV yields Mρ+ = 770 MeV and mπ = 140 MeV at T = 0 = µ

WTI, and is an artefact of implementing the delta-function limit discontinuously;
i.e., these identities are manifest for any ˇnite-width representation of the delta-
function, as this width is reduced continuously to zero. In other respects this
ladder BSE provides a useful qualitative and semi-quantitative tool for analysing
features of the pseudoscalar and vector meson masses. For example, Goldstone's
theorem is manifest, in that the π is massless in the chiral limit, and also m2

π rises
linearly with the current-quark mass. Further, there is a naturally large splitting
between mπ and mρ, which decreases slowly with the current-quark mass.

To illustrate this and determine the response of mρ to increasing T and µ,
the BSE of Ref.12 was generalised [50] to ˇnite-(T, µ) as

ΓM (p̃k; P̌`) = −η
2

4
Re
{
γµ S(p̃i +

1

2
P̌`) ΓM (p̃i; P̌`)S(p̃i − 1

2
P̌`) γµ

}
, (160)

where P̌` := (~P ,Ω`). The bound state mass is obtained by considering P̌`=0 and,
in ladder truncation, the ρ- and ω-mesons are degenerate.

The π equation admits the solution

Γπ(P0) = γ5

(
iθ1 + ~γ · ~P θ2

)
(161)

and yields the mass plotted in Fig. 41. The mass behaves in qualitatively the
same manner as mπ in Fig. 40, from Eq. (128), as required if Eq. (160) is to
provide a reliable guide. In particular, it vanishes in the chiral limit.



NONPERTURBATIVE EFFECTS IN QCD 607

For the ρ-meson there are two components: one longitudinal and one trans-
verse to ~P . The solution of the BSE has the form

Γρ =

 γ4 θρ+(
~γ − 1

|~p |2
~P~γ · ~P

)
θρ−

, (162)

where θρ+ labels the longitudinal and θρ− the transverse solution. The eigenvalue
equation obtained from Eq. (160) for the bound state mass, Mρ±, is

η2

2
Re
{
σS(ω2

0+ −
1

4
M2
ρ±)2 −

[
±ω2

0+ −
1

4
M2
ρ±

]
σV (ω2

0+ −
1

4
M2
ρ±)2

}
= 1 .

(163)

The equation for the transverse component is obtained with [−ω2
0+ −

1

4
M2
ρ−] in

(163). Using the chiral-limit solutions, Eq. (144), one obtains immediately that

M2
ρ− =

1

2
η2, independent of T and µ. (164)

This is the T = 0 = µ result of Ref.12. Even for nonzero current-quark mass,
Mρ− changes by less than 1% as T and µ are increased from zero toward their
critical values. Its insensitivity is consistent with the absence of a constant mass-
shift in the transverse polarisation tensor for a gauge-boson.

For the longitudinal component one obtains in the chiral limit:

M2
ρ+ =

1

2
η2 − 4(µ2 − π2T 2) . (165)

The characteristic combination [µ2 − π2T 2] again indicates the anticorrelation
between the response of Mρ+ to T and its response to µ, and, like a gauge-boson
Debye mass, that M2

ρ+ rises linearly with T 2 for µ = 0. The m 6= 0 solution of
Eq. (163) for the longitudinal component is plotted in Fig. 41. As signalled by
Eq. (165), Mρ+ increases with increasing T and decreases as µ increases∗.

I stated that contributions from skeleton diagrams not included in the ladder
truncation of the vector meson BSE do not alter the calculated mass signiˇcantly
because of cancellations between these higher order terms [3]. This is illustrated
explicitly in two calculations: Ref.79, which shows that the ρ → ππ → ρ
contribution to the real part of the ρ self energy; i.e., the π-π induced mass-shift,
is only −3%; and Ref.80, which shows, for example, that the contribution to
the ω-meson mass of the ω → 3π-loop is negligible. Therefore, ignoring such

∗There is a 25% difference between the value of η required to obtain the T = 0 = µ values of
mπ and fπ , from Eq. (128) and Eq. (129), and that required to give Mρ± = 0.77 GeV. This is a
measure of the quantitative accuracy of this algebraic model.
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contributions does not introduce uncertainty into estimates of the vector meson
mass based on Eq. (160).

Equation (163) can also be applied to the φ-meson. The transverse component
is insensitive to T and µ, and the behaviour of the longitudinal mass, Mφ+, is
qualitatively the same as that of the ρ-meson: it increases with T and decreases
with µ. Using η = 1.06 GeV, the model yields Mφ± = 1.02 GeV for ms =
180 MeV at T = 0 = µ.

In a 2-avour, free-quark gas at T = 0 the baryon number density is ρB =
2µ3/(3π2) , by which gauge nuclear matter density, ρ0 = 0.16 fm−3, corresponds
to µ = µ0 := 260 MeV = 0.245 η. At this chemical potential the algebraic model
yields

Mρ+(µ0) ≈ 0.75Mρ+(µ = 0) , (166)

Mφ+(µ0) ≈ 0.85Mφ+(µ = 0) . (167)

The study summarised in Sec. 7.4 [62], indicates that a better representation of the
ultraviolet behaviour of the dressed-gluon propagator expands the horizontal scale
in Fig. 41, with the critical chemical potential increased by 25%. This suggests
that a more realistic estimate is obtained by evaluating the mass at µ′0 = 0.20 η,
which yields

Mρ+(µ′0) ≈ 0.85Mρ+(µ = 0) , (168)

Mφ+(µ′0) ≈ 0.90Mφ+(µ = 0) ; (169)

a small, quantitative modiˇcation. The difference between Eqs. (166) and (168),
and that between Eqs. (167) and (169), is a measure of the theoretical uncertainty
in the estimates in each case. This reduction in the vector meson masses is
quantitatively consistent with that calculated in Ref.48 and conjectured in Ref.81.
At the critical chemical potential for T = 0, Mρ+ ≈ 0.65Mρ+(µ = 0) and
Mφ+ ≈ 0.80Mφ+(µ = 0).

This simple model of QCDTµ preserves the momentum-dependence of gluon
and quark dressing, which is an important qualitative feature of more sophisti-
cated studies. Its simplicity means that many of the consequences of that dressing
can be demonstrated algebraically. For example, it elucidates the origin of an
anticorrelation, found for a range of quantities, between their response to increas-
ing T and that to increasing µ.

Both (−〈q̄q〉) and fπ decrease with T and increase with µ, and this ensures
that mπ is insensitive to increasing µ and/or T until very near the edge of the
domain of conˇnement and DCSB. The mass of the transverse component of
the vector meson is insensitive to T and µ while the mass of the longitudinal
component increases with increasing T but decreases with increasing µ. This
behaviour is opposite to that observed for (−〈q̄q)〉 and fπ, and hence the scaling
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law conjectured in Ref.81 is inconsistent with this calculation, as it is with others
of this type.

This study has two primary limitations. First, the width of the vector mesons
cannot be calculated because the solution of Eq. (160) does not provide a re-
alistic Bethe Å Salpeter amplitude. Second, the calculation of meson-photon
observables at T = 0 = µ only became possible with the determination [5] of the
form of the dressed-quark-photon vertex. Its generalisation to nonzero-(T, µ) is
a necessary precursor to the study of these processes.

8. CLOSING REMARKS

These lecture notes illustrate the contemporary application of
Dyson Å Schwinger equations to the analysis of observable strong interaction
phenomena, highlighting the positive aspects and successes. Many recent, inter-
esting studies have been neglected; a calculation of the electric dipole moment
of the ρ-meson [82] and an exploration of η-η′ mixing [83] among them. How-
ever, a simple enquiry of ©http://xxx.lanl.gov/ˇnd/hep-phª with the keywords:
©Dyson Å Schwingerª or ©Schwinger Å Dysonª, will provide a guide to other
current research.

In all phenomenological applications, modelling is involved, in particular, of
the behaviour of the dressed Schwinger functions in the infrared. [The ultraviolet
behaviour is ˇxed because of the connection with perturbation theory.] This
is tied to the need to make truncations in order to deˇne a tractable problem.
Questions will always be asked regarding the ˇdelity of the modelling. The
answers can only come slowly as, for example, more is learnt about the constraints
that Ward Identities and Slavnov Å Taylor identities in the theory can provide.
That approach has been particularly fruitful in QED [5], and already in the
development of a systematic truncation procedure for the kernel of the quark DSE
and meson BSE [3, 4]. In the meantime, and as is common, phenomenological
applications provide a key to understanding which elements of the approach need
improvement: one must push and prod to ˇnd the weak links.
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1. INTRODUCTION

The most general information about two- and many-body systems in quantum
ˇeld theory is contained in the corresponding many-time Green functions, which
are related to each other by function equations. In some conditions from these
equations one can obtain equations for two-body bound state and scattering prob-
lems (BetheÄSalpeter-type equations [1]). The dependence of the BetheÄSalpeter
amplitude (wave function) on the relative time of two particles leads to the fact
that it contains the information on bound state and on the states, which have
nothing to do with bound states as well. ®Electron today and proton tomorrow¯
do not form the bound state Å hydrogen atom. Similar difˇculties arise in the
case of many-body systems.

A regular method for excluding the relative time, based on the two-time Green
functions has been developed in Ref. 2, where relativistic three-dimensional equa-
tions for bound state and scattering problems were derived. These equations are
known as quasi-potential equations, because of their similarity with the corre-
sponding equations of quantum mechanics. For quasi-potential wave functions
the boundary conditions corresponding to bound state and scattering problems
can be imposed. Relativistically covariant form of these equations for two- and
many-body systems is given in Ref. 3. Similar equation for two particles in the
Hamiltonian formulation of quantum ˇeld theory has been derived in Ref. 4.
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With the development of quark models and the study of structure of particles
and nuclei at high momentum transfer it turned out to be convenient the light-front
form of quasi-potential equations [5].

In this approach the relativistic composite system with the total 4-momentum

P is described by means of the quasi-potential wave function ΦP ([x(i),p
(i)
⊥ ]),

where the ®longitudinal motion¯ of constituents is parametrized by means of the
scale-invariant variables

x(i) =
p

(i)
0 + p

(i)
3

P0 + P3
,

where p
(i)
µ (µ =0,1,2,3 is the Lorentz index) and Pµ are the individual 4-mo-

mentum of the i-th constituent and the total 4-momentum of the system, respec-
tively. Variables x(i) are ratios of the light-front variables. In terms of these
variables the wave function of the composite system reects, in particular, the
dependence of the internal motion of constituents on the total momentum of the
system. Square brackets in the argument of the wave function Φp denote the set

of the variables x(i) and p
(i)
⊥ which satisfy the conditions

N∑
i=1

x(i) = 1; 0 < x(i) < 1;

N∑
i=1

p
(i)
⊥ = P⊥.

The review is organized as follows:
Section 2 is devoted to the formulation of the light-front formalism for

composite systems. Equations for bound states and scattering problems are given.
It is shown how equations of this approach are related to or differ from the
equation obtained in the framework of the old-fashioned perturbation theory in
the inˇnite momentum frame. Spectral and projective properties of the ®two-time¯
Green functions are studied.

Section 3 deals with the method of constructing of relativistic elastic form
factors and scattering amplitudes of composite systems in the light-front formal-
ism. A general expression for the matrix element of the current of composite
system in terms of relativistic wave functions and the generalized vertex operator
Γ̃µ is given. The electromagnetic form factor for a system, consisting of two or
arbitrary number of constituents is presented in the impulse approximation.

Problems of the interaction of relativistic composite systems are also dis-
cussed in this section. The scattering amplitude is expressed in a general form,
using relativistic wave functions and the transition operator. The constituent
interchange mechanism is considered.

Section 4 is devoted to the study of deep inelastic form factors of composite
systems. Like the case of elastic form factors, a general expression for the deep
inelastic tensorWµν , in terms of the relativistic wave functions are the generalized
two-photon vertex Γ̃µν is given. The explicit form of the structure functions W1
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and νW2 in the lowest order in the electromagnetic interaction is presented. It is
shown that if the transverse motion of quarks is taken into account, the Bjorken
scaling is violated and the structure functions become the square of the momentum
transfer dependent.

In Section 5 inclusive hadron-hadron processes are considered. General
representations for the inclusive cross sections in terms of the light-front wave
functions are given. Approximations are treated which lead to the quark-parton
description of these processes.

Note, that the review is based mainly on the results obtained in the Dubna
school. Other forms of light-front dynamics and appropriate lists of references
can be found in a number of original and review papers (see, e.g., [6Ä15]).

2. LIGHT-FRONT FORMULATION OF BOUND STATE AND
SCATTERING PROBLEMS

Light-front variables have been introduced by Dirac [16] with the aim to con-
struct the quantum theory with commutation relations on the light-front hyperplane
(instead of traditionally used t = 0 hyperplane). In this section, following Ref.
2 equations for bound state and scattering problems in light-front variables are
derived.

2.1. Equation for the Two-Body Bound State Wave Function. Consider the
BetheÄSalpeter amplitude (wave function)

χP,α = 〈0|T (φ1(x1)φ2(x2))|P, α〉 = e−iPXχP,α(x). (2.1)

Here |P, α〉 is the state vector with total 4-momentum P and quantum num-
bers α, X = (x1 + x2)/2 is the centre of mass coordinate, P = p1 + p2. Deˇne
the relative coordinate and momentum

x = x1 − x2, p =
p1 − p2

2
, (2.2)

and introduce the light-front variables

x± =
x0 ± x3

2
, p± = p0 ± p3, P± = P0 ± P3. (2.3)

Introduce then the Fourier transform χP,α(p) = χP,α(p−, p+,p⊥) of the
BetheÄSalpeter amplitude

χP,α(p) = χP,α(p−, p+,p⊥) =

∫
d4pe−ipxχP,α(p) =

=
1

2

∫
dp+dp−dp⊥e−i(p+x−+p−x+−p⊥x⊥)χP,α(p) (2.4)
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and deˇne the light-front quasi-potential wave function [2,5]:

ΨP,α(p+,p1) =

∞∫
−∞

dp−χP,α(p−, p+,p⊥). (2.5)

It can be shown that the function ΦP,α(p+,p⊥) depends on the values of
the BetheÄSalpeter amplitude on the light-front hyperplane x0 + x3 = 0. In fact,
using the deˇnition (2.5) and the Fourier transformation (2.4) we get:

ΨP,α(p+,p⊥) =

=
2

(2π)3

∫
dx+dx−dx⊥δ(x+)e−i(p+x−+p−x+−p⊥x⊥)χP,α(x+, x−,x⊥). (2.6)

Consider now the two-particle Green function

G(x1, x2;x′1, x
′
2) = G(X −X ′;x, x′) =

〈0|T (φ1(x1)φ2(x2)φ+
1 (x′1)φ+

2 (x′2))|0〉 = (2.7)

1

(2π)3

∫
dPdpdp′e−iP (X−X′)−i(px−p′x′)G(P ; p, p′).

Here the total and relative 4-momenta and 4-coordinates in the initial and
ˇnal states are introduced

P = p1 + p2, , p =
p1 − p2

2
, X =

x1 + x2

2
, x = x1 − x2. (2.8)

P = p′1 + p′2, p
′ =

p′1 − p′2
2

, X ′ =
x′1 + x′2

2
, x′ = x′1 − x′2. (2.9)

Deˇne the Fourier transform of the ®two-time¯ quasi-potential Green func-
tion

G̃(P ; p+,p⊥; p′+,p
′
⊥) =

∞∫
−∞

dp−dp
′
−G(P ; p, p′). (2.10)

For free particles we have

G(0)(P ; p, p′) =
−δ(4)(p− p′)[(

P
2 + p

)2 −m2
1 + iε

] [(
P
2 − p

)2 −m2
2 + iε

] . (2.11)
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Performing the integration according to the deˇnition (2.10), we obtain

G̃(0)(P ; p+,p⊥; p′+,p
′
⊥) =

4πiδ(p+ − p′+)δ(2)(p⊥ − p′⊥)θ(x)θ(1 − x)

P+x(1 − x)
[
P 2 + P2

⊥ −
(P/2+p)2

⊥+m2
1

x
− (P/2+p)2

⊥−m2
2

1−x

] = (2.12)

G̃(0)(P ; p+,p⊥)δ(p+ − p′+)δ(2)(p⊥ − p′⊥).

In this expression the variable x is introduced in the following way

x =
1

2
+
p+

P+
. (2.13)

It is obvious that when the variable x varies in the limits

0 < x < 1, (2.14)

the variable p+ varies in the interval (−P+/2, P+/2).
Deˇne now the inverse operator by the relation

P+/2∫
−P+/2

dp′′+

∫
dp′′⊥G̃

−1(P ; p+,p⊥; p′′+,p
′′
⊥)× (2.15)

×G̃(P ; p′′+,p
′′
⊥; p′+,p

′
⊥) = δ(p+ − p′+)δ(2)(p⊥ − p′⊥).

Introduce the interaction kernel V (quasi-potential) [2]:

G̃−1(P ; p+,p⊥; p′+,p
′
⊥) = G̃(0)−1(P ; p+,p⊥)×

×δ(p+ − p′+)δ(2)(p⊥ − p′⊥)− 1

4πi
V (P ; p+,p⊥; p′+,p

′
⊥). (2.16)

After simple transformations the equation for the quasi-potential wave
function

ΦP,α(x,p⊥) = P+x(1 − x)ΨP,α(p+,p⊥) (2.17)

takes the form [5]:[
P 2 − (p⊥ + (1/2− x)P⊥)2 +m2

1

x
− (p⊥ + (1/2− x)P⊥)2 +m2

2

1− x

]
×
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×ΦP,α(x,p⊥) =

1∫
0

dx′

x′(1− x′)

∫
dp′⊥V (P ; p+,p⊥; p′+,p

′
⊥)ΦP,α(x′,p′⊥).

(2.18)

The equation obtained gives the wave function of a bound state in an arbitrary
Lorentz reference frame. Comparing it with the equation in the frame where
P⊥ = 0 we get the transformation property for the wave function from the
arbitrary frame to the frame, in which the total transverse momentum of
two-particle bound state is equal to zero:

ΦP (x,p⊥) = ΦP⊥=0(x,p⊥ + (1/2− x)P⊥). (2.19)

The case of spin particles is considered in Ref. 17.
2.2. Equation for the Scattering Amplitude and Relation to the Equation

in the Inˇnite Momentum Frame. Derive now the equation for the two-body
scattering amplitude. Deˇnition of the scattering amplitude T (P ; p, p′) in the
4-dimensional covariant BetheÄSalpeter formalism looks as follows:

G(P ; p, p′) = G(0)(P ; p, p′)+

+

∫
d4p′′d4p′′′G(0)(P ; p, p′′)T (P ; p′′, p′′′)G(0)(P ; p′′′, p′) = (2.20)

G(0)(P ; p)δ(4)(p− p′) +G(0)(P ; p)T (P ; p, p′)G(0)(P ; p′).

Deˇne the quantity T̃ (P ; p+,p⊥; p′+,p
′
⊥) by the similar expression [2]:

G̃(P ; p+,p⊥; p′+,p
′
⊥) = G̃(0)(P ; p+,p⊥)δ(p+ − p′+)δ(2)(p⊥ − p′⊥)+

G̃(0)(P ; p+,p⊥)T̃ (P ; p+,p⊥; p′+,p
′
⊥)G̃(0)(P ; p′+,p

′
⊥). (2.21)

Integrating (2.20) according to (2.10) we get:

G̃ = G̃(0) + ˜G(0)TG(0). (2.22)

Comapring formulae (2.22) and (2.21) we obtain:

T̃ = G̃(0)−1 · ˜G(0)TG(0) · G̃(0)−1. (2.23)

It can be shown that on the mass shell the following equality holds

T̃ = T. (2.24)
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Derive now the equation for the amplitude T̃ . Using the deˇnition (2.16) we
get the equation for the Fourier transform of the ®two-time¯ Green function

G̃ = G̃(0) + G̃(0)V G̃. (2.25)

In (2.25) the multiplication is understood as a three-dimensional intergation over
the corresponding variables x and p⊥. Comparing (2.25) and (2.21) one can see
that

T̃ G̃(0) = V G̃ (2.26)

from which the equation for scattering amplitude T̃ follows:

T̃ = V + V G̃(0)T̃ . (2.27)

In the frame, where total transverse momentum is zero P⊥ = 0, the explicit
form of the equation (2.27) looks as follows:

T̃ (P ;x,p⊥;x′,p′⊥) = V (P ;x,p⊥;x′,p′⊥)+

1∫
0

dx′′

x′′(1 − x′′)

∫
dp′′⊥

V (P ;x,p⊥;x′′,p′′⊥)T̃ (P ;x′′,p′′⊥x
′,p′⊥)[

m2
1+p′′⊥

2

x′′ +
m2

2+p′′⊥
2

1−x′′ − P 2 − iε
] . (2.28)

In a number of papers (see, e.g., [18Ä21]) composite systems have been
described on the basis of the so-called old-fashioned perturbation theory in the
inˇnite momentum frame, which has been used by Weinberg [22] in the rela-
tivistic quantum ˇeld theory. Equation (2.28) reproduces in the lowest order of
perturbation theory the equation from [22] and at the same time contains the
regular method of constructing the interaction kernel in the higher orders of per-
turbation theory. We will not discuss this point here, but recall that as in the
canonical three-dimensional approach [2] there exist two methods of constructing
of the interaction kernel (by means of the ®two-time¯ Green function and by
means of the scattering amplitude on the mass-shell).

The method of the constructing of the interaction kernel in lowest and high
orders in perturbation theory can be used, for instance, for the relativistic general-
ization of one- or multi-boson exchange potentials to describe the nuclear forces.
For the review of quark aspects of nuclear forces see, e.g., [23].

We note, however, that three exists one substantional difference between
the equation derived here and equation of Ref. 22. In the light-front approach
the equation is written in an arbitrary Lorentz frame and ®longitudinal motion¯
of constituents is parametrized in terms of scale invariant and Lorentz invari-
ant (under the transformations of reference frames along the z-axis) variable
x = (P/2 + p)+/P+. In the inˇnite momentum frame ®longitudinal motion¯ is
parametrized in terms of the variable x = (P/2 + p)3/P3, which is not Lorentz
invariant.
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2.3. Equation for the Many-Body Bound State Wave Function. Formalism
developed can be extended to the case of N relativistic interacting particles.
The way of this extention can be seen if instead of the variable x, deˇned by
the relative momentum, two variables x(1) and x(2), deˇned by the individual
momenta of particles

x(i) =
p

(i)
+

P+
, i = 1, 2 (2.29)

are used. The variables x(i) vary in the interval 0 < x(i) < 1.
Deˇne the Fourier transform of the many-body BetheÄSalpeter amplitude

(wave function)

χP,α([x(i)
µ ]) = 〈0|T (φ1(x(1)

µ )φ2(x(2)
µ )...φN (x(N)

µ )|P, α〉

by the following relation

δ(4)

(
P −

N∑
i=1

p(i)

)
χP,α([p(i)]) =

∫ N∏
i=1

d4x(i) exp

[
i

N∑
i=1

p(i)x(i)

]
χP,α([x(i)

µ ]),

(2.30)

where
[p(i)] = p(1), ..., p(N); [x(i)

µ ] = x
(1)
1 , ..., x(N).

Here we have ascribed the Lorentz index µ to the 4-coordinates x
(i)
µ in

order to distinguish them from the scale-invariant variables x(i), which will be
introduced later.

Introduce the light, front variables

P± = P0 ± P3; , p
(i)
± = p

(i)
0 ± p

(i)
3 ; , x

(i)
± =

x
(i)
0 ± x

(i)
3

2
(2.31)

and integrate (2.30) over
N∏
i=1

dp
(i)
− . We obtain

2δ

(
P+ −

N∑
i=1

p
(i)
+

)
δ(2)

(
P⊥ −

N∑
i=1

p
(i)
⊥

)
ΨP,α([p

(i)
+ ,p

(i)
⊥ ]) =

= (2π)N
∫ N∏

i=1

d4x(i)δ(x
(i)
+ ) exp

[
i

N∑
i=1

(p
(i)
+ x

(i)
− − p

(i)
⊥ x

(i)
⊥ )

]
χP,α([x(i)

µ ]).

(2.32)
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The function ΨP,α([p
(i)
+ ,p

(i)
⊥ ]) is related to the BetheÄSalpeter amplitude in the

following way:

ΨP,α([p
(i)
+ ,p

(i)
⊥ ]) =

∞∫
−∞

N∏
i=1

dp
(i)
− δ

(
P− −

N∑
i=1

p
(i)
−

)
χP,α([p(i)]). (2.33)

Introduce now the Fourier transform of the ®two-time¯ Green function

G̃(P ; [p
(i)
+ ,p

(i)
⊥ ]; [p

(i)′

+ ,p
(i)′

⊥ ]) =

=

∞∫
−∞

N∏
i=1

dp
(i)
− dp

(i)′

− δ

(
P− −

N∑
i=1

p
(i)
−

)
δ

(
P− −

N∑
i=1

p
(i)′

−

)
G(P ; [p(i)]; [p(i)′ ]).

(2.34)

The function G(P ; [p(i)]; [p(i)′ ]) is deˇned by the Fourier transformation

G([x(i)
µ ]; [x(i)′

µ ]) = 〈0|T (φ1(x(i)
µ )...φN (x(N)

µ )φ+
1 (x(1)′

µ )...φ+
N (x(N)′

µ ))|0〉 =

(2π)−4N

∫ N∏
i=1

d4p(i)d4p(i)′ exp

[
−i

N∑
i=1

(p(i)x(i) − p(i)′x(i)′ )

]
× (2.35)

×G(P ; [p(i)]; [p(i)′ ]).

For the case of free particles we have

G(0)(P ; [p(i)]; [p(i)′ ]) =

iN
N∏
i=1

δ(4)(p(i) − p(i)′)

N∏
i=1

(p(i)2 −m(i)2 + iε)

. (2.36)

Integrating both sides of (2.36) according to the deˇnition (2.34) and omitting
the δ-function corresponding to the total 4-momentum consevation, we get

G̃(0)(P ; [p
(i)
+ , p

(i)
⊥ ]; [p

(i)′

+ ,p
(i)′

⊥ ]) =

(2i)N (2πi)N−1
N∏
i=1

δ(p
(i)
+ − p

(i)′

+ )δ(2)(p
(i)
⊥ − p

(i)′

⊥ )
N∏
i=1

θ(x(i))θ(1 − x(i))

PN−1
+

N∏
i=1

x(i)

[
P 2 −

N∑
i=1

(p
(i)
⊥ −x(i)P⊥)2+m(i)2

x(i)

] =

(2.37)
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G̃(0)(P ; [p
(i)
+ ,p

(i)
⊥ ])

N∏
i=1

δ(p
(i)
+ − p

(i)′

+ )δ(2)(p
(i)
⊥ ,p

(i)′

⊥ ]).

The variables x(i) are deˇned in the following way:

x(i) =
p

(i)
+

P+
, i = 1, 2, ..., N. (2.38)

Thus, the function G̃(0)(P ; [p
(i)
+ ,p

(i)
⊥ ]) is deˇned under the conditions:

N∑
i=1

x(i) = 1; , 0 < x(i) < 1; ,

N∑
i=1

p
(i)
⊥ = P⊥. (2.39)

Introduce now the inverse operator G̃−1 by means of the relation

P+∫
0

N∏
i=1

dp
(i)′′

+

∫ N∏
i=1

dp
(i)′′

⊥ G̃−1(P ; [p
(i)
+ ,p

(i)
⊥ ]; [p

(i)′′

+ ,p
(i)′′

⊥ ])×

×G̃(P ; [p
(i)′′

+ ,p
(i)′′

⊥ ]; [p
(i)′

+ ,p
(i)′

⊥ ]) =

N∏
i=1

δ(p
(i)
+ − p

(i)′

+ )δ(2)(p
(i)
⊥ ,p

(i)′

⊥ ]) (2.40)

and deˇne the interaction kernel V :

G̃−1(P ; [p
(i)
+ ,p

(i)
⊥ ]; [p

(i)′

+ ,p
(i)′

⊥ ]) = G̃(0)−1(P ; [p
(i)
+ ,p

(i)
⊥ ]; [p

(i)′

+ ,p
(i)′

⊥ ])−

−
δ

(
P+ −

N∑
i=1

p
(i)
+

)
δ(2)

(
P⊥ −

N∑
i=1

p
(i)
⊥

)
(2i)N (2πi)N−1

V (P ; [p
(i)
+ ,p

(i)
⊥ ]; [p

(i)′

+ ,p
(i)′

⊥ ]). (2.41)

The equation for the wave function

ΦP,α([x(i),p
(i)
⊥ ]) = PN−1

+

N∏
i=1

x(i)ΨP,α([p
(i)
+ ,p

(i)
⊥ ]) (2.42)

looks as follows [24]:[
P 2 −

N∑
i=1

(p
(i)
⊥ − x(i)P⊥)2 +m(i)2

x(i)

]
ΦP,α([x(i),p

(i)
⊥ ]) =
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=

1∫
0

N∏
i=1

dx(i)′

x(i)′
δ

(
1−

N∑
i=1

x(i)′

)∫ N∏
i=1

dp
(i)′

⊥ δ(2)

(
P⊥ −

N∑
i=1

p
(i)′

⊥

)
× (2.43)

×V (P ; [p
(i)
+ ,p

(i)
⊥ ]; [p

(i)′

+ ,p
(i)′

⊥ ])ΦP,α([x(i)′ ,p
(i)′

⊥ ]).

The formalism developed can be used for the treatment of a wide class of
elementary particle and nuclear physics problems.

2.4. Spectral and Projective Properties of the Two-Time Green Functions.
The Green function for N interacting particles in the light-front quantum ˇeld
theory is deˇned as a vacuum expectation value of the ®chronologically¯ ordered
Heisenberg ˇeld operators [25]:

G([x(i)
µ ]; [x(i)′

µ ]) = 〈0|T+(ψ1(x(1)
µ )...ψN (x(N)

µ )ψ̄N (x(N)′

µ )...ψ̄1(x(1)′

µ ))|0〉.
(2.44)

Deˇne now the ®two-time¯ Green function:

G̃(X+; [x
(i)
− ,x

(i)
⊥ ];X ′+; [x

(i)′

− ,x
(i)′

⊥ ]) = G([x(i)
µ ]; [x(i)′

µ ])

∣∣∣∣∣∣∣ x
(1)
+

=...=x
(N)
+

=X+

x
(1)′
+

=...=x
(N)′
+

=X′+

.

(2.45)

It is convenient to introduce the operators

A([x(i)
µ ]) = ψ1(x(1)

µ )...ψN (x(N)
µ )

∣∣∣
x

(1)
+ =...=x

(N)
+ =X+

Ā([x(i)′

µ ]) = ψ̄N (x(N)′

µ )...ψ1(x(1)′

µ )

∣∣∣∣x(1)′
+ =...=x

(N)′
+ =X′+

(2.46)

and rewrite the ®two-time¯ Green function as follows:

G̃([x(i)
µ ]; [x(i)′

µ ]) = 〈0|T+(A([x(i)
µ ])Ā([x(i)′

µ ]))|0〉 =

= θ(X+ −X ′+)〈0|A([x(i)
µ ])Ā([x(i)′

µ ])|0〉 ± (2.47)

±θ(X ′+ −X+)〈0|Ā([x(i)′

µ ])A([x(i)
µ ])|0〉.

The signs ± are chosen depending on the number of fermion ˇeld operators in

A([x
(i)
µ ]).
In what follows we will obtain the spectral representation for the Green

function (2.47). Using the expansion in the complete set of physical states |n〉,
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translation invariance property and the Fourier representation for θ function the
expression (2.47) can be rewritten as:

G̃([x(i)
µ ]; [x(i)′

µ ]) = G̃(X+ −X ′+; [x
(i)
− ,x

(i)
⊥ ]; [x

(i)′

− ,x
(i)′

⊥ ]) =

=

∞∫
−∞

dP− expip−(X+−X′+)

∞∫
0

dz × (2.48)

×
[
σ1(z; [x

(i)
− ,x

(i)
⊥ ]; [x

(i)′

− ,x
(i)′

⊥ ])

P− − z + iε
∓ σ2(z; [x

(i)
− ,x

(i)
⊥ ]; [x

(i)′

− ,x
(i)′

⊥ ])

P− + z − iε

]
.

Spectral functions σ1 and σ2 are expressed via the three-dimensional light-front
wave functions:

σ1(z; [x
(i)
− ,x

(i)
⊥ ]; [x

(i)′

− ,x
(i)′

⊥ ]) =

=
i

2π

∑
m

δ(z − P (m)
− )Ψom([x

(i)
− ,x

(i)
⊥ ])Ψ̄om([x

(i)′

− ,x
(i)′

⊥ ]), (2.49)

σ2(z; [x
(i)
− ,x

(i)
⊥ ]; [x

(i)′

− ,x
(i)′

⊥ ]) =

=
i

2π

∑
m

δ(z − P (m)
− )Ψmo([x

(i)
− ,x

(i)
⊥ ])Ψ̄mo([x

(i)′

− ,x
(i)′

⊥ ]), (2.50)

Ψom([x
(i)
− ,x

(i)
⊥ ]) = 〈0|A([0, x

(i)
− ,x

(i)
⊥ ])|m〉 =

= 〈0|ψ1(0, x
(1)
− ,x

(1)
⊥ )...ψN (0, x

(N)
− ,x

(N)
⊥ )|m〉, (2.51)

Ψ̄om([x
(i)′

− ,x
(i)′

⊥ ]) = 〈m|Ā([0, x
(i)′

− ,x
(i)′

⊥ ])|0〉, (2.52)

Ψmo([x
(i)
− ,x

(i)
⊥ ]) = 〈m|A([0, x

(i)
− ,x

(i)
⊥ ])|0〉, (2.53)

Ψ̄mo([x
(i)′

− ,x
(i)′

⊥ ]) = 〈0|Ā([0, x
(i)′

− ,x
(i)′

⊥ ])|m〉. (2.54)

Summation in Eqs. (2.49), (2.50) is understood as the integration over 4-

momentum P (m)(P
(m)
+ > 0;P

(m)
− > 0) under the condition P (m)2

> 0 and
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the summation over other quantum numbers on which the given physical state
|m〉 can be dependent.

Deˇne the Fourier transforms of the spectral functions:

σ1,2(z; [x
(i)
− ,x

(i)
⊥ ]; [x

(i)′

− ,x
(i)′

⊥ ]) =
1

(2π)4N

∫ N∏
i=1

dp
(i)
+ dp

(i)
⊥ dp

(i)′

+ dp
(i)′

⊥ ×

× exp

{
−i

N∑
i=1

[(p
(i)
+ x

(i)
− − p

(i)
⊥ x

(i)
⊥ )− (p

(i)′

+ x
(i)′

− − p
(i)′

⊥ x
(i)′

⊥ )]

}
× (2.55)

×σ1,2(z; [p
(i)
+ ,p

(i)
⊥ ]; [p

(i)′

+ ,p
(i)′

⊥ ]).

From this deˇnition and Eqs.(2.51Ä(2.54) for wave functions one obtains:

σ1(z; [p
(i)
+ ,p

(i)
⊥ ]; [p

(i)′

+ ,p
(i)′

⊥ ]) =

=
i

(2π)1−4N

∑
m

δ(z − P (m)
− )Ψom([p

(i)
+ ,p

(i)
⊥ ])Ψ̄om([p

(i)′

+ ,p
(i)′

⊥ ]), (2.56)

σ2(z; [p
(i)
+ ,p

(i)
⊥ ]; [p

(i)′

+ ,p
(i)′

⊥ ]) =

=
i

(2π)1−4N

∑
m

δ(z − P (m)
− )Ψmo([p

(i)
+ ,p

(i)
⊥ ])Ψ̄mo([p

(i)′

+ ,p
(i)′

⊥ ]), (2.57)

where
Ψmo([x

(i)
− ,x

(i)
⊥ ]) =

=

∫ N∏
i=1

dp
(i)
+ dp

(i)
⊥ exp

[
−i

N∑
i=1

[(p
(i)
+ x

(i)
− − p

(i)
⊥ x

(i)
⊥ )

]
Ψmo([p

(i)
+ ,p

(i)
⊥ ]), (2.58)

Ψom([x
(i)
− ,x

(i)
⊥ ]) =

=

∫ N∏
i=1

dp
(i)
+ dp

(i)
⊥ exp

[
−i

N∑
i=1

[(p
(i)
+ x

(i)
− − p

(i)
⊥ x

(i)
⊥ )

]
Ψom([p

(i)
+ ,p

(i)
⊥ ]). (2.59)

We will show now that the functions σ1,2(z; [p
(i)
+ ,p

(i)
⊥ ]; [p

(i)′

+ ,p
(i)′

⊥ ]) possess
the following properties:

σ1(z; [p
(i)
+ ,p

(i)
⊥ ]; [p

(i)′

+ ,p
(i)′

⊥ ]) = 0 (2.60)
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if even one of the variables p(i)
+ , p

(i)′

+ < 0 and

σ2(z; [p
(i)
+ ,p

(i)
⊥ ]; [p

(i)′

+ ,p
(i)′

⊥ ]) = 0 (2.61)

if even one of the variables p(i)
+ , p

(i)′

+ > 0.
Let us show ˇrst the validity of (2.60). Consider for this purpose the Fourier

transform of the light-front wave function

Ψom([p
(i)
+ ,p

(i)
⊥ ]) =

1

(2π)3N

∫ N∏
i=1

dx
(i)
− dx

(i)
⊥ exp

[
i

N∑
i=1

[(p
(i)
+ x

(i)
− − p

(i)
⊥ x

(i)
⊥ )

]
×

×〈0|ψ1(0, x
(1)
− ,x

(1)
⊥ )...ψN (0, x

(N)
− ,x

(N)
⊥ )|m〉 =

=
1

(2π)3N−3

∑
m1

δ(p
(1)
+ −p

(m1)
+ )

∫ N∏
i=2

dx
(i)
− dx

(i)
⊥ exp

[
i

N∑
i=2

(p
(i)
+ x

(i)
− − p

(i)
⊥ x

(i)
⊥ )

]
×

×〈0|ψ1(0)|m1〉〈m1|ψ2(x
(2)
− ,x

(2)
⊥ )...ψN (x

(N)
− ,x

(N)
⊥ )|m〉. (2.62)

Taking into account that p(m1)
+ > 0, it is evident that Ψom([p

(i)
+ ,p

(i)
⊥ ]), if p(1)

+ < 0.

In order to show the validity of this statement for arbitrary p(i)
+ we will use the

light-front commutation properties of the ˇelds ψi(x
(i)
µ ) and locate on the ˇrst

place arbitrary operator ψi(x
(i)
µ ):

Ψom([p
(i)
+ ,p

(i)
⊥ ]) =

1

(2π)3N−3

∑
m1

δ(p
(i)
+ − p

(m1)
+ )×

×
∫ N∏

j 6=i
j=1

dx
(j)
− dx

(j)
⊥ × exp

i N∑
j 6=i
j=1

[(p
(j)
+ x

(j)
− − p

(j)
⊥ x

(j)
⊥ )

× (2.63)

×〈0|ψ1(0)|m1〉〈m1|ψ1(x
(1)
− ,x

(1)
⊥ )...ψi−1(x

(i−1)
− ,x

(i−1)
⊥ )ψi+1(x

(i+1)
− ,x

(i+1)
⊥ )|m〉.

Taking into account that for physical states p(m1)
+ ≥ 0, we see that

Ψom([p
(i)
+ ,p

(i)
⊥ ]) = 0 (2.64)

if even one of p(i)
+ < 0.

In a similar way one can show that

Ψmo([p
(i)
+ ,p

(i)
⊥ ]) = 0 (2.65)
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if even one of p(i)
+ > 0.

Taking into account (2.64) and (2.65) one can see the validity of Eqs. (2.60)
and (2.61).

Deˇne now the Fourier transform of the ®two-time¯ Green function:

G̃(X+ −X ′+; [x
(i)
− ,x

(i)
⊥ ]; [x

(i)′

− ,x
(i)′

⊥ ]) =
1

(2π)4N

∫ N∏
i=1

dp
(i)
+ dp

(i)
⊥ dp

(i)′

+ dp
(i)′

⊥ ×

× exp

{
−iP−(X+ −X ′+)− i

N∑
i=1

[(p
(i)
+ x

(i)
− − p

(i)
⊥ x

(i)
⊥ )− (2.66)

− (p
(i)′

+ x
(i)′

− − p
(i)′

⊥ x
(i)′

⊥ )]
}
G̃(P−; [p

(i)
+ ,p

(i)
⊥ ]; [p

(i)′

+ ,p
(i)′

⊥ ]).

Inserting (2.55) and (2.66) into (2.48) one obtains:

G̃(P−; [p
(i)
+ ,p

(i)
⊥ ]; [p

(i)′

+ ,p
(i)′

⊥ ]) =

=

∫
dz

[
σ1(z; [p

(i)
+ ,p

(i)
⊥ ]; [p

(i)′

+ ,p
(i)′

⊥ ])

P− − z + iε
∓
σ2(z; [p

(i)
+ ,p

(i)
⊥ ]; [p

(i)′

+ ,p
(i)′

⊥ ])

P− + z − iε

]
.

(2.67)

Here σ1 = 0 if even one of p(i)
+ or p(i)′

+ is less than zero, σ2 = 0 of even one of

p
(i)
+ or p(i)′

+ is bigger than zero.
Spectral representation (2.67) is an analogue of the spectral representation of

the ®two-time¯ Green function [3] with respect to total energy. Here, however, an
essential difference between the upper and lower parts of the light cone is realized
which is characteristic for the light-front quantum ˇeld theory. ®Retarded¯ part of
the Green function (ˇrst term) determines completely the behaviour of the Green

function for positive p(i)
+ , p(i)′

+ , ®advanced¯ part (second term) determines the

behaviour of the Green function for negative p(i)
+ , p(i)′

+ .
Taking into account the deˇnition of spectral densities and translation invari-

ance property of wave functions one can obtain the spectral representation of the
®two-time¯ Green function with respect to P 2 [25]:

G̃(P 2, [p
(i)
+ ,p

(i)
⊥ ]; [p

(i)′

+ ,p
(i)′

⊥ ]) =

∞∫
0

ds
σ(s; [p

(i)
+ ,p

(i)
⊥ ]; [p

(i)′

+ ,p
(i)′

⊥ ])

P 2 − s+ iε
, (2.68)

where
σ(s; [p

(i)
+ ,p

(i)
⊥ ]; [p

(i)′

+ ,p
(i)′

⊥ ]) =
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= σ1(s; [p
(i)
+ ,p

(i)
⊥ ]; [p

(i)′

+ ,p
(i)′

⊥ ])

N∏
i=1

θ(p
(i)
+ )θ(p

(i)′

+ )∓ (2.69)

∓σ2(s; [p
(i)
+ ,p

(i)
⊥ ]; [p

(i)′

+ ,p
(i)′

⊥ ]) =

N∏
i=1

θ(−p(i)
+ )θ(−p(i)′

+ ),

σ1(s; [p
(i)
+ ,p

(i)
⊥ ]; [p

(i)′

+ ,p
(i)′

⊥ ]) =

= i(2π)4N−1
∑
m

P+δ(s− P (m)2

)Ψom([p
(i)
+ ,p

(i)
⊥ ])Ψ̄om([p

(i)′

+ ,p
(i)′

⊥ ]), (2.70)

σ2(s; [p
(i)
+ ,p

(i)
⊥ ]; [p

(i)′

+ ,p
(i)′

⊥ ]) =

= i(2π)4N−1
∑
m

P+δ(s− P (m)2

)Ψmo([p
(i)
+ ,p

(i)
⊥ ])Ψ̄mo([p

(i)′

+ ,p
(i)′

⊥ ]). (2.71)

Taking into account the momentum conservation

N∑
i=1

p
(i)
+ =

N∑
i=1

p
(i)′

+ ,

N∑
i=1

p
(i)
⊥ =

N∑
i=1

p
(i)′

⊥ (2.72)

one can rewrite the ®two-time¯ Green function as follows:

G̃(P 2, [p
(i)
+ ,p

(i)
⊥ ]; [p

(i)′

+ ,p
(i)′

⊥ ]) =

= δ

(
N∑
i=1

p
(i)
+ −

N∑
i=1

p
(i)′

+

)
δ(2)

(
N∑
i=1

p
(i)
⊥ −

N∑
i=1

p
(i)′

⊥

)
× (2.73)

×G̃(P ; [p
(i)
+ ,p

(i)
⊥ ]; [p

(i)′

+ ,p
(i)′

⊥ ])i=1,...,N−1.

Let us show now that the Green function (2.73) depends on its variables in a
special manner:

(P+)2N−2G̃(P, [p
(i)
+ ,p

(i)
⊥ ]; [p

(i)′

+ ,p
(i)′

⊥ ]) ≡

≡ SP G̃(P ; [x(i),p
(i)
⊥ − x(i)P⊥]; [x(i)′ ,p

(i)′

⊥ − x(i)′P⊥])S−1
P . (2.74)

SP and S−1
P are the known transformation matrices acting on spin indices. For

scalar particles SP = 1.
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The fact that the Green function depends only on the scaling variables x(i)

and x(i)′ is the consequence of the invariance of the Green function under the
rotations in the (x0, x3)-plane:

G([x(i)
µ ]; [x(i)′

µ ]) =

= SλG([λx
(i)
+ , λ−1x

(i)
− ,x

(i)
⊥ ]; [λx

(i)′

+ , λ−1x
(i)′

− ,x
(i)′

⊥ ])S−1
λ . (2.75)

The matrix Sλ acts on the spin indices. Remind that an arbitrary 4-vector
A(A+, A−,A⊥) is transformed according to:

A+ → λA+, A− → λ−1A−, A⊥ → A⊥ (2.76)

under the rotations in the (x0, x3)-plane.
The property (2.75) is preserved for ®two-time¯ Green function. As a result

the Fourier transform is a homogeneous function of the variables P+, p
(i)
+ , p

(i)′

+ :

G̃(P−, P+,P⊥; [p
(i)
+ ,p

(i)
⊥ ]; [p

(i)′

+ ,p
(i)′

⊥ ]) =

= λ2N−2SλG̃(P 2;λP+,P⊥; [λp
(i)
+ ,p

(i)
⊥ ]; [λp

(i)′

+ ,p
(i)′

⊥ ])S−1
λ . (2.77)

From (2.77) it follows that G̃ depends only on the scaling variables x(i) and x(i)′ .
Consider the Lorentz transformation which is given by the 2-vector u⊥:

A+ → λA+; A− → A− + u⊥A⊥ +
1

2
A+u2

⊥; A⊥ → A⊥ +A+u⊥. (2.78)

The Green function is invariant under these transformations. For the Fourier
transform of the ®two-time¯ Green function it follows that:

G̃(P 2,P⊥; [x(i),p
(i)
⊥ ]; [x(i)′ ,p

(i)′

⊥ ]) =

= Su⊥G̃(P 2,P⊥ + P+u⊥; [x(i),p
(i)
⊥ + p

(i)
+ u⊥];×

×[x(i)′ ,p
(i)′

⊥ + p
(i)′

+ u⊥])S−1
u⊥ . (2.79)

Choosing u⊥ =
P⊥
P+

one obtains the formula (2.74).
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3. RELATIVISTIC ELASTIC FORM FACTORS AND SCATTERING
AMPLITUDES FOR COMPOSITE SYSTEMS

3.1. Formulation of the Method. The reaction of a composite systems on a
weak external perturbation corresponding to the local ˇeld A(x) is described in
quantum ˇeld theory by the expression [26,27]:

〈P, α| δS

δA(k)
|P ′, β〉 |A=0 = (2π)4δ(4)(P − P ′ − k)〈P, α|J(0)|P ′, β〉. (3.1)

Here J(x) is the local current of the system

J(x) = i
δS

δA(x)
S+, (3.2)

|P, α〉 and |P ′, β〉 are the state vectors of composite particles with momenta P and
P ′ and the sets of additional quantum numbers α and β, respectively, normalized
in a relativistically invariant manner

〈P, α|P ′, β〉 = 2P0(2π)3δ(3)(P−P′). (3.3)

Below we suggest a method of constructing relativistically covariant form
factors of composite systems in terms of light-front wave functions.

Consider ˇrst the case of two-particle system. Introduce the quantity R
deˇned by the vacuum expectation value of the chronologically ordered product
of Heisenberg ˇeld operators of scalar particles φi(xi) and the same local current
J(x):

R(x1, x2, x
′
1, x
′
2) = 〈0|T (φ1(x1)φ2(x2)J(0)φ+

1 (x′1)φ+
2 (x′2)|0〉 =

= (2π)−16

∫
d4p1d

4p2d
4p′1d

4p′2 × (3.4)

× exp

−i 2∑
j=1

(pjxj − p′jx′j)

R(p1, p2; p′1, p
′
2).

Introducing, as above, relative 4-coordinates and 4-momenta

X =
x1 + x2

2
, x = x1 − x2; X ′ =

x′1 + x′2
2

, x′ = x′1 − x′2;

P = p1 + p2; p =
p1 − p2

2
; P ′ = p′1 + p′2; p′ =

p′1 − p′2
2

, (3.5)
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we rewrite expression (3.4) in the form

R(X,x : X ′, x′) = (2π)−16

∫
d4Pd4pd4P ′d4p′×

× exp[−i(PX − P ′X ′ + px− p′x′)]R(P, p;P ′, p′). (3.6)

As is known [28], the quantity R can be presented in the form

R = GΓG (3.7)

or in the detailed form

R(X,x;X ′, x′) =

∫
d4X ′′d4x′′d4X ′′′d4x′′′G(X −X ′′;x, x′′)×

×Γ(X ′′, x′′;X ′′′, x′′′)G(X ′′′ −X ′;x′′′, x′). (3.8)

In the momentum space we get

R(P, p;P ′, p′) =

∫
d4p′′d4p′′′G(P, p, p′′)Γ(P, p′′;P ′, p′′′)G(P ′; p′′′, p′). (3.9)

Here G is two-particle Green function of ˇelds φi(xi) and the vertex function Γ
is the sum of all two-particle irreducible diagrams for the 5-poin Green function
(3.6) (see Fig.1).

Fig. 1.

Passing to the ®two-time¯ description in terms of light-front variables we
deˇne the quantity

R̃(P ; p+,p⊥;P ′; p′+,p
′
⊥) =

+∞∫
−∞

dp−dp
′
−R(P, p;P ′, p′). (3.10)

The quantity R̃ can be presented in the form

R̃ = G̃Γ̃G̃ (3.11)
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or in the detailed form

R̃(P ; p+,p⊥;P ′; p′+,p
′
⊥) =

P+/2∫
−P+/2

dp′′+

∫
dp′′⊥

P ′+/2∫
−P ′+/2

dp′′′+

∫
dp′′′⊥×

×G̃(P ; p+,p⊥; p′′+,p
′′
⊥)Γ̃(P ; p′′+,p

′′
⊥; p′′′+ ,p

′′′
⊥)× (3.12)

×G̃(P ′; p′′′+ ,p
′′′
⊥ ; p′+,p

′
⊥).

Here Γ̃ is the vertex integral operator. Let us show that the quantity Γ̃ deˇnes
the form factor of composite system. Starting from the spectral properties [29] of
the 5-point Green function (3.10), it is possible to show that the quantity R̃ has
the pole singularities near the points corresponding to the masses Mα and Mβ of
composite system:

R̃(P ; p+,p⊥;P ′; p′+,p
′
⊥) ∼=

P 2 →M2
α;P ′2 →M2

β

∼= [i(2π)4]2
ΨP,α(p+,p⊥)〈P, α|J(0)|P ′, β〉Ψ+

P ′,β(p′+,p
′
⊥)

(P 2 −M2
α); (P ′2 −M2

β)
. (3.13)

On the other hand, taking into account the pole singularities of the two-particle
®two-time¯ Green function

G̃(P ; p+,p⊥;P ′; p′+,p
′
⊥) ∼=

P 2 →M2
α

(3.14)

∼= i(2π)4
ΨP,α(p+,p⊥)Ψ+

P,α(p′+,p
′
⊥)

P 2 −M2
α

.

We ˇnd from (3.12):
R̃(P ; p+,p⊥;P ′; p′+,p

′
⊥) ∼=

∼= [i(2π)4]2
ΨP,α(P+,P⊥)Ψ+

P ′,β(P ′+,P
′
⊥)

(P 2 −M2
α); (Q2 −M2

β)
(3.15)

P+/2∫
−P+/2

dp′′+

∫
dp′′⊥

P ′+/2∫
−P ′+/2

dp′′′+

∫
dp′′′⊥

×Ψ+
P,α(p′′+,p

′′
⊥)Γ̃αβ(P ; p′′+,p

′′
⊥;P ′; p′′′+ ,p

′′′
⊥)ΨP ′,β(p′′′+ ,p

′′′
⊥ ),
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where

Γ̃αβ(P ; p+,p⊥;P ′; p′+,p
′
⊥) = Γ̃(P ; p+,p⊥;P ′; p′+,p

′
⊥)

∣∣∣∣∣ P2=M2
α

P ′2=M2
β

. (3.16)

Comparing equations (3.13) and (3.15) we get the following expression for the
matrix element of the local current J :

〈P, α|J(0)|P ′, β〉 =

P+/2∫
−P+/2

dp+

∫
dp⊥

P ′+/2∫
−P ′+/2

dp′+

∫
dp′⊥×

×Ψ+
P,α(p+,p⊥)Γ̃αβ(P ; p+,p⊥;P ′; p′+,p

′
⊥)ΨP ′,β(p′+,p

′
⊥). (3.17)

Equations (3.15) and (3.17) give an exact expression for vertex operator of the
composite system

Γ̃αβ(P ; p+,p⊥;P ′; p′+,p
′
⊥) =

= lim
P2→M2

α
P ′2→M2

β

P+/2∫
−P+/2

dp′′+

∫
dp′′⊥

P ′+/2∫
−P ′+/2

dp′′′+

∫
dp′′′⊥×

×G̃−1(P ; p+,p⊥; p′′+,p
′′
⊥)[G̃ΓG](P ; p′′+,p

′′
⊥;P ′; p′′′+ ,p

′′′
⊥)× (3.18)

×G̃−1(P ′; p′′′+ ,p
′′′
⊥ ; p′+,p

′
⊥).

in terms of 4- and 5-point Green functions G and Γ. Using the perturbation theory
methods for these functions one can construct the coupling constant expansion
for the vertex function of composite system.

Fig. 2.

3.2. Elastic Form Factor in the Impulse Ap-
proximation. To demonstrate this method we
consider the so-called impulse approximation for
the vertex operator Γ̃, which corresponds to the
limit of ®weakly bound¯ (noninteracting) parti-
cles (see Fig.2).

For the vertex operator corresponding to the
conserved vector current we ˇnd

Γ̃µ = Γ̃
(0)
1µ + Γ̃

(0)
2µ , (3.19)

Γ̃iµ = [G̃(0)]−1[ ˜G(0)Γ0
iµG

(0)][G̃(0)]−1, (3.20)
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where

Γ̃
(0)
iµ = (2π)4ei(pi + p′i)µδ

(4)(pj − p′j)[G
(0)
j (pj)]

−1 |i6=j . (3.21)

Here

G(0)(p1, p2) = G
(0)
1 (p1)G

(0)
2 (p2) = i2

2∏
i=1

(p2
i −m2

i )
−1, (3.22)

G(0)(p′1, p
′
2) = G

(0)
1 (p′1)G

(0)
2 (p′2) = i2

2∏
i=1

(p′
2
i −m2

i )
−1 (3.23)

are two-particle Green functions for free particles with masses mi and charges
ei. Then for the invariant form factor of the composite system deˇned by the
relation

〈P, α|Jµ(0)|P ′, β〉 = (P + P ′)µF (∆2); ∆ = P − P ′ (3.24)

in the reference frame, in which

P+ = P ′+, (P − P ′)2 = ∆2 = −∆2
⊥ = −(P⊥ −P′⊥)2 (3.25)

we have

F (∆2
⊥) =

ei(2π)2

2

1∫
0

dx

x(1 − x)

∫
dp⊥ΦP⊥=0(x,p⊥ + (1− x)∆⊥)

ΦP⊥=0(x,p⊥) + similar term with e2. (3.26)

Note that construction of relativistic form factors of composite systems in
other versions of relativistic description of bound states is considered, e.g., in
Refs. 29Ä31.

3.3. Relativistic Form Factor for the Many-Body System. Let's construct
now the form factor for the relativistic many-body system in terms of the many-

body light-front wave functions ΦP ([x(i),p
(i)
⊥ ]). Consider, as in the case of two

constituents, the quantity R, which is deˇned by the vacuum expectation value

of the chronologically ordered product of the Heisenberg ˇeld operators φi(x
(i)
µ )

and the local current J(x)

R([x(i)
µ ]; [x(i)′

µ ]) =

= 〈0|T (φ1(x(1)
µ )...φN (x(N)

µ )J(0)φ+
1 (x(1)′

µ )...φ+
N (x(N)′

µ ))|0〉 = (3.27)
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= (2π)−4N

∫ N∏
i=1

d4p(i)d4p(i)′ exp

[
−i

N∑
i=1

(p(i)x(i) − p(i)′x(i)′)

]
R([p(i)]; [p(i)′ ]).

The quantity R can be presented in the form

R = GΓG. (3.28)

Multiplication in (3.28) has to be understood as an integration over the 4-co-

ordinates of particles. G is the many-body Green function of the ˇelds φi(x
(i)
µ )

and the vertex function Γ is deˇned by the sum of the irreducible diagrams of
the (2N + 1)-point function (3.27).

Proceeding now to the light-front description we introduce the quantity

R̃([p
(i)
+ ,p

(i)
⊥ ]; [p

(i)′

+ ,p
(i)′

⊥ ]) by the relation

R̃([p
(i)
+ ,p

(i)
⊥ ]; [p

(i)′

+ ,p
(i)′

⊥ ]) =

=

∞∫
−∞

N∏
i=1

dp
(i)
− d

4p
(i)′

− δ

(
P− −

N∑
i=1

p
(i)
−

)
δ

(
P ′− −

N∑
i=1

p
(i)′

−

)
R([p(i)]; [p(i)′ ])

(3.29)

and write it in the form

R̃ = G̃Γ̃G̃. (3.30)

Multiplication in Eq. (3.30) has to be understood in the operator sense:

ÃB̃ =

P+∫
0

N∏
i=1

dp
(i)′′

+ δ

(
P+ −

N∑
i=1

p
(i)′′

+

)∫ N∏
i=1

dp
(i)′

⊥ δ(α)

(
P⊥ −

N∑
i=1

p
(i)′′

⊥

)
×

Ã([p
(i)
+ ,p

(i)
⊥ ]; [p′′+,p

′′
⊥])B̃([p′′+,p

′′]; [p′+, p
′]). (3.31)

From the spectral properties of the function G̃ it follows that R̃ possesses the
double pole singularities

R̃([p
(i)
+ ,p

(i)
⊥ ]; [p

(i)′

+ ,p
(i)′

⊥ ]) ∼=

∼= [i(2π)4]2
ΨP,α([p

(i)
+ ,p

(i)
⊥ ])〈P, α|J(0)|P ′, β〉Ψ+

P ′,β([p
(i)′

+ ,p
(i)′

⊥ ])

(P 2 −M2
α); (P ′2 −M2

β)
(3.32)
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in the vicinity of the points, where N -particle system forms the bound states with
masses Mα and Mβ and sets of other quantum numbers α and β, respectively.

On the other hand, knowing the pole singularities of the Green function one
can reduce the Eq. (3.32) to the form

R̃([p
(i)
+ ,p

(i)
⊥ ]; [p

(i)′

+ ,p
(i)′

⊥ ]) ∼=

∼= [i(2π)4]2
ΨP,α([p

(i)
+ ,p

(i)
⊥ ])Ψ+

P ′,β([p
(i)′

+ ,p
(i)′

⊥ ])

(P 2 −M2
α); (P ′2 −M2

β)
×

×
P+∫
0

N∏
i=1

dp
(i)′′

+ δ

(
P+ −

N∑
i=1

p
(i)′′

+

)∫ N∏
i=1

dp
(i)′′

⊥ δ(2)

(
P⊥ −

N∑
i=1

p
(i)′′

⊥

)
×

(3.33)

×
P ′+∫
0

N∏
i=1

dp
(i)′′′

+ δ

(
P ′+ −

N∑
i=1

p
(i)′′′

+

)∫ N∏
i=1

dp
(i)′′′

+ δ(2)

(
P′⊥ −

N∑
i=1

p
(i)′′′

+

)
×

×Ψ+
P,α([p

(i)′′

+ ,p
(i)′′

⊥ ])Γ̃αβ([p
(i)′′

+ ,p
(i)′′

⊥ ]; [p
(i)′′′

+ ,p
(i)′′′

⊥ ])Ψ+
P ′,β([p

(i)′′′

+ ,p
(i)′′′

⊥ ]).

Comparing (3.32) with (3.33) we get the following expression for the matrix
element of the bound state current:

〈P, α|J(0)|P ′, β〉 =

P+∫
0

N∏
i=1

dp
(i)
+ δ

(
P+ −

N∑
i=1

p
(i)
+

)∫ N∏
i=1

dp
(i)
⊥ δ

(2)

(
P⊥ −

N∑
i=1

p
(i)
⊥

)
× (3.34)

P ′+∫
0

N∏
i=1

dp
(i)′

+ δ

(
P ′+ −

N∑
i=1

p
(i)′

+

)∫ N∏
i=1

dp
(i)′

⊥ δ(2)

(
P′⊥ −

N∑
i=1

p
(i)′

⊥

)
×

×Ψ+
P,α([p

(i)
+ ,p

(i)
⊥ ])Γ̃αβ([p

(i)
+ ,p

(i)
⊥ ]; [p

(i)′

+ ,p
(i)′

⊥ ])ΨP ′,β([p
(i)′

+ ,p
(i)′

⊥ ]).

The vertex operator Γαβ can be constructed, using, for instance, perturbation
theory methods of quantum ˇeld theory. Phenomenological vertex operators can
also be used. Here we consider the so-called ®impulse approximation¯. In this
case we obtain:

〈P, α|Jµ(0)|P ′, β〉 =
N∑
k=1

〈P, α|Jµ(0)|P ′, β〉k (3.35)
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where, for instance

〈P, α|J+(0)|P ′, β〉k = (P+ + P ′+)Fk(−∆2
⊥) =

=
−(2π)4ek(P+ + P ′+)

(2i)N+1(2πi)N−1

1∫
0

N∏
i=1

dx(i)

x(i)
× (3.36)

×δ
(

1−
N∑
i=1

x(i)

)∫ N∏
i=1

dp
(i)
⊥ δ

(2)

(
N∑
i=1

p
(i)
⊥

)
×

×Φ+
P⊥=0,α([x(i),p

(i)
⊥ − x(i)∆⊥]i6=k, x

(k),p
(k)
⊥ +

+(1− x(k))∆⊥)ΦP⊥=0,β([x(i),p
(i)
⊥ ]).

Taking into account the normalization condition for the wave functions for ∆⊥= 0
we get:

F (∆2 = 0) =

N∑
k=1

ek. (3.37)

Thus, the form factor at zero momentum transfer is normalized to the total
charge of the system. Note, that problems of normalization of three-dimensional
relativistic wave function have been considered in Ref. 32.

3.4. Scattering of Relativistic Composite Systems. Experimental study of
high energy processes during the last decades revealed a number of scaling prop-
erties of observable quantities. Many of these properties can be understood on the
basis of the composite quark parton structure of elementary particles. In particu-
lar, the asymptotic scaling property of differential cross section of hadron-hadron
scattering

do

dt

∣∣∣ s→∞
|t/s|=const.

∼ 1

sN
f(cos θs), (3.38)

where N is integer number, can be explained in the framework of dimensional
analysis and the assumption on three-quark structure of baryons and quark anti-
quark structure of mesons (quark counting rules) [33,34].

In connection with the development of composite models of elementary parti-
cles a problem of the description of their interactions becomes of special interest.
Study of interactions of relativistic composite systems is important also in con-
nection with current and future experiments with beams of relativistic nuclei.
Here we outline a method for the treatment of problems of that kind [35]. Below
we present a description of the scattering of two composite particles. It will be
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shown that some simple assumption on the hadron interactions in the scattering
process allows one to reproduce the results of quark counting rules.

Consider the eight-point Green function G:

G(x1, x2, x3, x4;x′1, x
′
2, x
′
3, x
′
4) =

= 〈0|T (φ1(x1)φ2(x2)φ3(x3)φ4(x4)φ+
1 (x′1)φ+

2 (x′2)φ+
3 (x′3)φ+

4 (x′4))|0〉 =

= [(2π)4]−8

∫ 4∏
i=1

d4pid
4p′i exp

[
−i

4∑
i=1

(pixi − p′ix′i)
]
×

×G(p1, p2, p3, p4; p′1, p
′
2, p
′
3, p
′
4) =

= [(2π)4]−8

∫
d4P (12)d4p(12)d4P (34)d4p(34)d4P ′

(12)
d4p′

(12)
d4P ′

(34)
d4p′

(34) ×
(3.39)

× exp[−i(P (12)X(12) + P (34)X(34) + p(12)x(12) + p(34)x(34)−

−P ′(12)
X ′

(12)
+ P ′

(34)
X ′

(34)
+ p′

(12)
x′

(12)
+ p′

(34)
x′

(34)
)]×

×G(P (12), p(12), P (34), p(34);P ′
(12)

, p′
(12)

, P ′
(34)

, p′
(34)

).

In (3.39) the momenta P (12), p(12), P (34), p(34);P ′
(12)

, p′
(12)

, P ′
(34)

, p′
(34) are in-

troduced according to the following equations

P (12) = p1 + p2, p
(12) =

p1 − p2

2
, P (34) = p3 + p4, p

(34) =
p3 − p4

2
,

P ′
(12)

= p′1 + p′2, p
′(12)

=
p′1 − p′2

2
, P ′

(34)
= p′3 + p′4, p

′(34)
=
p′3 − p′4

2
.

(3.40)

Passing now to the ®two-time¯ description, we introduce the light-front vari-
ables and deˇne the quantity

G̃(P (12), p
(12)
+ ,p

(12)
⊥ ;P (34), p

(34)
+ ,p

(34)
⊥ ;P ′

(12)
, p′

(12)
+ ,p′

(12)
⊥ ;P ′

(34)
, p′

(34)
+ ,p′

(34)
⊥ ) =

=

∞∫
−∞

dp
(12)
− dp

(34)
− dp′

(12)
− dp′

(34)
− × (3.41)

×G(P (12), p(12), P (34), p(34);P ′
(12)

, p′
(12)

, P ′
(34)

, p′
(34)

).
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Introduce now the quantity M by the relation:

G(P (12), p(12), P (34), p(34);P ′
(12)

, p′
(12)

, P ′
(34)

, p′
(34)

) =

=

∫
d4p(12)′′d4p(34)′′d4p(12)′′′d4p(34)′′′×

×G12(P (12), p(12), p(12)′′)G34(P (34), p(34), p(34)′′)× (3.42)

×M(P (12), p(12)′′ ;P (34), p(34)′′ ;P ′
(12)

, P (12)′′′ ;P (34), P (34)′′′)×

×G12(P ′
(12)

, p(12)′′′ , p(12)′)G34(P ′
(34)

, p(34)′′′ , p(34)′) ≡ (G12G34)M(G12G34).

The quantity G̃ can be presented in the form (here and in what follows we omit
the arguments which are related to the relative momenta and this will not cause
any misunderstanding):

G̃(P (12), P (34), P ′
(12)

, P ′
(34)

) =

= G̃12(P (12))G̃34(P (34))M̃(P (12), P (34), P ′
(12)

, P ′
(34)

)G̃12(P ′
(12)

)G̃34(P ′
(34)

).
(3.43)

The multiplication in the (3.43) has to be understood in the following sense

ÃB̃ =

P
(12)
+ /2∫

−P (12)
+ /2

dp
(12)
+

P
(34)
+ /2∫

−P (34)
+ /2

dp
(34)
+

∫
dp

(12)
⊥

∫
dp

(34)
⊥ ×

×Ã(..., p
(12)
+ ,p

(12)
⊥ ; p

(34)
+ ,p

(34)
⊥ )B̃(p

(12)
+ ,p

(12)
⊥ ; p

(34)
+ ,p

(34)
⊥ , ...) (3.44)

and dots correspond to the set of other arguments the operators Ã and B̃ can
depend on.

Knowing the pole singularities of the two-particle Green functions G̃12, G̃34

one can show that in the vicinity of these poles the function G̃ looks as follows:

G̃(P (12), P (34), P ′
(12)

, P ′
(34)

) ∼=

∼= [i(2π)4]4
Ψ12(P (12))Ψ34(P (34))Ψ+

12(P ′
(12)

)Ψ+
34(P ′

(34)
)

(P (12)2 −M2
12)(P (34)2 −M2

34)(P ′(12)2 −M2
12)(P ′(34)2 −M2

34)
×

(3.45)
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×Ψ+
12(P (12))Ψ+

34(P (34))M̃(P (12), P (34), P ′
(12)

, P ′
(34)

)Ψ12(P ′
(12)

)Ψ+
34(P ′

(34)
).

Here
M̃1234 = lim

P (12)2→M2
12,P

(34)2→M2
34

P ′(12)2→M2
12
,P ′(34)2→M2

34

G̃−1
12 (P (12))G̃−1

34 (P (34))·

· ˜G12G34MG12G34(P (12), P (34), P ′
(12)

, P ′
(34)

) · G̃−1
12 (P ′

(12)
)G̃−1

34 (P ′
(34)

),
(3.46)

M2
12, M

2
34, M

′2
12, M

′2
34 are the masses of corresponding states.

From the equations (3.43) and (3.45) we get the following expression for the
scattering amplitude

T (P (12), P (34), P ′
(12)

, P ′
(34)

) = Ψ+
12(P (12))Ψ+

34(P (34))×

×M̃(P (12), P (12), P ′
(12)

, P ′
(12)

)Ψ12(P ′
(12)

)Ψ+
34(P ′

(34)
). (3.47)

Eq. (3.47) gives a general expression for the scattering amplitude in the case of
scattering of composite particles. The detailed form of the scattering amplitude
depends on the interaction mechanism in the intermediate state and on a speciˇc

Fig. 3.

form of the wave functions of the scattered objects.
3.5. Constituent Interchange Mechanism. Considering

the constituent interchange mechanism (Fig.3) one gets the
following expression for the scattering amplitude

T =
−1

2(2π)3

1∫
0

dx

x2(1 − x)2

∫
dp⊥Φ

+(12)
P⊥=0(x,p⊥ − x∆

(u)
⊥ +

+(1− x)∆
(t)
⊥ )Φ

+(34)
P⊥=0(x,p⊥)×

×[M2
12 +M2

34 − S(x,p⊥ + x∆
(t)
⊥ − (1 − x)∆

(u)
⊥ )− S(x,p⊥)]× (3.48)

×Φ
(12)
P⊥=0(x,p⊥ − x∆

(u)
⊥ )Φ

(34)
P⊥=0(x,p⊥ + (1 − x)∆

(t)
⊥ ),

where ∆
(t)
⊥ = −t, ∆

(u)
⊥ = −u.

Here the notation has been introduced

S(x,p⊥) =
m2

1 + p2
⊥

1− x +
m2

2 + p2
⊥

x
(3.49)
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and the following properties of wave functions

Φ(x,p⊥) = Φ(x,−p⊥),Φ(x,p⊥) = Φ(1− x,p⊥) (3.50)

have been used.
Let us choose now the wave function of the composite particles in the form

ΦN (x,p⊥) =
φN (x)

[S(x,p⊥)]N
, N = A,B,C,D (3.51)

A,B and C,D denote the hadrons before and after the scattering and correspond-
ing powers, respectively.

Inserting the wave functions (3.51) into the Eq. (3.48) for the scattering
amplitude one gets in the asymptotic region

T
∼

s→∞
|t|→∞

1

sA+ C +D − 1

(
1 + z

2

)−C (
1− z

2

)−D
f(z), (3.52)

where

f(z) =

1∫
0

dxφ+
A(x)φ̃+

B(x)φC(x)φD(x)[
(1 − x)2 1−z

2 + x2 1+z
2

]A [
(1 − x)2 1 + z

2
+ x2 1− z

2

]
×

×[x(1− x)]A+B+C+D−3x−2C(1− x)−2D, (3.53)

φ̃+
B(x) =

−1

(2π)3

∫
dp⊥Φ+

B(x,p⊥)[x(1 − x)]−B

z = cosϑs, where ϑs is the scattering angle in the c.m.s.

−t ∼=
s

2
(1 − z), −u ∼=

s

2
(1 + z).

Eq.(3.53) is in close connection with the results of quark counting rules [33,34,36].

4. DEEP INELASTIC FORM FACTORS OF COMPOSITE SYSTEMS

The great interest to deep inelastic interaction processes is caused by the
possibility of studying the internal structure of hadrons and nuclei experimentally
and checking different theoretical models based on the assumptions about com-
posite nature of strongly interacting particles. The main part of experimentally
observed properties of these processes (in particular, the scale properties of struc-
ture functions) have been explained in the framework of composite quark-parton
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models of hadrons, in which hadron is considered as a bound state of some par-
allelly moving pointlike constituents. Interaction between constituents and their
transverse motion inside hadron is neglected [37,38].

More precise measurements in wider range of kinematic variables have led
to the observation of deviations from exact scale invariance in the behaviour
of structure functions [39Ä41]. Attempts were made to explain these deviations
on the kinematical (search for new scale-invariant variables [42]) and dynamical
(taking into account chromodynamical corrections [43]) basis. Quark-parton pic-
ture of the deep inelastic scattering in the quasi-potential approach can be found
in Ref. 44.

Here we incorporate the transverse motion of constituents in the composite
system, which leads to the violation of Bjorken scaling of structure functions.

4.1. Construction of the Tensor Wµν . Consider the quantity Rµν , which is
deˇned by the vacuum expectation value of the chronologically ordered product

of the Heisenberg ˇeld operators φi(x
(i)
µ ) and local currents Jµ and Jν :

Rµν([x(i)
µ ]; [x(i)′

µ ]; z) =

= 〈0|T (φ1(x(1)
µ )...φN (x(N)

µ )Jµ(z)Jν(0)φ+
1 (x(1)′

µ )...φ+
N (x(N)′

µ ))|0〉 =

= (2π)−3N

∫ N∏
i=1

d4p(i)d4p(i)′ exp

[
−i

N∑
i=1

(p(i)x(i) − p(i)′x(i)′)

]
× (4.1)

×Rµν([p(i)
µ ]; [p(i)′

µ ]; z).

Here [x
(i)
µ ], [x

(i)′

µ ], [p
(i)
µ ], [p

(i)′

µ ] are the sets of corresponding 4-vectors. The quan-
tity Rµν can be presented as (see Fig.4)

Rµν = GΓµνG,

where G is the N -particle Green function of ˇelds φi(x
(i)
µ ) and ®two-photon¯

vertex function Γµν is deˇned by the sum of the irreducible diagrams with 2N+2
points (legs).

Fig. 4.
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Introduce now the three-dimensional quantity R̃µν equating all x(i)
+ = x+

and x(i)′

+ = x′+ in (4.1)

R̃µν(x+, [x
(i)
− ,x

(i)
⊥ ];x′+, [x

(i)′

− ,x
(i)′

⊥ ]; z) =

= 〈0|T (φ1(x+, x
(i)
− ,x

(i)
⊥ )...φN (x+, x

(N)
− ,x

(N)
⊥ )Jµ(z)Jν(0)×

×φ+
1 (x′+, x

(i)′

− ,x
(i)′

⊥ )...φ+
N (x′+, x

(N)′

− ,x
(N)′

⊥ ))|0〉 = (4.2)

= (2π)−3N

∫ N∏
i=1

(dp
(i)
+ , dp

(i)
⊥ )(dp

(i)′

+ , dp
(i)′

⊥ )R̃µν([p
(i)
+ ,p

(i)
⊥ ]; [p

(i)′

+ ,p
(i)′

⊥ ]; z)×

× exp

[
−i(x+P− − x′+P ′−)− i

N∑
i=1

(p
(i)
+ x

(i)
− − p

(i)
+ x

(i)
− ) + i

N∑
i=1

(p
(i)′

+ x
(i)′

− − p
(i)′

⊥ x
(i)′

⊥ )

]
.

Fourier transforms of Rµν and R̃µν are related to each other in the following
way:

R̃µν([p
(i)
+ ,p

(i)
⊥ ]; [p

(i)′

+ ,p
(i)′

⊥ ]; z) =

∞∫
−∞

N∏
i=1

dp
(i)
− dp

(i)′

− δ×

×
(
P−−

N∑
i=1

p
(i)
−

)
δ

(
P ′− −

N∑
i=1

p
(i)′

−

)
Rµν([p(i)]; [p(i)′ ]; z). (4.3)

Single out now the contribution of N -particle bound states in the matrix
element (4.3) expressing the T -product via θ-functions and using the compliteness
of physical states:

R̃µν([p
(i)
+ ,p

(i)
⊥ ]; [p

(i)′

+ ,p
(i)′

⊥ ]; z) ∼=

∼= [i(2π)4]2
ΨP ([p

(i)
+ ,p

(i)
⊥ ])〈P, α|T (Jµ(z)Jν(0))|P ′, β〉Ψ+

P ′([p
(i)′

+ ,p
(i)′

⊥ ])

(P 2 −M2
α)(P ′2 −M2

β)
. (4.4)

Finally, we get the following expression for the matrix element of T -product
of currents:

〈P, α|T (Jµ(z)Jν(0))|P ′, β〉 =

=

P+∫
0

N∏
i=1

dp
(i)′′

+ δ

(
P+ −

N∑
i=1

p
(i)′′

+

)∫ N∏
i=1

dp
(i)′′

⊥ δ(2)

(
P⊥ −

N∑
i=1

p
(i)′′

⊥

)
×

(4.5)
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=

p′+∫
0

N∏
i=1

dp
(i)′′′

+ δ

(
P ′+ −

N∑
p

(i)′′′

−

)∫ N∏
i=1

dp
(i)′′′

⊥ δ(2)

(
P′⊥ −

N∑
i=1

p
(i)′′′

⊥

)
×

×Ψ+
P ([p

(i)′′

+ ,p
(i)′′

⊥ ])Γ̃µν([p
(i)′′

+ ,p
(i)′′

⊥ ]; [p
(i)′′′

+ ,p
(i)′′′

⊥ ]; z)ΨP ′([p
(i)′′′

+ ,p
(i)′′′

⊥ ]).

Fourier transform of this matrix element deˇned the amplitude of virtual
Compton scattering of photon with space-like 4-momentum qµ on the hadron
with 4-momentum Pµ:

Tµν(P, q) = i

∫
d4zelqz〈P, α|T (Jµ(z)Jν(0))|P, α〉 =

=

P+∫
0

N∏
i=1

dp
(i)′′

+

(
P+ −

N∑
p

(i)′′

+

)∫ N∏
i=1

dp
(i)′′

⊥ δ(2)

(
P⊥ −

N∑
i=1

p
(i)′′

⊥

)
× (4.6)

=

P ′+∫
0

N∏
i=1

dp
(i)′′′

+ δ

(
P ′+ −

N∑
p

(i)′′′

+

)∫ N∏
i=1

dp
(i)′′′

⊥ δ(2)

(
P′⊥ −

N∑
i=1

p
(i)′′′

⊥

)
×

×Ψ+
P ([p

(i)′′

+ ,p
(i)′′

⊥ ])

∫
d4zelqzΓ̃µν([p

(i)′′

+ ,p
(i)′′

⊥ ]; [p
(i)′′′

+ ,p
(i)′′′

⊥ ]; z)×

×ΨP ′([p
(i)′′′

+ ,p
(i)′′′

⊥ ]).

According to optical theorem the tensor Wµν , which deˇnes the hadronic part
of deep inelastic lepton-hadron scattering cross section is related to the imaginary
part of the amplitude of the zero angle virtual Compton scattering in the following
way:

Wµν(P, q) =
∑
α

∫
d4zeiqz〈P, α|T (Jµ(z)Jν(0))|P, α〉 =

1

2π
ImTµν(P, q).

(4.7)
Taking into account the current conservation, the tensorWµν can be expressed

via two invariant structure functions W1, and W2:

Wµν(P, q) =

(
−gµν +

qµqν

q2

)
W1(q2, ν)+

+
1

M2

(
Pµ −

Pq

q2
qµ

)(
Pν −

Pq

q2
qν

)
W2(q2, ν),

where Mν = Pq, M is the hadron mass.
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Thus, using Eqs. (4.6)Ä(4.8) one can express the structure functions of deep
inelastic lepton-hadron scattering in terms of the light-front many-body wave
functions, describing the internal motion of partons inside hadron, and the ®two-
photon¯ vertex function:

Γ̃µν([p
(i)
+ ,p

(i)
⊥ ]; [p

(i)′

+ ,p
(i)′

⊥ ]; q) =

∫
d4zelqzΓ̃µν([p

(i)
+ ,p

(i)
⊥ ]; [p

(i)′

+ ,p
(i)′

⊥ ]; z) =

=

∫
d4zelqz

P+∫
0

N∏
i=1

dp
(i)′′

+ δ

(
P+ −

N∑
p

(i)′′

+

)∫ N∏
i=1

dp
(i)′′

⊥ δ(2) × (4.8)

×
(

P⊥ −
N∑
i=1

p
(i)′′

⊥

)
×

=

P ′+∫
0

N∏
i=1

dp
(i)′′′

+ δ

(
P ′+ −

N∑
p

(i)′′′

−

)∫ N∏
i=1

dp
(i)′′′

⊥ δ(2)

(
P′⊥ −

N∑
i=1

p
(i)′′′

⊥

)
×

×G̃−1(P ; [p
(i)
+ ,p

(i)
⊥ ]; [p

(i)′′

+ ,p
(i)′′

⊥ ])

×[ ˜GΓµνG]([p
(i)′′

+ ,p
(i)′′

⊥ ][p
(i)′′′

+ ,p
(i)′′′

⊥ ])×

×G̃−1(P ′; [p
(i)′′′

+ ,p
(i)′′′

⊥ ][p
(i)′

+ ,p
(i)′

⊥ ])

4.2. Lowest Order in the Electromagnetic Interaction. The ®two-photon¯
vertex operator Γ̃µν can be constructed using methods of perturbation theory and

Fig. 5.

expanding the functions G̃−1 and
R̃µν = ˜GΓµνG in the series in cou-
pling constant. In the lowest order
two types of diagrams, shown in Fig.5

contribute to Γ̃
(0)
µν .

Assuming that the partons consti-
tuting hadron are on mass shell and
neglecting small terms of the order of

P− −
N∑
j=1

(p
(j)2
⊥ +m(j)2)/p

(j)
+ , we ob-

tain that diagrams of type b) do not contribute to Γ̃
(0)
µν . Summing the contribution

of all diagrams of type a), inserting into the expression (4.6) for virtual Compton
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scattering amplitude and extracting the imaginary part we obtain for the structure
functions W1 and W2:

W1(q2, ν) =
1

8(4π)N−1

1∫
0

N∏
i=1

dx(i)

x(i)
δ

(
1−

N∑
i=1

x(i)

)
×

∫ N∏
i=1

dp
(i)
⊥ δ

(2)

(
P⊥ −

N∑
p

(i)
⊥

)
|ΦP ([x(i),p

(i)
⊥ )|2×

×
N∑
i=1

e2
i

x(i)

[
(Mν + 2p̄(i)P )2

M2(1− ν2/q2)
− (4m(i)2 − q2)

]
δ(q2 + 2p̄(i)q), (4.9a)

νW2(q2, ν) =
1

8(4π)N−1

ν

(1− ν2/q2)

1∫
0

N∏
i=1

dx(i)

x(i)
δ

(
1−

N∑
i=1

x(i)

)
×

∫ N∏
i=1

dp
(i)
⊥ δ

(2)

(
P⊥ −

N∑
p

(i)
⊥

)
|Φp([x(i),p

(i)
⊥ )|2×

×
N∑
i=1

{
e2
i

x(i)

[
3(Mν + 2p̄(i)P )2

M2(1− ν2/q2)
− (4m(i)2 − q2)

]
δ(q2 + 2p̄(i)q)

}
. (4.9b)

Here p̄(i) is the momentum of parton on the mass shell p̄(i) =

=

(
p

(i)2

⊥ +m(i)2

p
(i)
+

, p
(i)
+ ,p⊥

)
.

For further consideration we proceed to the frame, where the virtual photon
and hadron are moving along the z axis:

P = (P−, P+,0⊥), q = (q−, q+,0⊥).

In this frame

2p̄(i)P = x(i)M2 +
p

(i)2

⊥ +m(i)2

x(i)

and δ-function in (4.9) can be rewritten in the form:

δ(q2 + 2p̄(i)q) =
1

ξ
δ

[
p

(i)2

⊥ +m(i)2

x(i)
+
Q2(ξ − x(i))

ξ2

]
. (4.10)

Here we have introduced the variables Q2 = −q2 and

ξ = − q+

P+
=

Q2

M(ν +
√
ν2 +Q2)

. (4.11)
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Scaling properties of structure functions with respect of variable ξ are dis-
cussed in several papers [50Ä53]. The Nachtman variable ξ is the generalization
of the usual Bjorken variable xB taking into account the hadron mass and is
related to xB by following relation:

ξ = − 2xB

1 +
√

1 + 4MxB
Q2

. (4.12)

If one neglects the masses and transverse momenta of partons (m(i)2 <<

Q2,p
(i)2
⊥ << Q2), the δ-function takes the form

δ(2p̄(i)q −Q2) =
ξ

Q2
δ(x(i) − ξ).

Then the structure function W1 vanishes and for the structure function νW2 we
obtain

νW2(Q2, ξ) =
MQ2

2(4π)N−1ξ

(Q2/ξ2 −M2)

(Q2/ξ2 +M2)2
×

1∫
0

N∏
i=1

dx(i)

x(i)
δ

(
1−

N∑
i=1

x(i)

)
× (4.13)

∫ N∏
i=1

dp
(i)
⊥ δ

(2)

(
N∑
i=1

p
(i)
⊥

)
|ΦP ([x(i),p

(i)
⊥ )|2

N∑
i=1

e2
i δ(x

(i) − ξ).

In the asymptotic limit (ν,Q2 >> M2, xB is ˇxed) the variable ξ coincides
with the Bjorken variable xB and we obtain that the structure function νW2, is
scale invariant with respect to the variable xB :

νW2(xB) =
MxB

2(4π)N−1

1∫
0

N∏
i=1

dx(i)

x(i)
δ

(
1−

N∑
i=1

x(i)

)
×

∫ N∏
i=1

dp
(i)
⊥ δ

(2)

(
N∑
i=1

p
(i)
⊥

)
|ΦP ([x(i),p

(i)
⊥ ])|2

N∑
i=1

e2
i δ(x

(i) − xB). (4.14)

Assuming that the interaction kernel does not depend on the total energy and
using the explicit expression for the Green function of N free particles we obtain
the following sum rule:

1∫
0

νW2(xB)

MxB
dxB =

N∑
i=1

e2
i . (4.15)
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4.3. Model Parametrisation of the Wave Function. Consider now the case,
when the hadron consists of two constituents. This case corresponds to meson,
which consists of quark and antiquark. We will neglect contributions of gluons
and quark-antiquark sea. Expressions for structure functions in the case N = 2
have the form:

W1(Q2, ξ) =
e2

1 + e2
2

8πξ

1∫
α

dx

x(1− x)

∫
dp⊥|ΦP (x,p⊥)|2×

×
[
Q2x(x− ξ)

ξ2
−m2

]
δ

[
p2
⊥ +m2 − Q2x(x− ξ)

ξ2

]
,

νW2(Q2, ξ) =
e2

1 + e2
2

8πξ
MQ2 Q2/ξ2 −M2

(Q2/ξ2 +M2)2

1∫
a

dx

x(1 − x)

∫
dp⊥|ΦP (x,p⊥)|2×

×
[

6Q2x(x− ξ)
ξ2

+Q2 − 2m2

]
δ

(
p2
⊥ +m2 − Q2x(x− ξ)

ξ2

)
. (4.16)

Here we assume that masses of constituents are equal to each other m(1) =
m(2) = m.

In (4.16) the limit of integration over x is deˇned from the δ-function:

a =
ξ

2

(
1 +

√
1 +

4m2

Q2

)
. (4.17)

Neglecting masses and transverse momenta of quarks we obtain that the
structure functionW1, vanishes and the structure function νW2 takes the following
form:

νW2(Q2, ξ) =
(e2

1 + e2
2)MQ2

8πξ2(1− ξ)
Q2/ξ2 −M2

(Q2/ξ2 +M2)2

∫
dp⊥|ΦP (ξ,p⊥)|2. (4.18)

If we choose the following parametrization for wave function ΦP

ΦP (x,p⊥) = C

[
p2
⊥ +m2

x(1 − x)
− α

]−n
(4.19)

for the structure function νW2 we get

νW2(Q2, ξ) =
(e2

1 + e2
2)MQ2

8

Q2/ξ2 −M2

(Q2/ξ2 +M2)2

|C|2ξ2n−1(1− ξ)2n−1

(2n− 1)[m2 − αξ(1− ξ)]2n−1
.

(4.20)
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In the Bjorken limit (Q2 >> m2, ξ → xB) for n = 1 we obtain [45]:

νW2(xB) =
e2

1 + e2
2

8
M |C|2 xB(1− xB)

m2 − αxB(1 − xB)
. (4.21)

5. INCLUSIVE PROCESSES IN LIGHT-FRONT FORMALISM

Inclusive processes which have been proposed by Logunov and collaborators
[46] are in effective tool to study the hadron structure at high energy. Conse-
quences of a number of theoretical models have been formulated in this way.
Majority of experiments in the relativistic nuclear physics (in particular, experi-
ments on the cumulative production predicted by Baldin [47]) are also inclusive.

In this section expressions for inclusive cross sections in terms of the light-
front quasi-potential wave functions are given [48].

5.1. Some Preliminary Relations. Let us construct the scattering amplitudes
of the multiparticle production processes. ®Two-time¯ N -particle Green function
obeys the following equation:

G̃(N) = G̃
(N)
0 + G̃

(N)
0 V (N)G̃(N). (5.1)

Here V (N) is the interaction kernel for N particles which can be constructed
by the perturbation expansion.

If the total Hamiltonian processes one particles states with quantum num-
bers of (N − k) and k particles of the initial state and k1, ...kM particles of
the ˇnal state the Green function possesses the poles with respect to the vari-

ables P 2
A =

(
k∑
i=1

p(i)

)2

, P 2
B =

(
N∑

i=k+1

p(i)

)2

, P 2
1 =

(
k1∑
i=1

p(i)′
)2

, ..., P 2
M = N∑

i=N−k1−
−k2...kM−1

p(i)

2

. In the vicinity of these poles it is of the form:

G(P ; [p(i)]; [p(i)′ ]) ≈

≈ χ1(p(i)′ , ..., p(k1)′)...χM (p(N−k1−...−kM)′ , ..., p(N)′)
M∏
i=1

(P 2
i −M2

i + iε)

× (5.2)

×T (P1, ..., PM ;PA, PB)χ̄A(p(1), ..., p(k))χ̄B(p(k+1), ..., p(N))

(P 2
A −M2

A + iε)(P 2
B −M2

B + iε)
.
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T is the scattering amplitude corresponding to the process: A+B → 1+2+...+M .
The ®two-time¯ Green function has the following pole structure in the vicinity

of corresponding poles:

G(N)(P ; [p
(i)
+ ,p

(i)
⊥ ]; [p

(i)′

+ ,p
(i)′

⊥ ]) ∼= [2(2π)3]N−M−1×

×

 Ψ1([p
(i)′

+ ,p
(i)′

⊥ ]...Ψ̄M ([p
(i)′

+ ,p
(i)′

⊥ ])T Ψ̄A([p
(i)
+ ,p

(i)
⊥ ])Ψ̄B[p

(i)
+ ,p

(i)
⊥ ])

x(i)′ ...x(M)′

(
P 2 −

M∑
i=1

P
(i)2

⊥ +M(i)2

x(i)

)
x(A)...x(B)

(
P 2 −

M∑
i=A,B

P
(i)2

⊥ +M(i)2

x(i)

)
 .

(5.3)

Deˇne transition operators M (N)
αβ :

G(N) = G(N)
α M

(N)
α,ABG

(N)
AB +R,

where G
(N)
α is the Green functions which take into account interactions only

inside the subsystems. α denotes the ˇnal states.
5.2. Production of Leading Hadrons with Large Transverse Momenta.

Taking into account expression for Green functions one obtains the expression
for the transition amplitude of the inclusive process A + B → C + X with the
leading hadron C (assume that hadron C coincides with hadron A, or it is its
excited state)

T (AB → C) = [2(2π)N−M−1]×

×
∫ C∏

i=1

dx(i)′dp
(i)′

⊥ C+δ

(
C+ −

C∑
i=1

p
(i)′

+

)
δ(2)

(
C⊥ −

C∑
i=1

p
(i)′

⊥

)
×

×
A+B∏
i=1

dx(i)dp
(i)
⊥ A+δ

(
A+ −

A∑
i=1

p
(i)
+

)
δ(2)

(
A⊥ −

A∑
i=1

p
(i)
⊥

)
×

B+δ

(
B+ −

B∑
i=1

p
(i)
+

)
δ(2)

(
B⊥ −

B∑
i=1

p
(i)
⊥

)
× (5.4)

×Ψ̄C([p
(i)′

+ ,p
(i)′

⊥ ])MABC([p
(i)′

+ ,p
(i)′

⊥ ]; [q
(i)′

+ ,q
(i)′

⊥ ]; [p
(i)
+ ,p

(i)
⊥ ])×

×Ψ̄A([p
(i)
+ ,p

(i)
⊥ ])Ψ̄B([p

(i)
+ ,p

(i)
⊥ ]).
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Here by A, B, C we denote hadrons A, B, C and the same time the number
of elementary constituents inside them and their 4-momenta;

x(i)′ =
p

(i)′

+

C+
; x(i) =

p
(i)
+

A+
; x(i) =

p
(i)
+

B+

q
(i)
+ , q

(i)
⊥ are components of 4-momenta of the constituents of undetected hadrons.

Let us assume that the states A and C occur in the same sybsystem of M
constituents and use pairwise approximation for the transition operator MABC .
This is presented schematically in the Fig.6.

Fig. 6.

MiB is the transition operator corresponding to the collision of the i-th
constituent of hadron A with hadron B.

In this approximation the transition amplitude (5.4) takes the form:

T (AB → C) = [2(2π)N−M−1]×

×
C∑
i=1

∫ C∏
i=1

dx(i)x(i)dp
(i)
⊥ δ

(
1−

C∑
i=1

x(i)

)
δ(2)

(
C∑
i=1

p
(i)′

⊥

)
×

×Ψ̄C(x(1),p
(1)
⊥ − x

(1)∆⊥; ...;x(i), (1 − x(i))∆⊥; ...;x(c),p
(c)
⊥ − x

(c)∆⊥)×
(5.5)

×Ψ̄A([x(1),p
(1)
⊥ ])TiB(B; [p

(i)′

+ ,p
(i)′

⊥ ]; [p
(i)′′

+ ,p
(i)′′

⊥ ]),

where: x(i) = p
(i)
+ /A+,

p
(i)′

+ = p
(i)
+ + x(i)/A+; p

(i)′

⊥ = p
(i)
⊥ + x(i)A⊥; ∆ = C −A

p
(i)′′

+ = p
(i)
+ + x(i)/C+; p

(i)′′

⊥ = p
(i)
⊥ + x(i)A⊥; (5.6)

TiB is the inelastic amplitude of the scattering of i-th constituent of hadron A
with hadron B.
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For the following we recall the calculations of the electromagnetic form
factors of composite systems. Rewrite the expression for the electromagnetic
form factor in the impulse approximation in the form:

eF (t) =
∑
n,i

ei

∫
dxS

(n)
i (x, (1 − x)∆⊥), t = (P − P ′)2 = −∆⊥)2,

where the quantity S(n)
i is deˇned as:

S
(n)
i (x, (1 − x)∆⊥) = [2(2π)3]n−1x

1∫
0

n∏
k=1
k 6=i

dx(k)x(k)δ

1− x−
n∑
k=1
k 6=i

x(k)

×

×
∫ n∏

k=1

dp
(k)
⊥ δ

(
n∑
k=1

p
(k)
⊥

)
Ψ̄(n)([x(k),p

(k)
⊥ − x

(k)∆⊥]k 6=i x,p
(i)
⊥ + (1− x)∆⊥)×

(5.7)

×Ψ̄(n)([x(k),p
(k)
⊥ ]).

Taking into account the normalization condition for wave functions one can

obtain the following normalization condition for S(n)
i :

∑
i

1∫
0

S
(n)
i (x,0⊥)dx = 1. (5.8)

In the case when the interaction of the i-th constituent of hadron A with hadron
B is effectively local [49] the transition amplitude T (AB → C) in the Eq. (5.5)
takes the form:

T (AB → C) =
∑
i

fi(∆⊥)TiB, (5.9)

where

f
(`)
i (∆⊥) =

1∫
0

dx

x
S

(`)
i (x, (1 − x)∆⊥)φ(x).

The function φ(x) characterizes the local interaction vertex and in the case
of the exchange of vectors particles (gluons), for instance, φ(x) = x. In this case
Eq. (5.9) takes the form:

T (AB → C) =
∑
i

Fi(∆⊥)TiB , (5.10)
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where
∑
i

Fi(∆⊥) = FA(∆⊥) is the form factor of particle A, TiB is the transition

amplitude.
For the inclusive cross section one obtains:

E
dσ(AB → A)

dp
=
∑
i

F 2
A(t)E

dσiB→i+x

dp
(s′, t′, u′). (5.11)

Here s′, t′, u′ are the Mandelstam invariant variables for the subprocess.

Fig. 7.

5.3. Production of Hadron Systems
with Large Transverse Momenta. Con-
sider now the possibility when the tran-
sition operator takes into account inter-
action between some systems of con-
stituents of hadrons A and B. Schemati-
cally this process is presented in Fig.7.

Let us assume that the wave func-
tion of the hadron A contains α+ ` con-
stituents, the wave function of hadron B contains β+`′ constituents and γ = `+`′.
In this approximation the transition amplitude takes the form:

T (A,B; [p
(i)
+ ,p

(i)
⊥ ]; [p

(i)′

+ ,p
(i)′

⊥ ]; [k
(i)
+ ,k

(i)
⊥ ]) =

= [2(2π)]α+β+γ−1

∫ `−1∏
i=1

dx(i)′dk
(i)′

⊥

γ−1∏
i=`+1

dx(i)′dk
(i)′

⊥ ×

×
α∏
i=1

p
(i)
+

A+

β∏
i=1

p
(i)′

+

B+
MA′B′([k

(i)
+ ,k

(i)
⊥ ]

i=1,...,γ

; [k
(i)′

+ ,k
(i)′

⊥ ]
i=1,...,γ

)×

×Ψ
(β+`′)
B ([p

(i)′

+ ,p
(i)′

⊥ ]
i=1,...,β

; [k
(i)′

+ ,k
(i)′

⊥ ]
i=`+1,...,γ

)Ψ
(β+`′)
A ([p

(i)
+ ,p

(i)
⊥ ]

i=1,...,α

; [k
(i)′

+ ,k
(i)′

⊥ ]
i=1,...,`

)

x(i)′ =

{
k

(i)′

+ /A+, i = 1, ..., `

k
(i)′

+ /B+, i = `+ 1, ..., γ.

MA′B′ is the transition operator of two interacting subsystems A′ and B′. Let
us connect the transition operatorMA′B′ with the transition operator MA′B′→C′D′
corresponding to inelastic ®two-body¯ scattering (Fig.8). Here GC′ and GD′ are
the Green functions of the subsystems C′ and D′.
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Fig. 8.

Using spectral properties of the Green functions GC′ and GD′ and restricting
to the ®one-particle¯ contributions one can represent the operator MA′B′ in the
form:

MA′B′([k
(i)
+ ,k

(i)
⊥ ]

i=1,...,γ

; [k
(i)′

+ ,k
(i)′

⊥ ]
i=1,...,γ

) = [2(2π)3]γ−2
δ∏
i=1

k
(i)
+

C+

δ∏
i=δ+1

k
(i)
+

D+
×

×ΨC′([k
(i)
+ ,k

(i)
⊥ ]

i=1,...,δ

; )ΨD′([k
(i)
+ ,k

(i)
⊥ ]

i=δ+1,...,γ

; )

δ−1∏
i=1

dx(i)′′dk
(i)′′

⊥

γ−1∏
i=δ+1

dx(i)′′dk
(i)′′

⊥ ×

×ΨC′([k
(i)′′

+ ,k
(i)′′

⊥ ]
i=1,...,δ

; )ΨD′([k
(i)′′

+ ,k
(i)′′

⊥ ]
i=δ+1,...,γ

; )MA′B′C′D′([k
(i)′′

+ ,k
(i)′′

⊥ ]
i=1,...,γ

; [k
(i)′

+ ,k
(i)′

⊥ ]
i=1,...,γ

),

where x(i)′′ =

{
k

(i)′′

+ /C+, i = 1, ..., δ

k
(i)′′

+ /D+, i = δ + 1, ..., δ.

This approximation corresponds to the pole contribution in the spectral rep-
resentation for the Green functions of A′, B′, C′, D′ states and switching off the
interactions with (A−A′) and (B −B′) subsystems. In the same approximation
the wave functions ΨA and ΨB can be represented in the form:

Ψ
(α+`)
A ([p

(i)
+ ,p

(i)
⊥ ]

i=1,...α

; [k
(i)′

+ ,k
(i)′

⊥ ]
i=1,...,`

) ∼

∼ (A+/A
′
+)`−1ΨAA′([p

(i)
+ ,p

(i)
⊥ ]

i=1,...α

ΨA`′([k
(i)′

+ ,k
(i)′

⊥ ]
i=1,...`

,

where ΨA`′([k
(i)′

+ ,k
(i)′

⊥ ]
i=1,...`

) is the usual light-front wave function of the system A′,

ΨAA′([p
(i)
+ ,p

(i)
⊥ ]

i=1,...α

) is deˇned as:

ΨAA′([p
(i)
+ ,p

(i)
⊥ ]

i=1,...α

)δ

(
A+ −A′+ −

α∑
i=1

p
(i)
+

)
δ(2)

(
A⊥ −A′⊥ −

α∑
i=1

p
(i)
⊥

)
=
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=

∫ α∏
i=1

dx
(i)
− dx

(i)
⊥ exp

[
i

α∑
i=1

(p
(i)
+ x

(i)
− − p

(i)
⊥ x

(i)
⊥ )

]
〈A′|ψ1(x(1)

µ ...ψα(x(α)
µ )|A〉.

(5.12)

It is seen from the deˇnition that ΨAA′ is the ®one-time vertex function¯.
Schematically the approximations made can be represented in the form (Fig.9).

Fig. 9.

Corresponding expression for the scattering amplitude takes the form:

T (A,B; [p
(i)
+ ,p

(i)
⊥ ]

i=1,...α

; [p
(i)′

+ ,p
(i)′

⊥ ]
i=1,...β

; [k
(i)′

+ ,k
(i)′

⊥ ]
i=1,...γ

) =

= [2(2π)]α+β+γ−2[2(2π)]γ−2
δ∏
i=1

k
(i)
+

C′+

γ∏
i=δ+1

k
(i)
+

D′+
×

×ΨC′([k
(i)
+ ,k

(i)
⊥ ]

i=1,...,δ

ΨD′ [k
(i)
+ ,k

(i)
⊥ ]

i=1,...,γ

)×

×
{∫ δ−1∏

i=1

dx(i)′′dk
(i)′′

⊥

`−1∏
i=1

dx(i)′dk
(i)′

⊥

γ−1∏
i=1

dx(i)′dk
(i)′

⊥ ×

×ΨC′([k
(i)′′

+ ,k
(i)′′

⊥ ]
i=1,...,δ

ΨD′ [k
(i)′′

+ ,k
(i)′′

⊥ ]
i=δ+1,...,γ

)MA′B′C′D′([k
(i)′′

+ ,k
(i)′′

⊥ ]; [k
(i)′

+ ,k
(i)′

⊥ ])×

×ΨA`′ ([k
(i)′

+ ,k
(i)′

⊥ ]
i=1,...`

ΨB′(γ−`)[k
(i)′

+ ,k
(i)′

⊥ ]
i=`+1,...γ

)

}
ΨAA′([p

(i)
+ ,k

(i)
⊥ ]

i=1,...α

ΨBB′ [p
(i)′

+ ,p
(i)′

⊥ ]
i=`+1,...γ

)×

×
α∏
i=1

p
(i)
+

A+

β∏
i=1

p
(i)′

+

B+
, (5.13)
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where

x(i)′ =

{
k

(i)′

+ /A′+, i = 1, ..., `

k
(i)′

+ /B′+, i = `+ 1, ..., γ,

x(i)′′ =

{
k

(i)′′

+ /C′+, i = 1, ..., δ

k
(i)′′

+ /D′+, i = δ + 1, ..., γ.

The exppression in paranthesis in Eq. (5.14) is by the deˇnition the scattering
amplitude of the process A′B′ → C′D′. Finally for the scattering amplitude we
obtain:

T (A,B; [p
(i)
+ ,p

(i)
⊥ ]

i=1,...,α

; [p
(i)′

+ ,p
(i)′

⊥ ]
i=1,...,β

; [k
(i)
+ ,k

(i)
⊥ ]

i=1,...,γ

) =

= [2(2π)3]α+β+γ−2
δ∏
i=1

k
(i)
+

C′+

γ∏
i=δ+1

k
(i)
+

D′+
×

×ΨC′([k
(i)
+ ,k

(i)
⊥ ]

i=1,...,δ

ΨD′ [k
(i)′

+ ,k
(i)′

⊥ ]
i=δ+1,...,γ

)×

×T (A′B′ → C′D′)
α∏
i=1

p
(i)
+

A+

β∏
i=1

p
(i)′

+

B+
×

×ΨAA′([p
(i)
+ ,p

(i)
⊥ ]

i=1,...,α

ΨBB′ [p
(i)
+ ,p

(i)
⊥ ]

i=1,...,β

). (5.14)

Thus the transition amplitude is expressed through the scattering amplitude
T (A′B′ → C′D′) of constituents which in particular, can be quarks. This
mechanism corresponds to the production of jets.

Constructing the inclusive cross section of the process AB → c(C) we obtain:

EC
dσ(Ab→ c(C))

dC
=

1

4(2π)2s

∑
A′B′C′

∑
c(C)

∫
dxdp⊥dx

′dp′⊥
dk+

k+
(C+xx

′)−1×

×ρA′A (x,p⊥ −A⊥, α)ρB
′

B (x′,p′⊥ − x′B′⊥, β)x′′ρc
(C)

C (z,k⊥ − x′′C⊥, γ)×

×|T (A′B′ → C′D′)|2δ
[
A2 − α
A+

+
B2 − β
B+

+
C2 − γ
C+

+

+
1

k+
(s′ + t′ + u′ − c2 − k2 −A′2 −B′2)

]
dαdβdγ. (5.15)
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Here s′ = xx′s; t′ = x
x′ t; u

′ = x′

x′′ u. Summation is performed over all possible

intermediate states A′, B′, C′. The functions ρA
′

A , ρB
′

B , ρC
′

C are related to the
squares of the corresponding wave functions.

Neglecting all the terms in the argument of δ-function as compared to (s′ +
t′ + u′), and taking into account that transverse momenta in the functions ρ are
limited, in the limit of high energies (s → ∞) and large momentum transvers
(t/s→ const, u/s→ const) one obtains:

EC
dσ(AB → c(C))

C
=
s

π

∫
dxdx′dx′′

xx′

x′′2
ρA
′

A (x)ρB
′

B (x′)ρ
c(C)
C′ (x′)×

×dσ
dt′

(s′, t′, u′)δ(s′ + t′ + u′). (5.16)

In the case, when A′, B′, C′, D′ are quark states, corresponding quantities ρA
′

A ,
ρB
′

B go over to the corresponding quark distribution functions and dσ
dt′ goes over

to the quark-quark elastic cross section. Let us write ˇnally the relation of quark
distribution functions ρA to the light-front quasi-potential wave function:

ρ
(N−1)
A ([p

(+)
i ,p

(i)
⊥ ]

i=2,...,N

)
N∏
i=2

dx(i)dp
(i)
⊥ = [2(2π)3]N−2

∣∣∣∣∣Ψ(N−1)
A ([p

(i)
+ ,p

(i)
⊥ ]

i=2,...,N

)

∣∣∣∣∣
2

×

×A+

N∏
i=2

x(i)dx(i)dp
(i)
⊥ δ

(
A+ −

N∑
i=2

p
(i)
+

)
δ(2)

(
A⊥ −

N∑
i=2

p
(i)
⊥

)
. (5.17)
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ˆ.�.‹µÌÉ¨´, ‹.ˆ.‘ ·ÒÎ¥¢ , �.Œ.‘´¨£¨·¥¢

� ÊÎ´µ-¨¸¸²¥¤µ¢ É¥²Ó¸±¨° ¨´¸É¨ÉÊÉ Ö¤¥·´µ° Ë¨§¨±¨, Œƒ“, Œµ¸±¢ 

‚ µ¡§µ·¥ · ¸¸³ É·¨¢ ÕÉ¸Ö ¸¶µ¸µ¡Ò ·¥£¨¸É· Í¨¨ ¨ µ¶·¥¤¥²¥´¨Ö µ¸´µ¢´ÒÌ ¶ · ³¥É·µ¢ ¸¢¥·Ì-
¶²µÉ´µ°  ¤·µ´´µ° ³ É¥·¨¨, µ¡· §ÊÕÐ¥°¸Ö ¢ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¸Éµ²±´µ¢¥´¨ÖÌ Ö¤¥·. �¡¸Ê-
¦¤ ÕÉ¸Ö ¢µ¶·µ¸Ò, ¸¢Ö§ ´´Ò¥ ¸ ±¢ ·±- ¤·µ´´Ò³ Ë §µ¢Ò³ ¶¥·¥Ìµ¤µ³ ¨ Ê¸²µ¢¨Ö³¨ ¥£µ ·¥ ²¨§ Í¨¨,
 ´ ²¨§¨·ÊÕÉ¸Ö · §²¨Î´Ò¥ ¶µ¤Ìµ¤Ò ¤²Ö µ¶¨¸ ´¨Ö Ô¢µ²ÕÍ¨¨ Ö¤·µ-Ö¤¥·´ÒÌ ¸µÊ¤ ·¥´¨°: ³¨±·µ-
¸±µ¶¨Î¥¸±¨¥ £¥´¥· Éµ·Ò Œµ´É¥-Š ·²µ ¨ £¨¤·µ¤¨´ ³¨Î¥¸±¨¥ ³µ¤¥²¨. � ¸¸³ É·¨¢ ÕÉ¸Ö µ¸´µ¢´Ò¥
É¥¸ÉÒ, ¶·¥¤² £ ¥³Ò¥ ¤²Ö Ô±¸¶¥·¨³¥´É ²Ó´µ£µ ¨§ÊÎ¥´¨Ö ¸¢µ°¸É¢ Ö¤¥·´µ° ³ É¥·¨¨, ´ Ìµ¤ÖÐ¥°¸Ö
¢ Ô±¸É·¥³ ²Ó´ÒÌ Ê¸²µ¢¨ÖÌ. �·¨¢µ¤ÖÉ¸Ö ¢µ§³µ¦´Ò¥ ¨´É¥·¶·¥É Í¨¨ µ¸µ¡¥´´µ¸É¥°, ´ ¡²Õ¤ ¥³ÒÌ
¢ Ô±¸¶¥·¨³¥´É Ì ¶µ ·¥²ÖÉ¨¢¨¸É¸±¨³ ¸Éµ²±´µ¢¥´¨Ö³ Ö¤¥· ´  ¤¥°¸É¢ÊÕÐ¨Ì Ê¸±µ·¨É¥²ÖÌ (AGS,
SPS), ¶µ ¸· ¢´¥´¨Õ ¸ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨  ¤·µ´- ¤·µ´´Ò³¨ ¸µÊ¤ ·¥´¨Ö³¨: ÊÏ¨·¥´¨Ö ¨³¶Ê²Ó¸-
´ÒÌ ¸¶¥±É·µ¢  ¤·µ´µ¢, ¶µ¢ÒÏ¥´´µ£µ ¢ÒÌµ¤  ¤¨²¥¶Éµ´µ¢ ´¥¡µ²ÓÏ¨Ì ³ ¸¸, Ê¸¨²¥´´µ£µ ·µ¦¤¥´¨Ö
¸É· ´´ÒÌ Î ¸É¨Í, ¶µ¤ ¢²¥´¨Ö ¢ÒÌµ¤  Ψ-·¥§µ´ ´¸µ¢ ¨ ¤·. �¡¸Ê¦¤ ÕÉ¸Ö ¶¥·¸¶¥±É¨¢Ò ¡Ê¤ÊÐ¨Ì
Ô±¸¶¥·¨³¥´Éµ¢ ´  ±µ²² °¤¥· Ì RHIC ¨ LHC.

�µ²ÓÏµ¥ ¢´¨³ ´¨¥ Ê¤¥²Ö¥É¸Ö ª¦¥¸É±¨³ª É¥¸É ³, ¤ ÕÐ¨³ ¨´Ëµ·³ Í¨Õ µ · ´´¨Ì ¸É ¤¨ÖÌ
Ô¢µ²ÕÍ¨¨ ª£µ·ÖÎ¥°ª ¸¨²Ó´µ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¥° ³ É¥·¨¨. �  µ¸´µ¢¥ ³µ¤¥²Ó´ÒÌ ¶·¥¤¸É ¢²¥´¨°
 ´ ²¨§¨·ÊÕÉ¸Ö ÔËË¥±ÉÒ, µ¦¨¤ ¥³Ò¥ ¢ ·¥§Ê²ÓÉ É¥ ¶·µÌµ¦¤¥´¨Ö ¦¥¸É±¨Ì ¸É·Ê° Í¢¥Éµ§ ·Ö¦¥´´ÒÌ
¶ ·Éµ´µ¢ Î¥·¥§ ¶²µÉ´ÊÕ ¸·¥¤Ê, ¨ µ¶·¥¤¥²ÖÕÉ¸Ö ¶ · ³¥É·Ò ¸·¥¤Ò, ¢²¨ÖÕÐ¨¥ ¢ ¶¥·¢ÊÕ µÎ¥·¥¤Ó
´  ¨§³¥´¥´¨¥ Ì · ±É¥·¨¸É¨± ¸É·Ê° ¨ ¢µ§³µ¦´µ¸ÉÓ ¨Ì Ô±¸¶¥·¨³¥´É ²Ó´µ£µ µ¡´ ·Ê¦¥´¨Ö. �¡¸Ê-
¦¤ ¥É¸Ö É ±¦¥ ¢µ¶·µ¸ ¨¤¥´É¨Ë¨± Í¨¨ ¦¥¸É±¨Ì Š•„-¸É·Ê° ¢ ¸Éµ²±´µ¢¥´¨ÖÌ ÉÖ¦¥²ÒÌ ¨µ´µ¢ ´ 
Ëµ´¥ ¡µ²ÓÏ¨Ì ¸É É¨¸É¨Î¥¸±¨Ì Ë²Ê±ÉÊ Í¨° ¶µÉµ±  ¶µ¶¥·¥Î´µ° Ô´¥·£¨¨, µ¡Ê¸²µ¢²¥´´ÒÌ ¡µ²ÓÏµ°
³´µ¦¥¸É¢¥´´µ¸ÉÓÕ ¢Éµ·¨Î´ÒÌ Î ¸É¨Í.

We provide an overview of the possibilities for the detection and determination of main pa-
rameters of hadronic superdense matter, created in ultrarelativistic collisions of nuclei. We discuss
the problems related with quark-hadron transition and conditions for it to take place, and analyze the
different approaches to the description of nucleus-nucleus collision evolution: microscopical Monte
Carlo generators and hydrodynamical models. The main observables, that have been proposed for
the experimental study of nuclear matter properties under extremal conditions, are considered. We
present the possible interpretations of peculiarities being observed in relativistic nuclei collisions
experiments at existing accelerators (AGS, SPS), as compared to hadron-hadron collisions: hadron
momentum spectra ªbroadeningª, enhanced production of low mass dileptons, strangeness enhance-
ment, Ψ-resonances suppression etc. The prospects for future experiments at colliders RHIC and
LHC are discussed.

Much attention is paid to ªhardª probes, which carry information about the early stages of
the ªhotª strong interacting matter evolution. Basing on model concepts we analyze the effects
expected as a result of hard parton jet passing through the dense matter and determine the medium
parameters, which primarily inuence on the change in jet characteristics and the possibility of their
experimental observation. The problem is also discussed of hard QCD-jets recognition in heavy ion



„ˆ�ƒ��‘’ˆŠ� ‘‚…�•�‹�’��‰ Œ�’…�ˆˆ 661

collisions against the background of statistical uctuation of the transverse energy ux due to a huge
multiplicity of secondary particles.

1. ‚‚…„…�ˆ…

�±¸¶¥·¨³¥´É ²Ó´µ¥ ¨¸¸²¥¤µ¢ ´¨¥ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¸Éµ²±´µ¢¥´¨°
Ö¤¥· ´  ¤¥°¸É¢ÊÕÐ¨Ì ¨ ¶² ´¨·Ê¥³ÒÌ Ê¸±µ·¨É¥²ÖÌ ÉÖ¦¥²ÒÌ ¨µ´µ¢ [1] ¶·¥-
¤µ¸É ¢²Ö¥É Ê´¨± ²Ó´ÊÕ ¢µ§³µ¦´µ¸ÉÓ ¨§ÊÎ¥´¨Ö ¸¢µ°¸É¢ ¸¨²Ó´µ¢§ ¨³µ¤¥°¸É¢Ê-
ÕÐ¥° ³ É¥·¨¨ ¸ É ±µ° ¢Ò¸µ±µ° ¶²µÉ´µ¸ÉÓÕ Ô´¥·£¨¨, ¶·¨ ±µÉµ·µ° µ¦¨¤ ¥É¸Ö
¤µ¸É¨¦¥´¨¥ ¤¥±µ´Ë °´³¥´É   ¤·µ´´µ° ³ É¥·¨¨ (µ¤´µ ¨§ µ¸´µ¢´ÒÌ ¶·¥¤¸± -
§ ´¨° ¸É É¨¸É¨Î¥¸±µ° ±¢ ´Éµ¢µ° Ì·µ³µ¤¨´ ³¨±¨ (Š•„) ¤²Ö ¸¨¸É¥³ ¸ ¤µ¸É -
ÉµÎ´µ ¢Ò¸µ±µ° É¥³¶¥· ÉÊ·µ° ¨²¨ ¶²µÉ´µ¸ÉÓÕ ¡ ·¨µ´´µ£µ § ·Ö¤ ) ¨ µ¡· §µ-
¢ ´¨¥ £ §   ¸¨³¶ÉµÉ¨Î¥¸±¨ ¸¢µ¡µ¤´ÒÌ ±¢ ·±µ¢ ¨ £²Õµ´µ¢ Å É ± ´ §Ò¢ ¥³µ°
±¢ ·±-£²Õµ´´µ° ¶² §³Ò (Šƒ�), ¢ ±µÉµ·µ° ¢ ¸¨²Ê ±µ²²¥±É¨¢´ÒÌ ÔËË¥±Éµ¢
Ô±· ´¨·Ê¥É¸Ö Í¢¥Éµ¢µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ ³¥¦¤Ê ¶ ·Éµ´ ³¨ [2Ä7]. …¸²¨ ¶·¨ ´¨§-
±¨Ì Ô´¥·£¨ÖÌ (´¥ ¡µ²¥¥ ¤¥¸ÖÉ±µ¢ ¨ ¸µÉ¥´ ŒÔ‚) Ö¤·µ ³µ¦¥É · ¸¸³ É·¨¢ ÉÓ¸Ö
± ± ¸¨¸É¥³  ´Ê±²µ´µ¢, ¶µ¤Î¨´ÖÕÐ¨Ì¸Ö § ±µ´ ³ ´¥·¥²ÖÉ¨¢¨¸É¸±µ° ±¢ ´Éµ¢µ°
³¥Ì ´¨±¨, Éµ ¢ µ¡² ¸É¨ µÉ´µ¸¨É¥²Ó´ÒÌ ¸±µ·µ¸É¥° Ö¤¥·, ¡²¨§±¨Ì ± ¸±µ·µ¸É¨
¸¢¥É  c, ¢ ± Î¥¸É¢¥ ¸µ¸É ¢²ÖÕÐ¨Ì Î ¸É¨Í Ö¤¥·´µ° ³ É¥·¨¨ ´ Î¨´ ÕÉ ¶·µ-
Ö¢²ÖÉÓ¸Ö ±¢ ·±¨ ¨ £²Õµ´Ò, ¤¨´ ³¨±  ¢§ ¨³µ¤¥°¸É¢¨° ±µÉµ·ÒÌ µ¶·¥¤¥²Ö¥É¸Ö
Ê· ¢´¥´¨Ö³¨ Š•„ [8,9].

‘ ³ Ë ±É ¨ ¢µ§³µ¦´Ò¥ ¸Í¥´ ·¨¨ µ¡· §µ¢ ´¨Ö Šƒ� ¢ ·¥²ÖÉ¨¢¨¸É¸±¨Ì
Ö¤·µ-Ö¤¥·´ÒÌ ¸µÊ¤ ·¥´¨ÖÌ Ö¢²ÖÕÉ¸Ö ¶·¥¤³¥Éµ³ ´ ÊÎ´ÒÌ ¤¨¸±Ê¸¸¨°. ‚ ²Õ¡µ³
¸²ÊÎ ¥ ¶·¨ É· ´¸Ëµ·³ Í¨¨ §´ Î¨É¥²Ó´µ° Î ¸É¨ Ô´¥·£¨¨ ¸É ²±¨¢ ÕÐ¨Ì¸Ö Ö¤¥·
¢ Ô´¥·£¨Õ ±µ´¸É¨ÉÊ¥´Éµ¢ ªÉ¥·³ ²¨§µ¢ ´´µ°ª ¸¨¸É¥³Ò ÔÉµ° Ô´¥·£¨¨ ¤µ²¦´µ
Ì¢ É¨ÉÓ ¤²Ö µ¡· §µ¢ ´¨Ö Šƒ� ¢ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨Ì (¶µ µÉ´µÏ¥´¨Õ ± Ì · ±-
É¥·´Ò³  ¤·µ´´Ò³ ³ ¸ÏÉ ¡ ³) µ¡Ñ¥³ Ì, ±µ£¤  µ¡¸Ê¦¤¥´¨¥ É¥µ·¥É¨Î¥¸±¨Ì ¨
Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¶·µ¡²¥³ ¥¥ µ¡´ ·Ê¦¥´¨Ö ¨³¥¥É ¸³Ò¸² [10]. Œµ¦´µ ¢Ò¤¥-
²¨ÉÓ É·¨ µ¸´µ¢´ÒÌ ´ ¶· ¢²¥´¨Ö ¢ µ¶¨¸ ´¨¨ ¤¨´ ³¨±¨ ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¸Éµ²±-
´µ¢¥´¨° Ö¤¥·: £¨¤·µ¤¨´ ³¨Î¥¸±¨° ¶µ¤Ìµ¤, ³µ¤¥²¨ ±¢ ·±-£²Õµ´´ÒÌ ¸É·Ê´ ¨
¶ ·Éµ´´Ò¥ ± ¸± ¤´Ò¥ ³µ¤¥²¨. ‘µ£² ¸´µ ¶¥·¢µ³Ê ³´µ¦¥¸É¢¥´´µ¥ ·µ¦¤¥´¨¥
Î ¸É¨Í ¶·µ¨¸Ìµ¤¨É ¢ ³µ³¥´É ¶¥·¥±·ÒÉ¨Ö Ö¤¥·, ´ Î ²Ó´µ¥ ¸µ¸ÉµÖ´¨¥ ±µÉµ·ÒÌ
¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¤¢  ²µ·¥´Í-¸¦ ÉÒÌ ¤¨¸± , ¶²µ¸-
±µ¸É¨ ±µÉµ·ÒÌ ¶¥·¶¥´¤¨±Ê²Ö·´Ò µ¸¨ ¸Éµ²±´µ¢¥´¨Ö. „ ²Ó´¥°Ï¨° Ì · ±É¥·
¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´µ° Ô¢µ²ÕÍ¨¨ · ¸Ï¨·ÖÕÐ¥°¸Ö ¸¨¸É¥³Ò ·µ¦¤¥´´ÒÌ
Î ¸É¨Í µ¶·¥¤¥²Ö¥É¸Ö ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ Ê· ¢´¥´¨Ö³¨ ·¥²ÖÉ¨¢¨¸É¸±µ° £¨¤·µ¤¨-
´ ³¨±¨. ‘É·Ê´´Ò¥ ³µ¤¥²¨ ¶·¥¤¶µ² £ ÕÉ, ÎÉµ ¢ ³µ³¥´É ¸µ¶·¨±µ¸´µ¢¥´¨Ö Ö¤¥·
¶·µ¨¸Ìµ¤ÖÉ ¨´É¥´¸¨¢´Ò¥ ±¢ ·±-£²Õµ´´Ò¥ µ¡³¥´Ò, ¶·¨¢µ¤ÖÐ¨¥ ± µ¡· §µ¢ -
´¨Õ ¢µ§¡Ê¦¤¥´´ÒÌ ±¢ ·±-£²Õµ´´ÒÌ ¸É·Ê´, ±µÉµ·Ò¥ § É¥³ ¢§ ¨³µ¤¥°¸É¢ÊÕÉ
¤·Ê£ ¸ ¤·Ê£µ³ ¨ · ¸¶ ¤ ÕÉ¸Ö ´  ¢Éµ·¨Î´Ò¥  ¤·µ´Ò. ‚ ¶ ·Éµ´´ÒÌ ± ¸± ¤´ÒÌ
³µ¤¥²ÖÌ ¸É ²±¨¢ ÕÐ¨¥¸Ö Ö¤·  · ¸¸³ É·¨¢ ÕÉ¸Ö ± ± ¤¢  ªµ¡² ± ª ±¢ ·±µ¢ ¨
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£²Õµ´µ¢, ¢§ ¨³µ¤¥°¸É¢¨¥ ±µÉµ·ÒÌ ¶·¨¢µ¤¨É ± · §¢¨É¨Õ ¨´É¥´¸¨¢´µ£µ ±¢ ·±-
£²Õµ´´µ£µ ± ¸± ¤  ¸ ¥£µ ¶µ¸²¥¤ÊÕÐ¥°  ¤·µ´¨§ Í¨¥°∗.

’· ¤¨Í¨µ´´µ · §¤¥²ÖÕÉ ¤¢¥ µ¡² ¸É¨ ±¨´¥³ É¨Î¥¸±¨Ì ¶¥·¥³¥´´ÒÌ, § ´¨-
³ ¥³ÒÌ Î ¸É¨Í ³¨, µ¡· §µ¢ ¢Ï¨³¨¸Ö ¢ Ö¤·µ-Ö¤¥·´µ³ ¢§ ¨³µ¤¥°¸É¢¨¨: Í¥´-
É· ²Ó´ÊÕ µ¡² ¸ÉÓ ¡Ò¸É·µÉ (µ¡² ¸ÉÓ ¶¨µ´¨§ Í¨¨), ¢ ±µÉµ·µ° µ¦¨¤ ¥É¸Ö ³ ±-
¸¨³ ²Ó´ Ö É¥³¶¥· ÉÊ·  ¨ ³¨´¨³ ²Ó´ Ö (¢ ¨¤¥ ²Ó´µ³ ¸²ÊÎ ¥ Å ´Ê²¥¢ Ö) ¶²µÉ-
´µ¸ÉÓ ¡ ·¨µ´´µ£µ § ·Ö¤ , ¨ µ¡² ¸ÉÓ ¡Ò¸É·µÉ Ë· £³¥´É Í¨¨, £¤¥ ³µ¦¥É ¤µ-
¸É¨£ ÉÓ¸Ö ¢Ò¸µ± Ö ¶²µÉ´µ¸ÉÓ ¡ ·¨µ´´µ£µ § ·Ö¤  ¶µ ¸· ¢´¥´¨Õ ¸ µ¡ÒÎ´Ò³
Ö¤¥·´Ò³ ¢¥Ð¥¸É¢µ³. ‚ Ô±¸¶¥·¨³¥´É Ì ¶µ ·¥²ÖÉ¨¢¨¸É¸±¨³ ¸µÊ¤ ·¥´¨Ö³ ÉÖ¦¥-
²ÒÌ ¨µ´µ¢ Ë ±É¨Î¥¸±¨ ¶·¥¤¶·¨´¨³ ¥É¸Ö ¶µ¶ÒÉ±  ¢µ¸¸µ§¤ ´¨Ö ¢ ² ¡µ· Éµ·-
´ÒÌ Ê¸²µ¢¨ÖÌ ³ É¥·¨¨, ±µÉµ· Ö, ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¸µ¢·¥³¥´´Ò³¨ ±µ¸³µ²µ-
£¨Î¥¸±¨³¨ ¶·¥¤¸É ¢²¥´¨Ö³¨, ¸ÊÐ¥¸É¢µ¢ ²  ¢ ¶¥·¢Ò¥ ³¨±·µ¸¥±Ê´¤Ò Ô¢µ²ÕÍ¨¨
ª£µ·ÖÎ¥°ª ¨ ª¡¥§¡ ·¨µ´´µ°ª ‚¸¥²¥´´µ° (¢ É¥Î¥´¨¥ ¢·¥³¥´¨ t ¶·¨ É¥³¶¥· ÉÊ·¥

T ∼ 106

t1/2
ŒÔ‚, ¶·¥¢ÒÏ ÕÐ¥° ±·¨É¨Î¥¸±ÊÕ É¥³¶¥· ÉÊ·Ê ±¢ ·±- ¤·µ´´µ£µ Ë -

§µ¢µ£µ ¶¥·¥Ìµ¤  Tc ∼ 200 ŒÔ‚ [11]),   É ±¦¥, ¶·¥¤¶µ²µ¦¨É¥²Ó´µ, ´  ¶µ§¤´¨Ì
¸É ¤¨ÖÌ ¨¸¶ ·¥´¨Ö ªÎ¥·´ÒÌ ¤Ò·ª [12]. ‚ Éµ ¦¥ ¢·¥³Ö Ê¸²µ¢¨Ö, ´¥µ¡Ìµ¤¨³Ò¥
¤²Ö Ëµ·³¨·µ¢ ´¨Ö ¤·Ê£µ£µ ¶·¥¤¥²Ó´µ£µ ¸¢¥·Ì¶²µÉ´µ£µ ¸µ¸ÉµÖ´¨Ö Å ªÌµ²µ¤-
´µ°ª ±¢ ·±µ¢µ° ³ É¥·¨¨, ³µ£ÊÉ ¤µ¸É¨£ ÉÓ¸Ö ¢ ´¥¤· Ì ´¥°É·µ´´ÒÌ §¢¥§¤ [13].
�¥ ¨¸±²ÕÎ¥´µ É ±¦¥, ÎÉµ ¸ ³¨  Éµ³´Ò¥ Ö¤·  Ö¢²ÖÕÉ¸Ö £¥É¥·µË §´Ò³¨ ¸¨-
¸É¥³ ³¨ ¨ ¢ ¸¢µ¥³ ¸µ¸É ¢¥ ¶µ³¨³µ ´Ê±²µ´µ¢ ¸µ¤¥·¦ É ª± ¶¥²Ó±¨ª ªÌµ²µ¤-
´µ°ª Šƒ� ¢ ³¥¸É Ì ¸¨²Ó´µ£µ ¶·¥¢ÒÏ¥´¨Ö Ë²Ê±ÉÊ Í¨° Ö¤¥·´µ° ¶²µÉ´µ¸É¨ ´ ¤
¥¥ ¸·¥¤´¨³ §´ Î¥´¨¥³ [14, 15]. ‚ Î ¸É´µ¸É¨, ´  µ¸´µ¢¥ ÔÉµ° ¨¤¥¨ ´ Ìµ¤ÖÉ
µ¡ÑÖ¸´¥´¨¥ ¶·¥¤¸± § ´´Ò¥ �.Œ.� ²¤¨´Ò³ ¨ µÉ±·ÒÉÒ¥ Ô±¸¶¥·¨³¥´É ²Ó´µ ´ 
¸¨´Ì·µË §µÉ·µ´¥ ¢ „Ê¡´¥ ±Ê³Ê²ÖÉ¨¢´Ò¥ ¶·µÍ¥¸¸Ò Å ·µ¦¤¥´¨¥ ¢Éµ·¨Î´ÒÌ
Î ¸É¨Í ´  Ö¤·¥ §  ¶·¥¤¥² ³¨ ±¨´¥³ É¨Î¥¸±¨ ¤µ¸ÉÊ¶´µ° µ¡² ¸É¨ ¶·¨ ¸µÊ¤ ·¥-
´¨¨ ¸ µ¤´¨³ ¸¢µ¡µ¤´Ò³ ´Ê±²µ´µ³ [15Ä17].

…¸É¥¸É¢¥´´Ò³ ¨¸ÉµÎ´¨±µ³ ¢Ò¸µ±µÔ´¥·£¨Î´ÒÌ Ö¤¥· Ö¢²Ö¥É¸Ö ¶¥·¢¨Î´µ¥
±µ¸³¨Î¥¸±µ¥ ¨§²ÊÎ¥´¨¥, ¶·¨ ¨§ÊÎ¥´¨¨ ¸¢µ°¸É¢ ±µÉµ·µ£µ É ±¦¥ ¢µ§´¨± ¥É ¢µ-
¶·µ¸ µ ¢µ§³µ¦´µ¸É¨ µ¡· §µ¢ ´¨Ö Šƒ� [18]. ‚ Î ¸É´µ¸É¨, ¢ Ô³Ê²Ó¸¨µ´´µ³
Ô±¸¶¥·¨³¥´É¥ ´  ¡ ²²µ´ Ì JACEE ·¥£¨¸É·¨·µ¢ ²¨¸Ó ¸µ¡ÒÉ¨Ö ¸ ª ´µ³ ²Ó´µª
¢Ò¸µ±µ° ³´µ¦¥¸É¢¥´´µ¸ÉÓÕ ¨ ¸·¥¤´¨³ ¶µ¶¥·¥Î´Ò³ ¨³¶Ê²Ó¸µ³ ¢Éµ·¨Î´ÒÌ
Î ¸É¨Í , ´¥ ¸µ£² ¸ÊÕÐ¨e¸Ö ¸ ¶·¥¤¸± § ´¨Ö³¨ É· ¤¨Í¨µ´´ÒÌ ³µ¤¥²¥° ³Ö£-
±¨Ì  ¤·µ´´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¨ Ô±¸É· ¶µ²ÖÍ¨¥° ´¨§±µÔ´¥·£¥É¨Î¥¸±¨Ì ¤ ´-
´ÒÌ [19,20]. ’ ±¦¥ ¢Ò¸± §Ò¢ ²¨¸Ó ¶·¥¤¶µ²µ¦¥´¨Ö, ÎÉµ Ô±§µÉ¨Î¥¸±¨¥ ¸µ¡ÒÉ¨Ö
É¨¶  ª–¥´É ¢·ª [21,22], ´ ¡²Õ¤ ¢Ï¨¥¸Ö ¶·¨ ¶·µÌµ¦¤¥´¨¨ ¶¥·¢¨Î´µ£µ ±µ¸³¨-
Î¥¸±µ£µ ¨§²ÊÎ¥´¨Ö Î¥·¥§ §¥³´ÊÕ  É³µ¸Ë¥·Ê, ³µ£ÊÉ ¡ÒÉÓ ¸¢Ö§ ´Ò ¸ Ëµ·³¨·µ-
¢ ´¨¥³ Šƒ� ¶·¨ ¸Éµ²±´µ¢¥´¨¨ ±µ¸³¨Î¥¸±µ° Î ¸É¨ÍÒ ¸ Ö¤·µ³  É³µ¸Ë¥·Ò, É ±

∗�µ²¥¥ ¶µ¤·µ¡´µ ³µ¤¥²¨ Ö¤·µ-Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¶·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ µ¡¸Ê¦¤ ÕÉ¸Ö
¢µ ¢Éµ·µ³ · §¤¥²¥.
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± ± ¢ ·¥§Ê²ÓÉ É¥  ¤·µ´¨§ Í¨¨ ±¢ ·±µ¢µ° ³ É¥·¨¨ ¢µ§³µ¦´µ µ¡· §µ¢ ´¨¥ É ±
´ §Ò¢ ¥³µ£µ ª¤¥§µ·¨¥´É¨·µ¢ ´´µ£µ ±¨· ²Ó´µ£µ ±µ´¤¥´¸ É ª ¸  ¸¨³³¥É·¨Î´Ò³
¢ÒÌµ¤µ³ § ·Ö¦¥´´ÒÌ ¨ ´¥°É· ²Ó´ÒÌ ¶¨µ´µ¢ [23, 24]. �¤´ ±µ ¸²¨Ï±µ³ ³ -
²Ò° ¶µÉµ± ±µ¸³¨Î¥¸±¨Ì ²ÊÎ¥° ¶·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ E >∼ 106 ƒÔ‚ § É·Ê¤´Ö¥É
¶·µ¢¥¤¥´¨¥ ¸¨¸É¥³ É¨Î¥¸±µ£µ  ´ ²¨§  É ±µ£µ ·µ¤  ª ´µ³ ²Ó´ÒÌª ¸µ¡ÒÉ¨°. ‚
Éµ ¦¥ ¢·¥³Ö, ¶µ¸±µ²Ó±Ê Ö¤·  Ö¢²ÖÕÉ¸Ö ¢ ¦´µ° ¸µ¸É ¢´µ° Î ¸ÉÓÕ ±µ¸³¨Î¥¸±¨Ì
²ÊÎ¥°, ¤²Ö µ¶¨¸ ´¨Ö ¨Ì ¶·µÌµ¦¤¥´¨Ö Î¥·¥§ ³¥¦§¢¥§¤´ÊÕ ¸·¥¤Ê ¨  É³µ¸Ë¥·Ê
¢ ¦´Ò µ¸µ¡¥´´µ¸É¨ Ö¤·µ-Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°, ¨ ¶µ²ÊÎ ¥³Ò¥ ´  Ê¸±µ·¨-
É¥²ÖÌ ¤ ´´Ò¥ ³µ£ÊÉ ¸²Ê¦¨ÉÓ µ¶µ·µ° ¤²Ö ¨´É¥·¶·¥É Í¨¨ ·¥§Ê²ÓÉ Éµ¢ Ô±¸¶¥·¨-
³¥´Éµ¢ ¸ ±µ¸³¨Î¥¸±¨³¨ ²ÊÎ ³¨.

‚¶¥·¢Ò¥ ¶ÊÎ±¨ ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ö¤¥· ¶·¨ Ô´¥·£¨¨ E = 1 ÷ 4 ƒÔ‚/´Ê±²µ´
¡Ò²¨ ¶µ²ÊÎ¥´Ò ¢ 1970 £µ¤Ê ´  ¸¨´Ì·µË §µÉ·µ´¥ �ˆŸˆ. ‚ ¶µ¸²¥¤ÊÕÐ¥³ Ö¤· 
¡Ò²¨ Ê¸±µ·¥´Ò ¤µ ¢Ò¸µ±¨Ì Ô´¥·£¨° ¨ ¢ ¤·Ê£¨Ì Ö¤¥·´ÒÌ Í¥´É· Ì, ¢ Î ¸É´µ¸É¨,
´  Ê¸±µ·¨É¥²ÖÌ AGS ¢ �·Ê±Ì¥°¢¥´¸±µ° ´ Í¨µ´ ²Ó´µ° ² ¡µ· Éµ·¨¨ (��‹)
‘˜� (Ô´¥·£¨Ö ¶ÊÎ±  E = 11÷15 ƒÔ‚/´Ê±²µ´, Ô±¢¨¢ ²¥´É´ Ö Ô´¥·£¨Ö ¢ ¸.Í.³.√
s ' 4, 5 ÷ 5, 5 ƒÔ‚/´Ê±²µ´) ¨ SPS ¢ –…�� (E = 160 ÷ 200 ƒÔ‚/´Ê±²µ´,√
s ' 18 ÷ 20 ƒÔ‚/´Ê±²µ´). ŒµÐ´Ò³ ¸·¥¤¸É¢µ³ ¨§ÊÎ¥´¨Ö ¸¢µ°¸É¢ ª£µ·Ö-

Î¥°ª ¨ ¸¢¥·Ì¶²µÉ´µ° Ö¤¥·´µ° ³ É¥·¨¨ ¢ ´ ¨¡µ²¥¥ Ô±¸É·¥³ ²Ó´ÒÌ Ê¸²µ¢¨ÖÌ
¤µ²¦´Ò ¸É ÉÓ ¸µ§¤ ¢ ¥³Ò¥ ±µ²² °¤¥·Ò ÉÖ¦¥²ÒÌ ¨µ´µ¢ RHIC ¢ ��‹ (Ô´¥·£¨Ö
¢ ¸.Í.³. ¸É ²±¨¢ ÕÐ¨Ì¸Ö ¶ÊÎ±µ¢

√
s = 200 ƒÔ‚/´Ê±²µ´) [25] ¨ LHC ¢ –…��

(
√
s = 6 ’Ô‚/´Ê±²µ´) [26]. �É³¥É¨³, ÎÉµ ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¢ �ˆŸˆ ´ 

Ê¸±µ·¨É¥²¥ ª�Ê±²µÉ·µ´ª ¢ ¸µÎ¥É ´¨¨ ¸ ¸¨´Ì·µË §µÉ·µ´µ³ ¢¥¤ÊÉ¸Ö ¨¸¸²¥¤µ¢ -
´¨Ö µ¸µ¡¥´´µ¸É¥° Ö¤·µ-Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¶·¨ ¡µ²¥¥ ´¨§±¨Ì Ô´¥·£¨ÖÌ
(E ≤ 6 ƒÔ‚/´Ê±²µ´): ±Ê³Ê²ÖÉ¨¢´ÒÌ ¶·µÍ¥¸¸µ¢, ¸¶¨´µ¢ÒÌ ÔËË¥±Éµ¢, ¸¢µ°¸É¢
¢µ§¡Ê¦¤¥´´ÒÌ ³Ê²ÓÉ¨¡ ·¨µ´´ÒÌ ±² ¸É¥·µ¢, £¨¶¥·Ö¤¥·, ³¥É ¸É ¡¨²Ó´ÒÌ Ö¤¥·-
´ÒÌ ¸µ¸ÉµÖ´¨° ¨ ¤·. [27],  ´ ²¨§ ±µÉµ·ÒÌ ¢ÒÌµ¤¨É §  · ³±¨ ¤ ´´µ£µ µ¡§µ· .

O¸µ¡¥´´µ¸ÉÓÕ, µÉ²¨Î ÕÐ¥° ¸Éµ²±´µ¢¥´¨Ö ÉÖ¦¥²ÒÌ Ö¤¥· ¶·¨ ¢Ò¸µ±¨Ì
Ô´¥·£¨ÖÌ µÉ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì  ¤·µ´- ¤·µ´´ÒÌ ¸µÊ¤ ·¥´¨°, Ö¢²Ö¥É¸Ö ¢µ§³µ¦-
´µ¸ÉÓ £¥´¥· Í¨¨ ¸¢¥·Ì¶²µÉ´µ° ³ É¥·¨¨ ¢ µ¡Ñ¥³ Ì, ±µÉµ·Ò¥ ¶µ µÉ´µÏ¥´¨Õ ±
Ì · ±É¥·´Ò³  ¤·µ´´Ò³ ³ ¸ÏÉ ¡ ³ Ö¢²ÖÕÉ¸Ö ±¢ §¨³ ±·µ¸±µ¶¨Î¥¸±¨³¨, ÎÉµ,
¥¸²¨ ¸²¥¤µ¢ ÉÓ ¨¤¥Ö³ ƒ¥°§¥´¡¥·£  [28], ”¥·³¨ [29], �µ³¥· ´ÎÊ±  [30] ¨ ‹ ´-
¤ Ê [31], µÉ±·Ò¢ ¥É ¶·¨´Í¨¶¨ ²Ó´Ò° ¶ÊÉÓ ¤²Ö ¶·¨³¥´¥´¨Ö É¥·³µ¤¨´ ³¨±¨
¸¨²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° (¸³., ´ ¶·¨³¥·, µ¡§µ· [32]).

“· ¢´¥´¨¥ ¸µ¸ÉµÖ´¨Ö ±¢ ·±-£²Õµ´´µ° ¸¨¸É¥³Ò ¡ §¨·Ê¥É¸Ö ´  ËÊ´¤ ³¥´-
É ²Ó´µ³ ² £· ´¦¨ ´¥ Š•„

LQCD =
1

4

∑
F aµνF

aµν +

Nf∑
f=1

ψ̄

(
iγµ∂µ − gγµAaµ

λa

2
−mf

)
ψ, (1)

£¤¥ ¨´¤¥±¸ f ¶·µ¡¥£ ¥É ¶µ ¢¸¥³ ¢µ§³µ¦´Ò³ ±¢ ·±µ¢Ò³  ·µ³ É ³ u, d, s, c ¨
¤·., ¨ ´¥ ¡¥²¥¢µ £²Õµ´´µ¥ ¶µ²¥ § ¤ ¥É¸Ö ¢ ¢¨¤¥

F aµν = ∂µA
a
ν − ∂νAaµ + gfabcA

b
µA

c
ν . (2)



664 ‹�•’ˆ� ˆ.�., ‘��›—…‚� ‹.ˆ., ‘�ˆƒˆ�…‚ �.Œ.

�·µ¢¥¤¥´¨¥ ´¥¶¥·ÉÊ·¡ É¨¢´ÒÌ Î¨¸²¥´´ÒÌ · ¸Î¥Éµ¢ ³¥Éµ¤µ³ Œµ´É¥-Š ·-
²µ ¢ ·¥Ï¥ÉµÎ´µ° ± ²¨¡·µ¢µÎ´µ° É¥µ·¨¨ µ¸´µ¢ ´µ ´   ¶¶·µ±¸¨³ Í¨¨ ´¥¶·¥-
·Ò¢´µ£µ ¶·µ¸É· ´¸É¢ -¢·¥³¥´¨ ¤¨¸±·¥É´µ° ¸µ¢µ±Ê¶´µ¸ÉÓÕ ÉµÎ¥± Å ·¥Ï¥É±µ°
¨ ¢ÒÎ¨¸²¥´¨¨ ¸·¥¤´¨Ì (¸É É¨¸É¨Î¥¸±µ° ¸Ê³³Ò ¨ ¤·Ê£¨Ì É¥·³µ¤¨´ ³¨Î¥¸±¨Ì
ËÊ´±Í¨°) ¶µ ±¢ ´Éµ¢Ò³ Ë²Ê±ÉÊ Í¨Ö³ ¶µ²¥°, · ¸¶·¥¤¥²¥´´ÒÌ ¶µ ³´µ£¨³ Ê§-
² ³ ·¥Ï¥É±¨ [33]. ‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö Ê²ÊÎÏ¥´¨¥ ¶¥·¢µ´ Î ²Ó´ÒÌ  ²£µ·¨É³µ¢
´ ·Ö¤Ê ¸ ¸ÊÐ¥¸É¢¥´´Ò³ ·µ¸Éµ³ ±µ³¶ÓÕÉ¥·´ÒÌ ¢µ§³µ¦´µ¸É¥° ¶·¨¢¥²µ ± § -
³¥É´µ³Ê ¶·µ£·¥¸¸Ê ¢ ¨¸¸²¥¤µ¢ ´¨ÖÌ, ¸¢Ö§ ´´ÒÌ ¸ µ¶·¥¤¥²¥´¨¥³ ¶ · ³¥É·µ¢
±¢ ·±- ¤·µ´´µ£µ Ë §µ¢µ£µ ¶¥·¥Ìµ¤  ¨ Ê¸²µ¢¨Ö³¨ ¥£µ ·¥ ²¨§ Í¨¨ [34]. �µ-
¸²¥¤´¨¥ ·¥§Ê²ÓÉ ÉÒ ± ²¨¡·µ¢µÎ´µ° SU(3)-É¥µ·¨¨ ¢ ¶·¨¡²¨¦¥´¨¨ ¢ ²¥´É´ÒÌ
±¢ ·±µ¢ (É.¥. ¡¥§ ÊÎ¥É  ·µ¦¤¥´¨Ö ¨§ ¢ ±ÊÊ³  ¤¨´ ³¨Î¥¸±¨Ì ±¢ ·±µ¢ Å ¢¨·-
ÉÊ ²Ó´ÒÌ qq̄-¶ ·) ´  ·¥Ï¥É±¥ ¸ Nσ = 323 Ê§² ³¨ ¢ ¶·µ¸É· ´¸É¢¥ ¨ Nτ = 12
Ê§² ³¨ ¢µ ¢·¥³¥´¨ [35] Ê± §Ò¢ ÕÉ ´  §´ Î¥´¨¥ ±·¨É¨Î¥¸±µ° É¥³¶¥· ÉÊ·Ò Tc '
' 265 ŒÔ‚, ´¨¦¥ ±µÉµ·µ° ¸¢µ¡µ¤´ Ö Ô´¥·£¨Ö ¨§µ²¨·µ¢ ´´µ£µ ±¢ ·±  ¡¥¸±µ-
´¥Î´ ,   ¢ÒÏ¥ Å ±µ´¥Î´ , É.¥. ±¢ ·±µ¢Ò° ±µ´Ë °´³¥´É ´ ·ÊÏ ¥É¸Ö ¢ ¢Ò¸µ±µ-
É¥³¶¥· ÉÊ·´µ° Ë §¥. ‚ Éµ ¦¥ ¢·¥³Ö ¶ · ³¥É· ¶µ·Ö¤±  ±¨· ²Ó´µ° ¸¨³³¥É·¨¨
(¸¨³³¥É·¨¨ ² £· ´¦¨ ´  Š•„ µÉ´µ¸¨É¥²Ó´µ ¶·¥µ¡· §µ¢ ´¨°, ³¥´ÖÕÐ¨Ì Î¥É-
´µ¸ÉÓ) Å ±¢ ·±µ¢Ò° ±µ´¤¥´¸ É < ψ̄ψ > µÉ²¨Î¥´ µÉ ´Ê²Ö ¶·¨ T = 0, ±µ£¤ 
¸¶µ´É ´´µ¥ ´ ·ÊÏ¥´¨¥ ±¨· ²Ó´µ° ¸¨³³¥É·¨¨ ¶·¨¢µ¤¨É ± ¤¨´ ³¨Î¥¸±µ° £¥-
´¥· Í¨¨ ³ ¸¸ ±¢ ·±µ¢ ¶µ·Ö¤±  ´¥¸±µ²Ó±¨Ì ¸µÉ¥´ ŒÔ‚/c2, ¨ Ê³¥´ÓÏ ¥É¸Ö ¸
·µ¸Éµ³ É¥³¶¥· ÉÊ·Ò. Š¨· ²Ó´ Ö ¸¨³³¥É·¨Ö ¢µ¸¸É ´ ¢²¨¢ ¥É¸Ö ¶·¨ É¥³¶¥· -
ÉÊ·¥, ¡²¨§±µ° ± É¥³¶¥· ÉÊ·¥ ¤¥±µ´Ë °´³¥´É  [34], Tchiral ' Tc. ‚ ÔÉµ³ ¸²ÊÎ ¥
¢¸²¥¤¸É¢¨¥ ¢¥±Éµ·´µ£µ Ì · ±É¥·  ¢§ ¨³µ¤¥°¸É¢¨Ö ±¢ ·±µ¢ ¸ £²Õµ´ ³¨ ³µ¦´µ
´¥§ ¢¨¸¨³µ ¢· Ð ÉÓ ²¥¢Ò¥ ¨ ¶· ¢Ò¥ ¸µ¸É ¢²ÖÕÐ¨¥ ¶µ²¥° ¡¥§³ ¸¸µ¢ÒÌ u-, d-
¨ s-±¢ ·±µ¢, ÎÉµ ¸µ£² ¸Ê¥É¸Ö ¸ ·¥§Ê²ÓÉ É ³¨ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° Š•„ ¶·¨
¢Ò¸µ±¨Ì É¥³¶¥· ÉÊ· Ì, ¢ · ³± Ì ±µÉµ·µ° ±¨· ²Ó´ Ö ¸¨³³¥É·¨Ö ´¥ ´ ·ÊÏ¥´ .

‡´ Î¨É¥²Ó´Ò° ¶· ±É¨Î¥¸±¨° ¨´É¥·¥¸ ¶·¥¤¸É ¢²Ö¥É ¢µ¶·µ¸ µ ¢¨¤¥ ±¢ ·±-
 ¤·µ´´µ£µ Ë §µ¢µ£µ ¶¥·¥Ìµ¤ : ¢ ¸²ÊÎ ¥, ¥¸²¨ ¶¥·¥Ìµ¤ ¶¥·¢µ£µ ·µ¤ , ±¢ ·±-
£²Õµ´´ Ö ¨  ¤·µ´´ Ö ³ É¥·¨¨ ³µ£ÊÉ ¸µ¸ÊÐ¥¸É¢µ¢ ÉÓ ¢ ¸³¥Ï ´´µ° Ë §¥ ¶·¨
±·¨É¨Î¥¸±µ° É¥³¶¥· ÉÊ·¥ Tc ¤µ¢µ²Ó´µ ¤µ²£µ¥ ¢·¥³Ö, Éµ£¤  ± ± ¶¥·¥Ìµ¤ ¢Éµ-
·µ£µ ·µ¤  ¶·µ¨¸Ìµ¤¨É ¡Ò¸É·µ, É.¥. ¸É¥¶¥´Ó ¢²¨Ö´¨Ö ¸³¥Ï ´´µ° Ë §Ò ´  Ô±¸¶¥-
·¨³¥´É ²Ó´µ ´ ¡²Õ¤ ¥³Ò¥ Ì · ±É¥·¨¸É¨±¨ ±µ´¥Î´µ£µ ¸µ¸ÉµÖ´¨Ö (´ ¶·¨³¥·,
¸¶¥±É· ªÉ¥·³ ²Ó´ÒÌª ¤¨²¥¶Éµ´µ¢ ¨ ËµÉµ´µ¢ ¢ ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¸Éµ²±´µ¢¥´¨ÖÌ
Ö¤¥·) ¢ ÔÉ¨Ì ¤¢ÊÌ ¸²ÊÎ ÖÌ ¡Ê¤¥É ¸ÊÐ¥¸É¢¥´´µ · §²¨Î ÉÓ¸Ö. �¥Ï¥ÉµÎ´ Ö SU(3)-
É¥µ·¨Ö ¡¥§ ¤¨´ ³¨Î¥¸±¨Ì ±¢ ·±µ¢ ¶·¥¤¸± §Ò¢ ¥É ±¢ ·±- ¤·µ´´Ò° Ë §µ¢Ò°
¶¥·¥Ìµ¤ ¶¥·¢µ£µ ·µ¤ . ‚±²ÕÎ¥´¨¥ ¤¨´ ³¨Î¥¸±¨Ì ±¢ ·±µ¢ ¶·¨¢µ¤¨É ± ¸ÊÐ¥-
¸É¢¥´´µ³Ê ¸´¨¦¥´¨Õ ±·¨É¨Î¥¸±µ° É¥³¶¥· ÉÊ·Ò ¤µ Tc ' 140 ŒÔ‚ (·¥Ï¥É± 
163 × 4 ¶·¨ ´Ê²¥¢µ° ¡ ·¨µ´´µ° ¶²µÉ´µ¸É¨ µb = 0 [36]). ‚¨¤ Ë §µ¢µ£µ ¶¥-
·¥Ìµ¤  É·¥¡Ê¥É ¢ ÔÉµ³ ¸²ÊÎ ¥ ¤ ²Ó´¥°Ï¥£µ ¶·µÖ¸´¥´¨Ö: ¤²Ö Î¨¸²   ±É¨¢´ÒÌ
±¢ ·±µ¢ÒÌ  ·µ³ Éµ¢ Nf > 3 ¶¥·¥Ìµ¤ ³µ¦¥É ¡ÒÉÓ ¶¥·¢µ£µ ·µ¤ , ¢ Éµ ¢·¥³Ö
± ± ¤²Ö ³¥´ÓÏ¥£µ Î¨¸²  Nf ¸ÊÐ¥¸É¢ÊÕÉ Ê± § ´¨Ö ´  ¶¥·¥Ìµ¤ ¢Éµ·µ£µ ·µ¤ .
‡ ¢¨¸¨³µ¸ÉÓ ¶²µÉ´µ¸É¨ Ô´¥·£¨¨ µÉ É¥³¶¥· ÉÊ·Ò, ¢§ÖÉ Ö ¨§ [36], ¶·¥¤¸É ¢²¥´ 
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�¨¸. 1. ‡ ¢¨¸¨³µ¸ÉÓ µÉ´µÏ¥´¨Ö ¶²µÉ´µ¸É¨ Ô´¥·£¨¨ ε ± Î¥É¢¥·Éµ° ¸É¥¶¥´¨ É¥³¶¥· -
ÉÊ·Ò T 4 µÉ T/Tc [36] ¤²Ö Nf = 4  ±É¨¢´ÒÌ ±¢ ·±µ¢ÒÌ  ·µ³ Éµ¢. ’µÎ¥Î´Ò¥ ¨ ¸¶²µÏ-
´Ò¥ ±·¨¢Ò¥ ¶µ± §Ò¢ ÕÉ ·¥§Ê²ÓÉ ÉÒ · §´ÒÌ  ²£µ·¨É³µ¢ · ¸Î¥É  ε. ‚¥·Ì´¨³ ±·¨¢Ò³
¸µµÉ¢¥É¸É¢ÊÕÉ ¡µ²ÓÏ¨¥ §´ Î¥´¨Ö ³ ¸¸ ±¢ ·±µ¢, m = 0, 4T ; ´¨¦´¨³ Å ³¥´ÓÏ¨¥,
m = 0, 2T . ƒµ·¨§µ´É ²Ó´Ò¥ ²¨´¨¨ ¶·¥¤¸É ¢²ÖÕÉ ·¥§Ê²ÓÉ É ¤²Ö ¨¤¥ ²Ó´µ£µ £ §  ¶·¨
·¥Ï¥ÉµÎ´µ³ ¶ · ³¥É·¥ Nτ = 4 ¨ ¢ ±µ´É¨´Ê ²Ó´µ³ ¶·¥¤¥²¥ (Nτ →∞)

´  ·¨¸.1 ¤²Ö Nf = 4 ¢ ¸· ¢´¥´¨¨ ¸µ ¸²ÊÎ ¥³ ¨¤¥ ²Ó´µ£µ £ §  ¶·¨ Nτ = 4
Ê§² Ì ·¥Ï¥É±¨ ¢µ ¢·¥³¥´¨ ¨ ¢ ±µ´É¨´Ê ²Ó´µ³ ¶·¥¤¥²¥ (Nτ →∞).

‚ ¦´Ò° ·¥§Ê²ÓÉ É § ±²ÕÎ ¥É¸Ö ¢ Éµ³, ÎÉµ ± ± ¢ ¸²ÊÎ ¥ ¸ ¤¨´ ³¨Î¥¸±¨³¨
±¢ ·± ³¨, É ± ¨ ¢ Î¨¸Éµ £²Õµ´´µ° ¶² §³¥ · §´¨Í  ¢ ·¥§Ê²ÓÉ É¥ ¤²Ö ¶²µÉ´µ¸É¨
Ô´¥·£¨¨ ¶µ ¸· ¢´¥´¨Õ ¸ ¨¤¥ ²Ó´Ò³ £ §µ³ ´¥ ¶·¥¢ÒÏ ¥É 15% ¶·¨ É¥³¶¥· ÉÊ·¥
T ≥ 2Tc, É.¥. ¶·¨¡²¨¦¥´¨¥ ±¢ §¨¨¤¥ ²Ó´µ£µ ¸² ¡µ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¥£µ £ § 
±¢ ·±µ¢ ¨ £²Õµ´µ¢ Ö¢²Ö¥É¸Ö Ìµ·µÏ¥° ³µ¤¥²ÓÕ ±¢ ·±-£²Õµ´´µ° ¶² §³Ò ¶·¨
¢Ò¸µ±¨Ì É¥³¶¥· ÉÊ· Ì. ‚ Éµ ¦¥ ¢·¥³Ö ¸¢µ°¸É¢  ±¢ ·±-£²Õµ´´µ° ¶² §³Ò ¨²¨
 ¤·µ´´µ£µ £ §  ¶·¨ É¥³¶¥· ÉÊ·¥ ¶µ·Ö¤±  ±·¨É¨Î¥¸±µ° T ∼ Tc ¸ÊÐ¥¸É¢¥´´µ
µÉ²¨Î ÕÉ¸Ö µÉ ¸¢µ°¸É¢ ¨¤¥ ²Ó´ÒÌ ¸¨¸É¥³ ¨ µ¶·¥¤¥²ÖÕÉ¸Ö Ì · ±É¥·µ³ ´¥¶¥·-
ÉÊ·¡ É¨¢´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ¢¡²¨§¨ ±·¨É¨Î¥¸±µ° ÉµÎ±¨ ±¢ ·±- ¤·µ´´µ£µ Ë -
§µ¢µ£µ ¶¥·¥Ìµ¤ . �·¨ ÔÉµ³ ¢ ¦´ÊÕ ·µ²Ó ³µ£ÊÉ ¨£· ÉÓ ¶·¥¤¶¥·¥Ìµ¤´Ò¥ Ë²Ê±-
ÉÊ Í¨µ´´Ò¥ ÔËË¥±ÉÒ, ¶·¨¢µ¤ÖÐ¨¥ ± ±µ´¥Î´µ° ¢¥·µÖÉ´µ¸É¨ Ëµ·³¨·µ¢ ´¨Ö
±¢ ·±-£²Õµ´´µ° ¶² §³Ò ¶·¨ É¥³¶¥· ÉÊ·¥ ´¨¦¥ ±·¨É¨Î¥¸±µ° T < Tc ¨²¨
 ¤·µ´´ÒÌ ±² ¸É¥·µ¢ ¶·¨ T > Tc [32].

2. Œ�„…‹ˆ Ÿ„��-Ÿ„…��›• ‚‡�ˆŒ�„…‰‘’‚ˆ‰

2.1. Œ¨±·µ¸±µ¶¨Î¥¸±¨¥ ³µ¤¥²¨. ‘ ÉµÎ±¨ §·¥´¨Ö ¶·¨³¥´¨³µ¸É¨ ± Î¥¸É-
¢¥´´ÒÌ ¢Ò¢µ¤µ¢ ·¥Ï¥ÉµÎ´ÒÌ É¥µ·¨° ± ¤¨´ ³¨±¥ ±¢ ·±- ¤·µ´´ÒÌ Ë §µ¢ÒÌ
¶¥·¥Ìµ¤µ¢, ±µÉµ·Ò¥ ³µ£ÊÉ ¡ÒÉÓ ·¥ ²¨§µ¢ ´Ò ¢ Ô±¸¶¥·¨³¥´É Ì ´  Ê¸±µ·¨É¥-
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²ÖÌ, ¢ ¦´Ò³ Ö¢²Ö¥É¸Ö ¢µ¶·µ¸ µ ¸ ³µ° ¢µ§³µ¦´µ¸É¨ ¤µ¸É¨¦¥´¨Ö · ¢´µ¢¥¸´µ£µ
(¸ ÉµÎ±¨ §·¥´¨Ö É¥·³µ¤¨´ ³¨±¨) ¸µ¸ÉµÖ´¨Ö ¸¨¸É¥³µ° ¢Éµ·¨Î´ÒÌ ¶ ·Éµ´µ¢,
£¥´¥·¨·Ê¥³ÒÌ ¢ ¶·µÍ¥¸¸¥ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±µ£µ Ö¤·µ-Ö¤¥·´µ£µ ¸µÊ¤ ·¥´¨Ö.
‚ ¶·¨´Í¨¶¥, µÉ¢¥É ´  ÔÉµÉ ¢µ¶·µ¸ ³µ£ÊÉ ¤ ÉÓ ³¨±·µ¸±µ¶¨Î¥¸±¨¥ ³µ¤¥²¨
Œµ´É¥-Š ·²µ (É ± ´ §Ò¢ ¥³Ò¥ ª£¥´¥· Éµ·Ò ¸µ¡ÒÉ¨°ª), µ¸´µ¢ ´´Ò¥ ²¨¡µ ´ 
¶¥·ÉÊ·¡ É¨¢´ÒÌ · ¸Î¥É Ì ¶ ·Éµ´´ÒÌ ± ¸± ¤µ¢ (PCM [37,38]), ²¨¡µ ´  ¸É·Ê´-
´µ° Ë¥´µ³¥´µ²µ£¨¨ (HIJING [39], FRITIOF [40], VENUS [41], QGSM [42],
DPM [43] ¨ ¤·.).

�¶¨¸ ´¨¥ ¤¨´ ³¨±¨ ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ö¤¥·´ÒÌ ¸Éµ²±´µ¢¥´¨° ¨§ ¶¥·¢ÒÌ
¶·¨´Í¨¶µ¢ Š•„ µ£· ´¨Î¥´µ, ± ± ¶· ¢¨²µ, ¢ÒÎ¨¸²¥´¨¥³ ¸¢µ°¸É¢ ¦¥¸É±¨Ì ¶·µ-
Í¥¸¸µ¢ ¶ ·Éµ´-¶ ·Éµ´´µ£µ · ¸¸¥Ö´¨Ö, ¨¤ÊÐ¨Ì ´  ³ ²ÒÌ · ¸¸ÉµÖ´¨ÖÌ (¸ ¡µ²Ó-
Ï¨³¨ ¶¥·¥¤ Î ³¨ ¨³¶Ê²Ó¸ ). ‚ Éµ ¦¥ ¢·¥³Ö µ¸´µ¢´ÊÕ Î ¸ÉÓ  ¤·µ´´ÒÌ ¸¥-
Î¥´¨° ¶·¨ Ô´¥·£¨ÖÌ ¤¥°¸É¢ÊÕÐ¨Ì Ê¸±µ·¨É¥²¥° ÉÖ¦¥²ÒÌ ¨µ´µ¢ (AGS, SPS)
¸µ¸É ¢²ÖÕÉ ¨¤ÊÐ¨¥ ¸ ³ ²Ò³¨ ¶¥·¥¤ Î ³¨ ¶µ¶¥·¥Î´µ£µ ¨³¶Ê²Ó¸  ³Ö£±¨¥ ¶·µ-
Í¥¸¸Ò. �µÔÉµ³Ê ¤²Ö ±µ²¨Î¥¸É¢¥´´µ£µ  ´ ²¨§  Ö¤·µ-Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°
¶·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ · §· ¡µÉ ´ ·Ö¤ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨Ì ³µ¤¥²¥°, ±µÉµ-
·Ò¥ ¸µ¤¥·¦ É ¡µ²ÓÏµ¥ ±µ²¨Î¥¸É¢µ ¶ · ³¥É·µ¢, ¶µ¤¡¨· ¥³ÒÌ ¨§ ¸· ¢´¥´¨Ö
·¥§Ê²ÓÉ Éµ¢ ¤²Ö µ¸´µ¢´ÒÌ Ì · ±É¥·¨¸É¨±  ¤·µ´- ¤·µ´´ÒÌ,  ¤·µ´-Ö¤¥·´ÒÌ ¨
Ö¤·µ-Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° (± ±, ´ ¶·¨³¥·, ¸¥Î¥´¨Ö · §²¨Î´ÒÌ ± ´ ²µ¢
·¥ ±Í¨°, · ¸¶·¥¤¥²¥´¨¥ ¶µ ³´µ¦¥¸É¢¥´´µ¸É¨ ¨ ¨´±²Õ§¨¢´Ò¥ ¸¶¥±É·Ò ¢Éµ-
·¨Î´ÒÌ Î ¸É¨Í) ¸ ¨³¥ÕÐ¨³¨¸Ö ¤ ´´Ò³¨ ´  Ê¸±µ·¨É¥²ÖÌ ¨ ¢ Ô±¸¶¥·¨³¥´É Ì ¸
±µ¸³¨Î¥¸±¨³¨ ²ÊÎ ³¨.

�·¨ · §· ¡µÉ±¥ ³µ¤¥²¥°, µ¶¨¸Ò¢ ÕÐ¨Ì  ¤·µ´´Ò¥ ¸µ¸ÉµÖ´¨Ö ¨ ³Ö£±¨¥
 ¤·µ´´Ò¥ ¨ Ö¤¥·´Ò¥ ¢§ ¨³µ¤¥°¸É¢¨Ö, Ï¨·µ±µ ¨¸¶µ²Ó§Ê¥É¸Ö ¸É·Ê´´ Ö ±µ´Í¥¶-
Í¨Ö, ¢ÒÉ¥± ÕÐ Ö ¨§ ¨¸¸²¥¤µ¢ ´¨Ö ¸¢µ°¸É¢ Š•„ ¢ ´¥¶¥·ÉÊ·¡ É¨¢´µ° µ¡² -
¸É¨ ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨° [44]. �¸´µ¢´Ò³ µ¡Ñ¥±Éµ³ É ±¨Ì ³µ¤¥²¥° Ö¢²Ö-
¥É¸Ö ±² ¸¸¨Î¥¸± Ö ·¥²ÖÉ¨¢¨¸É¸± Ö ¸É·Ê´ , ¶·¥¤¸É ¢²ÖÕÐ Ö ¸µ¡µ° ¤¢ÊÌ³¥·-
´ÊÕ ¶µ¢¥·Ì´µ¸ÉÓ ¢ Î¥ÉÒ·¥Ì³¥·´µ³ ¶·µ¸É· ´¸É¢¥ Œ¨´±µ¢¸±µ£µ, ª´ ÉÖ¦¥´¨¥ª
±µÉµ·µ° µ¶·¥¤¥²Ö¥É Ô´¥·£¨Õ ¸¢Ö§¨  ¤·µ´´µ£µ ¸µ¸ÉµÖ´¨Ö. ‚ ³µ³¥´É ¸µ¶·¨-
±µ¸´µ¢¥´¨Ö Ö¤¥· ¢ ·¥§Ê²ÓÉ É¥ µÉ¤¥²Ó´ÒÌ ´¥Ê¶·Ê£¨Ì ´Ê±²µ´-´Ê±²µ´´ÒÌ ¢§ -
¨³µ¤¥°¸É¢¨° ¶·µ¨¸Ìµ¤ÖÉ ¨´É¥´¸¨¢´Ò¥ ±¢ ·±-£²Õµ´´Ò¥ µ¡³¥´Ò, ¶·¨¢µ¤ÖÐ¨¥
± µ¡· §µ¢ ´¨Õ ±¢ ·±-£²Õµ´´ÒÌ ¸É·Ê´ ¸ ¨Ì ¶µ¸²¥¤ÊÕÐ¨³ ¢µ§¡Ê¦¤¥´¨¥³ ¨
· ¸¶ ¤µ³ ´   ¤·µ´Ò ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ § ²µ¦¥´´Ò³¨ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨³¨
ËÊ´±Í¨Ö³¨ Ë· £³¥´É Í¨¨ (¨Ì ¶ · ³¥É·Ò ¶µ¤¡¨· ÕÉ¸Ö ¨§ ¸· ¢´¥´¨Ö ¸ e+e−-
¨ pp-¤ ´´Ò³¨). �·¨ ÔÉµ³ ¸¥Î¥´¨Ö µÉ¤¥²Ó´ÒÌ ¶·µÍ¥¸¸µ¢ ¢ÒÎ¨¸²ÖÕÉ¸Ö, ± ±
¶· ¢¨²µ, ¢ ¶·¨¡²¨¦¥´¨¨ ¸ ±¢ §¨Ô°±µ´ ²Ó´µ° ¶µ³¥·µ´´µ° ¶ · ³¥É·¨§ Í¨¥°
´Ê±²µ´-´Ê±²µ´´µ°  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö [45Ä48].

‘ÊÐ¥¸É¢Ê¥É ¢µ§³µ¦´µ¸ÉÓ ¢±²ÕÎ¥´¨Ö · §´µ£µ ·µ¤  ±µ²²¥±É¨¢´ÒÌ ÔËË¥±-
Éµ¢ ¢ ¸É·Ê´´Ò¥ ³µ¤¥²¨ ¤²Ö ¸µ£² ¸µ¢ ´¨Ö ¶µ²ÊÎ ¥³ÒÌ ·¥§Ê²ÓÉ Éµ¢ ¸ Ô±¸¶¥-
·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨. ‚ Î ¸É´µ¸É¨, ¥¸²¨ ¡Ò¸É·Ò¥ Î ¸É¨ÍÒ Ëµ·³¨·ÊÕÉ¸Ö
¢´¥ Ö¤· -³¨Ï¥´¨ ¨ Ö¤· -¸´ ·Ö¤ , Éµ ³¥¤²¥´´Ò¥ Î ¸É¨ÍÒ ³µ£ÊÉ µ¡· §µ¢Ò¢ ÉÓ¸Ö
¢´ÊÉ·¨ Ö¤·  ¨, ¢§ ¨³µ¤¥°¸É¢ÊÖ ¸ ´Ê±²µ´ ³¨-¸¶¥±É Éµ· ³¨, ¨´¨Í¨¨·µ¢ ÉÓ · §-
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¢¨É¨¥ ªÌµ²µ¤´µ£µª ¢´ÊÉ·¨Ö¤¥·´µ£µ ± ¸± ¤ , ÊÎ¥É ±µÉµ·µ£µ ¢ ´¥±µÉµ·ÒÌ ¸É·Ê´-
´ÒÌ ³µ¤¥²ÖÌ (VENUS, DPM) ¶·¨¢µ¤¨É ± Ê¢¥²¨Î¥´¨Õ ³´µ¦¥¸É¢¥´´µ¸É¨ ¢
µ¡² ¸ÉÖÌ ¡Ò¸É·µÉ Ë· £³¥´É Í¨¨ ³¨Ï¥´¨ ¨²¨ ¶ÊÎ±  ¨ Ê¢¥²¨Î¥´¨Õ µÉ´µ¸¨-
É¥²Ó´µ° ¤µ²¨ ¸É· ´´ÒÌ Î ¸É¨Í. ‚ Éµ ¦¥ ¢·¥³Ö ª£µ·ÖÎ¥¥ª ± ¸± ¤¨·µ¢ ´¨¥,
¸µµÉ¢¥É¸É¢ÊÕÐ¥¥ ¢§ ¨³µ¤¥°¸É¢¨Õ ³¥¦¤Ê ·µ¦¤¥´´Ò³¨ Î ¸É¨Í ³¨, ³µ¦¥É ¶·¨-
¢µ¤¨ÉÓ ± ´¥±µÉµ·Ò³ ¨§³¥´¥´¨Ö³ ¢ ¨³¶Ê²Ó¸´µ³ · ¸¶·¥¤¥²¥´¨¨  ¤·µ´µ¢ ¨ ¨Ì
¸µ¸É ¢¥ ¢ Í¥´É· ²Ó´µ° µ¡² ¸É¨ ¡Ò¸É·µÉ, ¶·¨ µ¶·¥¤¥²¥´´ÒÌ Ê¸²µ¢¨ÖÌ ¶·¨¢µ¤Ö
¸¨¸É¥³Ê ¢ É¥·³ ²Ó´µ¥ ¨²¨ Ì¨³¨Î¥¸±µ¥ · ¢´µ¢¥¸¨¥ [49].

„·Ê£¨³¨ ±µ²²¥±É¨¢´Ò³¨ ÔËË¥±É ³¨, ¶·¨¢µ¤ÖÐ¨³¨ ± ¡µ²¥¥ ¦¥¸É±µ³Ê
¸¶¥±É·Ê ¢Éµ·¨Î´ÒÌ  ¤·µ´µ¢ ¶µ ¶µ¶¥·¥Î´µ³Ê ¨³¶Ê²Ó¸Ê ¨ ¶µ¢ÒÏ¥´´µ³Ê ¢ÒÌµ¤Ê
¸É· ´´ÒÌ Î ¸É¨Í, Ö¢²ÖÕÉ¸Ö ¢§ ¨³µ¤¥°¸É¢¨¥ (µÉÉ ²±¨¢ ´¨¥ ¨²¨ ¸²¨Ö´¨¥) ¸É·Ê´
(QGSM [50] ¨ DPM [51]) ¨ ¨Ì ±µ²²¥±É¨¢´µ¥ ¨§²ÊÎ¥´¨¥ Å ³µ¤¥²Ó ªµ£´¥´´ÒÌ
±·¥±¥·µ¢ª (FRITIOF [49]). Š ¸µ¦ ²¥´¨Õ, É¥µ·¨Ö ¶µ±  ´¥ ¤ ¥É µ¤´µ§´ Î-
´µ£µ µÉ¢¥É  ´  ¢µ¶·µ¸, ± ±¨³ ¨³¥´´µ µ¡· §µ³ ¢§ ¨³µ¤¥°¸É¢¨¥ ¸É·Ê´ ³µ¦¥É
¡ÒÉÓ ±µ··¥±É´µ ¢±²ÕÎ¥´µ ¢ ¸ÊÐ¥¸É¢ÊÕÐ¨¥ ³µ¤¥²¨, ÌµÉÖ ´¥µ¡Ìµ¤¨³µ¸ÉÓ ÊÎ¥É 
ÔÉ¨Ì ÔËË¥±Éµ¢ ¶·¨ ¢Ò¸µ±µ° ¶²µÉ´µ¸É¨ Î¨¸²  ¸É·Ê´ (¨, ¸²¥¤µ¢ É¥²Ó´µ, ¨Ì ¶¥-
·¥±·ÒÉ¨¨ ¢ ¶µ¶¥·¥Î´µ° ¶²µ¸±µ¸É¨ ¨ ¶µ ¡Ò¸É·µÉ¥) ¢ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±¨Ì
¸Éµ²±´µ¢¥´¨ÖÌ ÉÖ¦¥²ÒÌ Ö¤¥· ¶·¥¤¸É ¢²Ö¥É¸Ö µÎ¥¢¨¤´µ°.

�·¨ Ô´¥·£¨ÖÌ ±µ²² °¤¥·µ¢ (
√
s >∼ 100 ƒÔ‚) § ³¥É´Ò° ¢±² ¤ ¢ Ëµ·³¨·µ¢ -

´¨¥ ±µ´¥Î´µ£µ  ¤·µ´´µ£µ ¸µ¸ÉµÖ´¨Ö ¢´µ¸ÖÉ ¦¥¸É±¨¥ ¨ ¶µ²Ê¦¥¸É±¨¥ ¶·µÍ¥¸¸Ò
¶ ·Éµ´-¶ ·Éµ´´µ£µ · ¸¸¥Ö´¨Ö ¸ ¶¥·¥¤ Î¥° ¨³¶Ê²Ó¸  Q2 > 1 (ƒÔ‚/c)2 (³´µ£µ
¡µ²ÓÏ¥ ³ cÏÉ ¡´µ£µ ¶ · ³¥É·  Š•„ Λ ' 200 ŒÔ‚), ±µÉµ·Ò¥ ¢±²ÕÎ ÕÉ¸Ö
¢ ¸É·Ê´´Ò¥ ³µ¤¥²¨ ²¨¡µ ¢ · ³± Ì ·¥¤¦¨µ´´µ£µ Ô°±µ´ ²Ó´µ£µ Ëµ·³ ²¨§³  ¸
µ¡³¥´µ³ ª¦¥¸É±¨³¨ª ¶µ³¥·µ´ ³¨ (VENUS, QGSM), ²¨¡µ ¸ ¤µ¡ ¢²¥´¨¥³ ¢Ò-
Î¨¸²¥´´µ£µ ¢ ¶¥·ÉÊ·¡ É¨¢´µ° Š•„ ¨´±²Õ§¨¢´µ£µ ¸¥Î¥´¨Ö µ¡· §µ¢ ´¨Ö ¤¢ÊÌ
¦¥¸É±¨Ì ¸É·Ê° ¢ µÉ¤¥²Ó´µ³ ´Ê±²µ´-´Ê±²µ´´µ³ ¸Ê¡¸Éµ²±´µ¢¥´¨¨ (FRITIOF,
HIJING). “¢¥²¨Î¥´¨¥ Ô´¥·£¨¨ ¸É ²±¨¢ ÕÐ¨Ì¸Ö ¶ÊÎ±µ¢ ¶·¨¢µ¤¨É ± ¡Ò¸É·µ³Ê
·µ¸ÉÊ ¸¥Î¥´¨Ö ¦¥¸É±¨Ì ¶·µÍ¥¸¸µ¢ [39, 52], ±µÉµ·Ò¥ ¤ ÕÉ ¢±² ¤ ¶·¨³¥·´µ
¢ ¶µ²µ¢¨´Ê ¶µ¶¥·¥Î´µ° Ô´¥·£¨¨ (¢Ò¤¥²Ö¥³µ° ¢ ¶¥·¶¥´¤¨±Ê²Ö·´µ³ µÉ´µ¸¨-
É¥²Ó´µ µ¸¨ ¸Éµ²±´µ¢¥´¨Ö Ö¤¥· ´ ¶· ¢²¥´¨¨) ¢ ¸µÊ¤ ·¥´¨ÖÌ ÉÖ¦¥²ÒÌ ¨µ´µ¢
¶·¨ Ô´¥·£¨ÖÌ RHIC (

√
s ∼ 200 ƒÔ‚/´Ê±²µ´) ¨ ¡µ²¥¥ 80% ¶·¨ Ô´¥·£¨ÖÌ LHC

(
√
s ∼ 6 ’Ô‚/´Ê±²µ´) [53]. ‚ Éµ ¦¥ ¢·¥³Ö ³Ö£±¨¥ ¶·µÍ¥¸¸Ò ¸ ³ ²µ° ¶¥·¥-

¤ Î¥° ¨³¶Ê²Ó¸  Q2 ∼ Λ2 ³µ£ÊÉ Î ¸É¨Î´µ ¨²¨ ¶µ²´µ¸ÉÓÕ ¶µ¤ ¢²ÖÉÓ¸Ö ¢¸²¥¤-
¸É¢¨¥ Ô±· ´¨·µ¢±¨ Í¢¥Éµ¢µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ¶²µÉ´µ° ¶ ·Éµ´´µ° ³ É¥·¨¨,
Ëµ·³¨·Ê¥³µ° ¨§ ¸¨¸É¥³Ò ³¨´¨¸É·Ê° ´  ¸ ³ÒÌ · ´´¨Ì ¸É ¤¨ÖÌ ·¥ ±Í¨¨ [54].
’ ±¨³ µ¡· §µ³, ¶·¨ Ô´¥·£¨ÖÌ LHC ´ ¸ÉÊ¶ ¥É ¸¢µ¥£µ ·µ¤  ¸³¥·ÉÓ ª³Ö£±µ°ª
Ë¨§¨±¨, ±µ£¤ , ± ± µ¦¨¤ ¥É¸Ö, ¦¥¸É±¨¥ ¨ ¶µ²Ê¦¥¸É±¨¥ ¶·µÍ¥¸¸Ò · ¸¸¥Ö´¨Ö
¡Ê¤ÊÉ ¤ ¢ ÉÓ µ¶·¥¤¥²ÖÕÐ¨° ¢±² ¤ ¢ Ëµ·³¨·µ¢ ´¨¥ ´ Î ²Ó´µ£µ ¸µ¸ÉµÖ´¨Ö [55].
�·¨³¥´¨³µ¸ÉÓ ¸É·Ê´´µ° Ë¥´µ³¥´µ²µ£¨¨ ª³Ö£±¨Ìª ¶·µÍ¥¸¸µ¢ ¢ ÔÉµ³ ¸²ÊÎ ¥,
¶µ ±· °´¥° ³¥·¥ ´  · ´´¥°, ª¤µ ¤·µ´¨§ Í¨µ´´µ°ª ¸É ¤¨¨ ·¥ ±Í¨¨, ¢Ò§Ò¢ ¥É
µ¶·¥¤¥²¥´´Ò¥ ¸µ³´¥´¨Ö, ¨ ¡µ²¥¥ ¶· ¢µ³¥·´Ò³ ¶µ¤Ìµ¤µ³ ¶·¨ µÎ¥´Ó ¢Ò¸µ±¨Ì
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Ô´¥·£¨ÖÌ ¶·¥¤¸É ¢²Ö¥É¸Ö ³µ¤¥²¨·µ¢ ´¨¥ Ô¢µ²ÕÍ¨¨ ¶ ·Éµ´´ÒÌ ± ¸± ¤µ¢ ¢ · ³-
± Ì É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° Š•„ [56].

� ·Éµ´´ Ö ± ¸± ¤´ Ö ³µ¤¥²Ó (PCM) · ¸¸³ É·¨¢ ¥É ¸É ²±¨¢ ÕÐ¨¥¸Ö Ö¤· 
± ± ¤¢  ªµ¡² ± ª ¢ ²¥´É´ÒÌ ¨ ³µ·¸±¨Ì ±¢ ·±µ¢ ¨ £²Õµ´µ¢, ±µÉµ·Ò¥ ¶·µÌµ¤ÖÉ
¤·Ê£ Î¥·¥§ ¤·Ê£  ¨ ¶¥·ÉÊ·¡ É¨¢´µ ¢§ ¨³µ¤¥°¸É¢ÊÕÉ, ¶·¨¢µ¤Ö ¸¨¸É¥³Ê ± ¸µ¸Éµ-
Ö´¨Õ ²µ± ²Ó´µ£µ É¥·³ ²Ó´µ£µ · ¢´µ¢¥¸¨Ö. ‚ ± Î¥¸É¢¥ ¶·¨³¥·  · ¸¸³µÉ·¨³
· ¡µÉÊ £¥´¥· Éµ·  Œµ´É¥-Š ·²µ Ö¤·µ-Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° PCM, · §· -
¡µÉ ´´µ£µ Š.ƒ¥°£¥·µ³ [37,38,57]. Œµ¤¥²Ó ¸µ¸Éµ¨É ¨§ É·¥Ì µ¸´µ¢´ÒÌ ¡²µ±µ¢.

1) ‡ ¤ ´¨¥ ´ Î ²Ó´µ° ±µ´Ë¨£Ê· Í¨¨ Ö¤·µ-Ö¤¥·´µ° ¸¨¸É¥³Ò, É.¥. µ¶·¥¤¥²¥-
´¨¥ ¢ÒÌµ¤  ´ Î ²Ó´ÒÌ  ·µ³ Éµ¢ ±¢ ·±µ¢, ¨³¶Ê²Ó¸´µ£µ ¨ ¶·µ¸É· ´¸É¢¥´´µ£µ
· ¸¶·¥¤¥²¥´¨Ö ¶ ·Éµ´µ¢. �·¨ ÔÉµ³ ¢ ¦´ÊÕ ·µ²Ó ¢ ¶·µÍ¥¸¸¥ Ëµ·³¨·µ¢ ´¨Ö
´ Î ²Ó´µ£µ ¸µ¸ÉµÖ´¨Ö ¨£· ¥É ÔËË¥±É Ö¤¥·´µ° Ô±· ´¨·µ¢±¨, ´ ¡²Õ¤ ¢Ï¨°¸Ö
¢ Ô±¸¶¥·¨³¥´É Ì ¶µ £²Ê¡µ±µ´¥Ê¶·Ê£µ³Ê · ¸¸¥Ö´¨Õ [58], ±µÉµ·Ò° ¶·¨¢µ¤¨É
± ³µ¤¨Ë¨± Í¨¨ (ª´ ¸ÒÐ¥´¨Õª) ¶ ·Éµ´´ÒÌ ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨° ´Ê±²µ´  ¢
Ö¤·¥: fAi (x,Q2) < Afpi (x,Q2) ¤²Ö §´ Î¥´¨° Ê´µ¸¨³µ° ¶ ·Éµ´µ³ ¤µ²¨ ¨³-
¶Ê²Ó¸  x <∼ 0, 1. Š Î¥¸É¢¥´´µ¥ µ¡ÑÖ¸´¥´¨¥ ¤ ´´µ£µ ÔËË¥±É  ¶·¨¢µ¤¨É¸Ö, ± ±
¶· ¢¨²µ, ´  Ö§Ò±¥ ª¶¥·¥±·Ò¢ ÕÐ¨Ì¸Ö ¶ ·Éµ´µ¢ª (¸³., ´ ¶·¨³¥·, [55]): ¥¸²¨
¶·µ¤µ²Ó´ Ö ¤²¨´  ¢µ²´Ò ¶ ·Éµ´  ∼ 1/(xp) (p Å ¨³¶Ê²Ó¸ ´Ê±²µ´ ) ¶·¥¢Ò-
Ï ¥É ¶·µ¤µ²Ó´Ò° · §³¥· ´Ê±²µ´  ¢ Ö¤·¥ ∼ 2rnmn/p, Ô±· ´¨·µ¢ ´¨¥ ¤µ²¦´µ
´ ¡²Õ¤ ÉÓ¸Ö ¶·¨ x <∼ 1/(2mnrn) ∼ 0, 1 ¨ Ê¸¨²¨¢ ÉÓ¸Ö ¸ Ê³¥´ÓÏ¥´¨¥³ x. ’ ±
± ± ´¥ ¸ÊÐ¥¸É¢Ê¥É ¸É·µ£¨Ì µ¤´µ§´ Î´ÒÌ É¥µ·¥É¨Î¥¸±¨Ì ¶·¥¤¸± § ´¨° µ ±µ´-
±·¥É´µ³ ¢¨¤¥ ³µ¤¨Ë¨Í¨·µ¢ ´´ÒÌ ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨° ´Ê±²µ´  ¢ Ö¤·¥, Éµ
¢ ³µ¤¥²ÖÌ µ´¨ § ¤ ÕÉ¸Ö Ë¥´µ³¥´µ²µ£¨Î¥¸±¨³ ¶ÊÉ¥³ ´  µ¸´µ¢¥  ¶¶·µ±¸¨³ -
Í¨¨ ¨³¥ÕÐ¨Ì¸Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ  ¤·µ´-Ö¤¥·´Ò³ ¸µÊ¤ ·¥´¨Ö³.
‘Éµ¨É, µ¤´ ±µ, µÉ³¥É¨ÉÓ, ÎÉµ ¢ ²¨É¥· ÉÊ·¥ ¶µ¸²¥¤´¥¥ ¢·¥³Ö  ±É¨¢´µ · §¢¨-
¢ ÕÉ¸Ö ¶·¥¤¸É ¢²¥´¨Ö µ ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨ÖÌ Ö¤¥· ± ± ¸µ¢µ±Ê¶´µ¸É¨ ±¢ ´-
Éµ¢ÒÌ Ë²Ê±ÉÊ Í¨° ´  Ëµ´¥ ±² ¸¸¨Î¥¸±¨Ì £²Õµ´´ÒÌ ¶µ²¥° Ÿ´£  Å Œ¨²²¸ ,
£¥´¥·¨·Ê¥³ÒÌ ¤¢¨¦ÊÐ¨³¨¸Ö ¸µ ¸±µ·µ¸ÉÖ³¨, ¡²¨§±¨³¨ ± ¸±µ·µ¸É¨ ¸¢¥É ,
qq̄-¶ · ³¨ (¸³., ´ ¶·¨³¥·, µ¡§µ· [59]).

2) Œµ¤¥²¨·µ¢ ´¨¥ ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´µ° Ô¢µ²ÕÍ¨¨ ¶ ·Éµ´´µ£µ ± ¸-
± ¤ , µ¸´µ¢ ´´µ¥ ´  ¶¥·ÉÊ·¡ É¨¢´ÒÌ · ¸Î¥É Ì Ô²¥³¥´É ·´ÒÌ  ±Éµ¢ ¶ ·Éµ´-
¶ ·Éµ´´µ£µ · ¸¸¥Ö´¨Ö ¨ ¢±²ÕÎ ÕÐ¥¥ · §¢¨É¨¥ ¶·µ¸É· ´¸É¢¥´´µ- ¨ ¢·¥³¥´¨-
¶µ¤µ¡´ÒÌ ª²¨¢´¥°ª µÉ · ¸¸¥Ö´´ÒÌ ¶ ·Éµ´µ¢. Œ É¥³ É¨Î¥¸±¨ § ¤ Î  ¸¢µ¤¨É¸Ö
± ·¥Ï¥´¨Õ ±¨´¥É¨Î¥¸±µ£µ Ê· ¢´¥´¨Ö[

∂

∂t
− v

∂

∂r

]
Fa(p, r, t) =

∑
i

Ci(p, r, t), (3)

£¤¥ µ¤´µÎ ¸É¨Î´ Ö ËÊ´±Í¨Ö · ¸¶·¥¤¥²¥´¨Ö Fa(p, r, t)d3pd3r Å ¸·¥¤´¥¥ Î¨¸²µ
¶ ·Éµ´µ¢ É¨¶  a ¢ ¶·µ¸É· ´¸É¢¥´´µ³ µ¡Ñ¥³¥ d3r ¢ µ±·¥¸É´µ¸É¨ ÉµÎ±¨ r ¨ ¢
¨³¶Ê²Ó¸´µ³ µ¡Ñ¥³¥ d3p ¢ µ±·¥¸É´µ¸É¨ p ¢ ³µ³¥´É ¢·¥³¥´¨ t; ¸±µ·µ¸ÉÓ v =
= p/

√
p2 +m2

a; Ci(p, r, t) Å ¨´É¥£· ² ¸Éµ²±´µ¢¥´¨° i-£µ ¶·µÍ¥¸¸ , ¢ ±µ-
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�¨¸. 2. ‡ ¢¨¸¨³µ¸ÉÓ µÉ´µÏ¥´¨Ö Ô´É·µ¶¨¨ ¸¨¸É¥³Ò S ± ³´µ¦¥¸É¢¥´´µ¸É¨ ¶ ·Éµ´µ¢
N ¢ Í¥´É· ²Ó´µ° µ¡² ¸É¨ ¡Ò¸É·µÉ µÉ ¢·¥³¥´¨, ¢ÒÎ¨¸²¥´´ Ö ¢ PCM ¤²Ö Í¥´É· ²Ó´ÒÌ
¸µÊ¤ ·¥´¨° AuÅAu ¶·¨ · §²¨Î´ÒÌ Ô´¥·£¨ÖÌ ¸É ²±¨¢ ÕÐ¨Ì¸Ö ¶ÊÎ±µ¢

√
s [37]: (2) Å

200, (◦) Å 1000, (4) Å 2000, (3) Å 4000, (∇) Å 6300 A·ƒÔ‚

Éµ·µ³ ¨ § ²µ¦¥´  ¶¥·ÉÊ·¡ É¨¢´ Ö ¤¨´ ³¨± . ‡ ³¥É¨³, ÎÉµ F 0
a (p, r, t0) ¶·¥¤-

¸É ¢²Ö¥É ¸µ¡µ° ¸É·Ê±ÉÊ·´ÊÕ ËÊ´±Í¨Õ ¶ ·Éµ´µ¢ É¨¶  a ¢ ´ Î ²Ó´Ò° ³µ³¥´É
t = t0, ±µÉµ· Ö Ô¢µ²ÕÍ¨µ´¨·Ê¥É ¸ É¥Î¥´¨¥³ ¢·¥³¥´¨ ¶µ ³¥·¥ · §¢¨É¨Ö ± ¸-
± ¤ .

3) ”µ·³¨·µ¢ ´¨¥ ±µ´¥Î´µ£µ  ¤·µ´´µ£µ ¸µ¸ÉµÖ´¨Ö ¢ ´¥¶¥·ÉÊ·¡ É¨¢´µ³
·¥¦¨³¥ Š•„, ¢Ò¶µ²´¥´´µ¥ ¢ · ³± Ì Ë¥´µ³¥´µ²µ£¨Î¥¸±µ° ±² ¸É¥·- ¤·µ´¨§ -
Í¨µ´´µ° ¸Ì¥³Ò: ¨§ ¶ ·Éµ´µ¢ ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨ Ëµ·³¨·ÊÕÉ¸Ö ¡¥¸Í¢¥É´Ò¥
±² ¸É¥·Ò, ¨ ¶·µ¨¸Ìµ¤¨É ´¥§ ¢¨¸¨³ Ö Ë· £³¥´É Í¨Ö ± ¦¤µ£µ ±² ¸É¥·  ´  ·¥-
§µ´ ´¸Ò, · ¸¶ ¤ ÕÐ¨¥¸Ö ¢¶µ¸²¥¤¸É¢¨¨ ´  ±µ´¥Î´Ò¥  ¤·µ´Ò [57].

Š ¸± ¤´ Ö ³µ¤¥²Ó ¶·¥¤¸± §Ò¢ ¥É ¤µ¸É ÉµÎ´µ ¡Ò¸É·ÊÕ É¥·³ ²¨§ Í¨Õ £²Õ-
µ´´µ° ³ É¥·¨¨ ¢ Í¥´É· ²Ó´µ° µ¡² ¸É¨ ¡Ò¸É·µÉ ¢ ¸µÊ¤ ·¥´¨ÖÌ ÉÖ¦¥²ÒÌ Ö¤¥·,
µ¡Ê¸²µ¢²¥´´ÊÕ ±µ³¡¨´ Í¨¥° ¨´¤¨¢¨¤Ê ²Ó´ÒÌ ¶ ·Éµ´-¶ ·Éµ´´ÒÌ · ¸¸¥Ö´¨° ¨
£²Õµ´´µ° · ¤¨ Í¨¥° ¶ ·Éµ´µ¢: ¶·¥¤¸± §Ò¢ ¥³µ¥ ¢·¥³Ö É¥·³ ²¨§ Í¨¨ τeq ¸µ-
¸É ¢²Ö¥É 0, 5÷ 1 Ë³/c ¤²Ö RHIC ¨ 0, 1÷ 0, 5 Ë³/c ¤²Ö LHC [37,38,53,55,60].
‚ ± Î¥¸É¢¥ ¨²²Õ¸É· Í¨¨ ´  ·¨¸.2 ¶·¥¤¸É ¢²¥´  § ¢¨¸¨³µ¸ÉÓ µÉ´µÏ¥´¨Ö Ô´-
É·µ¶¨¨ ¸¨¸É¥³Ò S ± ³´µ¦¥¸É¢¥´´µ¸É¨ ¶ ·Éµ´µ¢ N ¢ Í¥´É· ²Ó´µ° µ¡² -
¸É¨ ¡Ò¸É·µÉ µÉ ¢·¥³¥´¨, ¢ÒÎ¨¸²¥´´ Ö ¢ PCM ¤²Ö Í¥´É· ²Ó´ÒÌ ¸µÊ¤ ·¥´¨°
AuÅAu ¶·¨ · §²¨Î´ÒÌ Ô´¥·£¨ÖÌ ¸É ²±¨¢ ÕÐ¨Ì¸Ö ¶ÊÎ±µ¢

√
s [37]. ˆ§ ·¨¸.2

¢¨¤´µ, ÎÉµ Ê¸É ´µ¢¨¢Ï¨¥¸Ö §´ Î¥´¨Ö S/N(τ ≥ τeq) ¡²¨§±¨ ± ·¥§Ê²ÓÉ É ³ ¤²Ö
¨¤¥ ²Ó´µ£µ £ §  ¡¥§³ ¸¸µ¢ÒÌ ±¢ ·±µ¢ ¨ £²Õµ´µ¢ (S/N)ideal (· §´¨Í  ¸µ¸É ¢²Ö-
¥É ³¥´¥¥ 10% ¤²Ö Ô´¥·£¨¨ RHIC

√
s = 200A· ƒÔ‚ ¨ Ê³¥´ÓÏ ¥É¸Ö ¸ ·µ¸Éµ³

√
s).

� ¸¶·¥¤¥²¥´¨¥ £²Õµ´µ¢ ¶µ ¶µ¶¥·¥Î´µ³Ê ¨³¶Ê²Ó¸Ê G(pT , τ = τeq) Ìµ·µÏµ  ¶-
¶·µ±¸¨³¨·Ê¥É¸Ö ·¥²ÖÉ¨¢¨¸É¸±¨³ ¡µ²ÓÍ³ ´µ¢¸±¨³ · ¸¶·¥¤¥²¥´¨¥³, ¢ Éµ ¢·¥³Ö
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± ± ¸¨²Ó´Ò° ¶µÉµ± ¢ ´ ¶· ¢²¥´¨¨ µ¸¨ ¸É ²±¨¢ ÕÐ¨Ì¸Ö Ö¤¥· ¶·¨¢µ¤¨É ± ª±µ-
²µ±µ²µµ¡· §´µ°ª Ëµ·³¥ · ¸¶·¥¤¥²¥´¨Ö ¶µ ¡Ò¸É·µÉ¥ G(y, τ = τeq):

G (y, pT , τ = τeq) = G0

∫
dη exp

[
−pT
T

cosh (y − η)
]
, (4)

£¤¥ T (τ) Å É¥³¶¥· ÉÊ· , µÍ¥´±¨ ±µÉµ·µ° ¸µ¸É ¢²ÖÕÉ 0, 3 ÷ 0, 5 ƒÔ‚ ¤²Ö
RHIC ¨ 0, 8 ÷ 1 ƒÔ‚ ¤²Ö LHC. Œ¥´ÓÏ¥¥ ¸¥Î¥´¨¥ · ¸¸¥Ö´¨Ö ¨ ³¥´ÓÏ Ö ¢¥-
·µÖÉ´µ¸ÉÓ £¥´¥· Í¨¨ ±¢ ·±µ¢ ¢ ¶ ·Éµ´´µ³ ²¨¢´¥ ¶·¨¢µ¤¨É ± Éµ³Ê, ÎÉµ ¨Ì
Î¨¸²µ ¢ ´ Î ²Ó´µ° ¶² §³¥ ³´µ£µ ³¥´ÓÏ¥ ª· ¢´µ¢¥¸´µ£µª §´ Î¥´¨Ö (¸Í¥´ -
·¨° ª£µ·ÖÎ¥°ª £²Õµ´´µ° ¶² §³Ò ¸³. ¢ [61], Nf ' 0), ¨ Ì¨³¨Î¥¸±¨ · ¢´µ-
¢¥¸´ Ö ±¢ ·±-£²Õµ´´ Ö ¶² §³  ³µ¦¥É ¸Ëµ·³¨·µ¢ ÉÓ¸Ö ´¥ · ´ÓÏ¥, Î¥³ Î¥·¥§
´¥¸±µ²Ó±µ Ë³/c ¨²¨ ¢µµ¡Ð¥ ´¥ ¸Ëµ·³¨·µ¢ ÉÓ¸Ö ¶¥·¥¤ µÌ² ¦¤¥´¨¥³ ¸¨¸É¥³Ò
¤µ ±·¨É¨Î¥¸±µ° É¥³¶¥· ÉÊ·Ò Tc ¨ ´ Î ²µ³  ¤·µ´¨§ Í¨¨. ‡ ³¥É¨³, ÎÉµ ÊÎ¥É
¢Ò¸Ï¨Ì ¶µ·Ö¤±µ¢ Š•„-¶·µÍ¥¸¸µ¢ É¨¶  2 → 2 + (n ≥ 1) ³µ¦¥É ´¥¸±µ²Ó±µ
Ê¸±µ·¨ÉÓ ¶·µÍ¥¸¸ É¥·³ ²¨§ Í¨¨ [62], ´µ ¢µ¶·µ¸ µ ¢µ§³µ¦´µ¸É¨ ¤µ¸É¨¦¥´¨Ö
¸¨¸É¥³µ° ¶ ·Éµ´µ¢ Ì¨³¨Î¥¸±µ£µ · ¢´µ¢¥¸¨Ö ¢¸¥ ¦¥ µ¸É ¥É¸Ö µÉ±·ÒÉÒ³ ¤ ¦¥
¢ ¸Éµ²±´µ¢¥´¨ÖÌ ¸ ³ÒÌ ÉÖ¦¥²ÒÌ ¨µ´µ¢ ¶·¨ ³ ±¸¨³ ²Ó´ÒÌ Ô´¥·£¨ÖÌ LHC.

�É³¥É¨³ É ±¦¥ ¤·Ê£µ° ¨´É¥·¥¸´Ò°  ¸¶¥±É, ¸¢Ö§ ´´Ò° ¸ ¢µ§³µ¦´µ° ´¥-
£µ³µ£¥´´µ¸ÉÓÕ ´ Î ²Ó´ÒÌ Ê¸²µ¢¨° Ëµ·³¨·µ¢ ´¨Ö ¶ ·Éµ´´µ° ³ É¥·¨¨: · §¢¨-
É¨¥ ¶ ·Éµ´´ÒÌ ± ¸± ¤µ¢ ³µ¦¥É ¶·¨¢µ¤¨ÉÓ ± ¡µ²ÓÏ¨³ Ë²Ê±ÉÊ Í¨Ö³ ²µ± ²Ó´µ°
¶²µÉ´µ¸É¨ Ô´¥·£¨¨ (ª£µ·ÖÎ¨³ ¶ÖÉ´ ³ª) ¨ µ¡· §µ¢ ´¨Õ ÉÊ·¡Ê²¥´É´µ¸É¥° ±µ²-
²¥±É¨¢´µ£µ ¶µÉµ±  (ª ¤·µ´´ÒÌ ¢Ê²± ´µ¢ª), ±µÉµ·Ò¥ ³µ£ÊÉ ´ ¡²Õ¤ ÉÓ¸Ö ± ±
´¥¸É É¨¸É¨Î¥¸±¨¥ Ë²Ê±ÉÊ Í¨¨ ¢ ±µ´¥Î´µ³ · ¸¶·¥¤¥²¥´¨¨  ¤·µ´µ¢ [63].

�¡Ð¥° ¶·µ¡²¥³µ° ±² ¸¸¨Î¥¸±¨Ì ± ¸± ¤´ÒÌ ³µ¤¥²¥° Ö¢²Ö¥É¸Ö É·Ê¤´µ¸ÉÓ
±µ··¥±É´µ£µ ¢±²ÕÎ¥´¨Ö ¢ ´¨Ì ±¢ ´Éµ¢ÒÌ ±µ£¥·¥´É´ÒÌ ÔËË¥±Éµ¢, ±µÉµ·Ò¥
³µ£ÊÉ µ± §Ò¢ ÉÓ ¸ÊÐ¥¸É¢¥´´µ¥ ¢²¨Ö´¨¥ ´  ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´ÊÕ Ô¢µ-
²ÕÍ¨Õ ³ É¥·¨¨ [60]. ‚ Î ¸É´µ¸É¨, ÊÎ¥É ±µ´¥Î´µ£µ ¢·¥³¥´¨ Ëµ·³¨·µ¢ ´¨Ö ¨§-
²ÊÎ¥´´ÒÌ £²Õµ´µ¢ ¤µ²¦¥´ ¶·¨¢µ¤¨ÉÓ ± ¤¥¸É·Ê±É¨¢´µ° ¨´É¥·Ë¥·¥´Í¨¨ ³¥¦¤Ê
· §²¨Î´Ò³¨  ³¶²¨ÉÊ¤ ³¨ · ¸¸¥Ö´¨Ö ¤²Ö £²Õµ´µ¢ ¸ ¢·¥³¥´¥³ Ëµ·³¨·µ¢ ´¨Ö
¡µ²ÓÏ¥ ¤²¨´Ò ¸¢µ¡µ¤´µ£µ ¶·µ¡¥£  ´ Î ²Ó´µ£µ ¶ ·Éµ´  (Š•„- ´ ²µ£ ÔËË¥±É 
‹ ´¤ Ê Å �µ³¥· ´ÎÊ±  Å Œ¨£¤ ²  ¢ Š�„ [64]). „¥²µ, µ¤´ ±µ, ¢ Éµ³, ÎÉµ
¨´É¥·Ë¥·¥´Í¨Ö ¶·µ¨¸Ìµ¤¨É ³¥¦¤Ê  ³¶²¨ÉÊ¤ ³¨, ¢ ±µÉµ·ÒÌ ´ Î ²Ó´Ò° ¶ ·-
Éµ´ ¨³¥¥É · §²¨Î´Ò¥ ¢¨·ÉÊ ²Ó´µ¸É¨: ¢·¥³¥´¨¶µ¤µ¡´ÊÕ ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨
(· ¤¨ Í¨Ö ¶µ¸²¥ µÎ¥·¥¤´µ£µ  ±É  · ¸¸¥´¨Ö) ¨ ¶·µ¸É· ´¸É¢¥´´µ¶µ¤µ¡´ÊÕ ¢ ´ -
Î ²Ó´µ³ ¸µ¸ÉµÖ´¨¨ (· ¤¨ Í¨Ö ¶µ¸²¥ ¶·¥¤Ï¥¸É¢ÊÕÐ¥£µ  ±É  · ¸¸¥Ö´¨Ö). ‚ Éµ
¦¥ ¢·¥³Ö ¢ ¶·µÍ¥¸¸¥ ³µ¤¥²¨·µ¢ ´¨Ö Œµ´É¥-Š ·²µ · §¢¨É¨Ö ± ¸± ¤  ¶ ·Éµ´
¤µ²¦¥´ ¢¸¥£¤  µ¸É ¢ ÉÓ¸Ö ¢·¥³¥´¨¶µ¤µ¡´Ò³ ³¥¦¤Ê ¤¢Ê³Ö · ¸¸¥Ö´¨Ö³¨. ’· ¤¨-
Í¨µ´´Ò³ ¶µ¤Ìµ¤µ³ ± ·¥Ï¥´¨Õ ¤ ´´µ£µ ¢µ¶·µ¸  Ö¢²Ö¥É¸Ö µÉ´¥¸¥´¨¥ £²Õµ´´µ°
· ¤¨ Í¨¨ ± ± ¢ ´ Î ²Ó´µ³, É ± ¨ ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨ ± µ¤´µ³Ê  ±ÉÊ · ¸¸¥Ö-
´¨Ö, ¨ ¨´É¥·Ë¥·¥´Í¨µ´´Ò° ÔËË¥±É ÊÎ¨ÉÒ¢ ¥É¸Ö ¶·¨ ÔÉµ³ ¶ÊÉ¥³ ³µ¤¨Ë¨± -
Í¨¨ ¸¶¥±É·  ªÉµ·³µ§´ÒÌª £²Õµ´µ¢; ´µ ¢µ¶·µ¸ µ ¤µ¸É ÉµÎ´µ° µ¡µ¸´µ¢ ´´µ¸É¨
É ±µ° ¶·µÍ¥¤Ê·Ò µ¸É ¥É¸Ö µÉ±·ÒÉÒ³.
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‚ § ±²ÕÎ¥´¨¥ µÉ³¥É¨³, ÎÉµ ¤¥É ²Ó´µ¥ ³µ¤¥²¨·µ¢ ´¨¥ · §¢¨É¨Ö ¶ ·Éµ´´ÒÌ
± ¸± ¤µ¢ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¢¥¸Ó³  É·Ê¤µ¥³±ÊÕ § ¤ ÎÊ, É·¥¡ÊÕÐÊÕ §´ Î¨-
É¥²Ó´ÒÌ ±µ³¶ÓÕÉ¥·´ÒÌ Ê¸¨²¨° ¨ ¡µ²ÓÏµ£µ ±µ²¨Î¥¸É¢  ³ Ï¨´´µ£µ ¢·¥³¥´¨.
…¸²¨ ¢ ´ ¸ÉµÖÐ¨Ì Ô±¸¶¥·¨³¥´É Ì ¢ CERN ´  Ê¸±µ·¨É¥²¥ SPS ¢ Í¥´É· ²Ó´ÒÌ
¸Éµ²±´µ¢¥´¨ÖÌ PbÅPb ·¥£¨¸É·¨·Ê¥É¸Ö µ±µ²µ 700 § ·Ö¦¥´´ÒÌ  ¤·µ´µ¢ [65],
Éµ ¶·¥¤¸± § ´¨Ö · §²¨Î´ÒÌ ³µ¤¥²¥° Œµ´É¥-Š ·²µ ¤²Ö ³´µ¦¥¸É¢¥´´µ¸É¨ ¢Éµ-
·¨Î´ÒÌ Î ¸É¨Í ¢ ¸µÊ¤ ·¥´¨ÖÌ ÉÖ¦¥²ÒÌ ¨µ´µ¢ ¸µ¸É ¢²ÖÕÉ Ê¦¥ µÉ ´¥¸±µ²Ó-
±¨Ì ÉÒ¸ÖÎ ¶·¨ Ô´¥·£¨ÖÌ RHIC ¤µ ´¥¸±µ²Ó±¨Ì ¤¥¸ÖÉ±µ¢ ÉÒ¸ÖÎ ¶·¨ Ô´¥·£¨ÖÌ
LHC [1]. �Î¥¢¨¤´µ, ÎÉµ ¢ É ±¨Ì Ê¸²µ¢¨ÖÌ É·Ê¤´µ ¶µ¸É·µ¨ÉÓ ¶· ¢¨²Ó´ÊÕ
³¨±·µ¸±µ¶¨Î¥¸±ÊÕ É¥µ·¨Õ Ö¤·µ-Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°, ¶·¥¤¸± § ´¨Ö ±µÉµ-
·µ° ¢ ²Õ¡µ³ ¸²ÊÎ ¥ ¡Ê¤ÊÉ ´µ¸¨ÉÓ ³µ¤¥²Ó´µ-§ ¢¨¸¨³Ò° Ì · ±É¥·. ‚µ§³µ¦´µ,
´  µ¶·¥¤¥²¥´´µ³ ÔÉ ¶¥ ¡Ò²µ ¡Ò Í¥²¥¸µµ¡· §´µ ¶¥·¥°É¨ µÉ · ¸¸³µÉ·¥´¨Ö ¢¸¥Ì
¤¥É ²¥° ¤¨´ ³¨±¨ Ö¤¥·´ÒÌ ¸Éµ²±´µ¢¥´¨° ± ³ ±·µ¸±µ¶¨Î¥¸±µ³Ê  ´ ²¨§Ê ·¥-
 ±Í¨° ¨ ¢Ò¤¥²¥´¨Õ ¨§ Ô±¸¶¥·¨³¥´É  É ±¨Ì ³ ±·µ¶ · ³¥É·µ¢, ± ± Ê· ¢´¥´¨¥
¸µ¸ÉµÖ´¨Ö ¸¨²Ó´µ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¥° ³ É¥·¨¨, Ô´É·µ¶¨Ö, É¥³¶¥· ÉÊ·  ¨ ¤·.
Š ±, ³µ¦¥É ¡ÒÉÓ, ´¥¸±µ²Ó±µ µ¡· §´µ ¸± § ² ….‚.˜Ê·Ö± ¢µ ¢¸ÉÊ¶¨É¥²Ó´µ°
·¥Î¨ ´  ¸µ¢¥Ð ´¨¨ ªŠ¢ ·±µ¢ Ö ³ É¥·¨Ö'90ª: ª‚µ§³µ¦´µ, ±¢ ·±-£²Õµ´´ Ö
¶² §³  ´ ¸Éµ²Ó±µ ¶·µÐ¥ ¶·µÉµ´ , ´ ¸±µ²Ó±µ µ¶¨¸ ´¨¥ ¶·µÍ¥¸¸µ¢ É¥Î¥´¨Ö
¢µ¤Ò ¢ É·Ê¡¥ ¨²¨ ¥¥ ±¨¶¥´¨Ö Ê· ¢´¥´¨¥³ ¸µ¸ÉµÖ´¨Ö ¶·µÐ¥ · ¸Î¥É   ³¶²¨-
ÉÊ¤Ò · ¸¸¥Ö´¨Ö ³µ²¥±Ê²Ò H2O ª [10].

2.2. Œ ±·µ¸±µ¶¨Î¥¸±¨¥ ³µ¤¥²¨. ‚ µ¸´µ¢¥ ³ ±·µ¸±µ¶¨Î¥¸±µ£µ ¶µ¤Ìµ¤  ±
µ¶¨¸ ´¨Õ ¤¨´ ³¨±¨ Ö¤¥·´ÒÌ ·¥ ±Í¨° ²¥¦¨É ±µ´Í¥¶Í¨Ö ±µ²²¥±É¨¢´µ£µ ¤¢¨-
¦¥´¨Ö ¸¨²Ó´µ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¥° ³ É¥·¨¨, ¶µ¤Î¨´ÖÕÐ¥£µ¸Ö § ±µ´ ³ ·¥²ÖÉ¨-
¢¨¸É¸±µ° £¨¤·µ¤¨´ ³¨±¨ [4, 31, 66], ±µ£¤  ³Ò ³µ¦¥³ ²µ± ²Ó´µ µ¶·¥¤¥²¨ÉÓ
¶²µÉ´µ¸ÉÓ Ô´¥·£¨¨ ε(x) ¨ Ô´É·µ¶¨¨ s(x), ¤ ¢²¥´¨¥ p(x), É¥³¶¥· ÉÊ·Ê T (x),  
É ±¦¥ 4-¸±µ·µ¸ÉÓ uµ(x) ± ± ËÊ´±Í¨¨ ±µµ·¤¨´ É x. ‡ ±µ´ ¸µÌ· ´¥´¨Ö É¥´§µ· 
Ô´¥·£¨¨-¨³¶Ê²Ó¸ 

T µν = (ε + p)uµuν − gµνp (5)

(§¤¥¸Ó gµν = diag(+,−,−,−) Å ³¥É·¨Î¥¸±¨° É¥´§µ·) § ¶¨Ï¥É¸Ö ¢ ¢¨¤¥

∂µT
µν = 0. (6)

ˆ¸¶µ²Ó§ÊÖ É¥·³µ¤¨´ ³¨Î¥¸±¨¥ Éµ¦¤¥¸É¢ 

ε+ p = Ts, s =
dp

dT
(7)

(Ì¨³¨Î¥¸±¨° ¶µÉ¥´Í¨ ² ¤²Ö ¶·µ¸ÉµÉÒ ¶µ² £ ¥É¸Ö §¤¥¸Ó · ¢´Ò³ ´Ê²Õ), Ê· ¢-
´¥´¨Ö (6) ³µ¦´µ ¶¥·¥¶¨¸ ÉÓ ¢ ¢¨¤¥

(uµuν − gµν)∂µ(lnT ) + uµ∂µu
ν = 0, (8)

∂µ(suµ) = 0, (9)



672 ‹�•’ˆ� ˆ.�., ‘��›—…‚� ‹.ˆ., ‘�ˆƒˆ�…‚ �.Œ.

¨ ¶µ µ¶·¥¤¥²¥´¨Õ
uµu

µ = 1. (10)

‚³¥¸É¥ ¸ Ê· ¢´¥´¨¥³ ¸µ¸ÉµÖ´¨Ö p = p(ε) Ê· ¢´¥´¨Ö (8)Å(10) µ¡· -
§ÊÕÉ § ³±´ÊÉÊÕ ¸¨¸É¥³Ê, ¨§ ±µÉµ·µ°, ¢ ¶·¨´Í¨¶¥, ³µ¦´µ µ¶·¥¤¥²¨ÉÓ ²µ-
± ²Ó´ÊÕ É¥³¶¥· ÉÊ·Ê T ¨ 4-¸±µ·µ¸ÉÓ uµ ¶·¨ § ¤ ´¨¨ £· ´¨Î´ÒÌ ¨ ´ Î ²Ó-
´ÒÌ Ê¸²µ¢¨°, ¢Ò¡µ· ±µÉµ·ÒÌ µ¡ÒÎ´µ ¤¨±ÉÊ¥É¸Ö É¨¶µ³ ¸¨³³¥É·¨¨ § ¤ Î¨.
�¤´ ±µ ¶·Ö³µ¥ ·¥Ï¥´¨¥ £¨¤·µ¤¨´ ³¨Î¥¸±¨Ì Ê· ¢´¥´¨° ¢ Î ¸É´ÒÌ ¶·µ¨§-
¢µ¤´ÒÌ (8)Å(10) ¤²Ö ±¢ ·±-£²Õµ´´µ° ¦¨¤±µ¸É¨ ¸ Ë §µ¢Ò³ ¶¥·¥Ìµ¤µ³ ¢µ§-
³µ¦´µ ²¨ÏÓ ¤²Ö µ¶·¥¤¥²¥´´µ£µ É¨¶  ´ Î ²Ó´ÒÌ Ê¸²µ¢¨°, ¨, ± ± ¶· ¢¨²µ,
µ´µ ¶·¨¢µ¤¨É ± ¤µ¢µ²Ó´µ ¸²µ¦´Ò³ ±µ³¶ÓÕÉ¥·´Ò³ · ¸Î¥É ³. �µÔÉµ³Ê ¶·¨
¨¸¸²¥¤µ¢ ´¨¨ Ô¢µ²ÕÍ¨¨ ³ É¥·¨¨, Ëµ·³¨·Ê¥³µ° ¢ ¸¨³³¥É·¨Î´ÒÌ Ê²ÓÉ· ·¥²Ö-
É¨¢¨¸É¸±¨Ì ¸µÊ¤ ·¥´¨ÖÌ Ö¤¥·, ±µ£¤  ¥¸ÉÓ ¢Ò¤¥²¥´´µ¥ ´ ¶· ¢²¥´¨¥, ´ ¨¡µ²¥¥
Ï¨·µ±µ ¨¸¶µ²Ó§Ê¥É¸Ö µ¤´µ³¥·´ Ö ¸±¥°²¨´£µ¢ Ö £¨¤·µ¤¨´ ³¨± , µ¶¨¸Ò¢ Õ-
Ð Ö ²µ·¥´Í-¨´¢ ·¨ ´É´µ¥ ¤¢¨¦¥´¨¥ ³ É¥·¨¨ ¢¤µ²Ó µ¸¨ ¸Éµ²±´µ¢¥´¨Ö: ¶·¨
²µ·¥´Í-¨´¢ ·¨ ´É´ÒÌ ´ Î ²Ó´ÒÌ Ê¸²µ¢¨ÖÌ £¨¤·µ¤¨´ ³¨Î¥¸±¨¥ Ê· ¢´¥´¨Ö ¸µ-
Ì· ´ÖÕÉ ÔÉµÉ É¨¶ ¸¨³³¥É·¨¨∗. ‚ ¸±¥°²¨´£µ¢µ° £¨¤·µ¤¨´ ³¨±¥ Ëµ·³¨·µ¢ ´¨¥
Î ¸É¨Í ¶·µ¨¸Ìµ¤¨É ´  £¨¶¥·¶µ¢¥·Ì´µ¸É¨ µ¤¨´ ±µ¢µ£µ ¸µ¡¸É¢¥´´µ£µ ¢·¥³¥´¨
τ =

√
t2 − z2,   ¢¸¥ É¥·³µ¤¨´ ³¨Î¥¸±¨¥ ¢¥²¨Î¨´Ò ´¥ § ¢¨¸ÖÉ µÉ ¶·µ¸É· ´-

¸É¢¥´´µ° ¡Ò¸É·µÉÒ η = 1
2 ln t+z

t−z [67]. �  ·¨¸.3 ¶µ± § ´Ò µ¸´µ¢´Ò¥ ÔÉ ¶Ò
µ¡· §µ¢ ´¨Ö ¨ ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´µ° Ô¢µ²ÕÍ¨¨ ³ É¥·¨¨ ¢ ·¥²ÖÉ¨¢¨¸É-
¸±µ³ Ö¤·µ-Ö¤¥·´µ³ ¸µÊ¤ ·¥´¨¨ ¢ ¸±¥°²¨´£µ¢µ° £¨¤·µ¤¨´ ³¨±¥ (Ëµ·³¨·µ¢ -
´¨¥ ¨ · ¸Ï¨·¥´¨¥ Šƒ�, ±¢ ·±- ¤·µ´´Ò° Ë §µ¢Ò° ¶¥·¥Ìµ¤, · ¸Ï¨·¥´¨¥ ¨
· ¸¶ ¤  ¤·µ´´µ° ¦¨¤±µ¸É¨), µ¶·¥¤¥²¥´¨¥ ¢·¥³¥´´µ£µ ³ ÏÉ ¡  ± ¦¤µ£µ ¨§
±µÉµ·ÒÌ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¤µ¢µ²Ó´µ ¸²µ¦´ÊÕ Ô±¸¶¥·¨³¥´É ²Ó´ÊÕ § ¤ ÎÊ.

�·¨ ¸±¥°²¨´£µ¢µ³ §´ Î¥´¨¨ 4-¸±µ·µ¸É¨

uµ =
1√

t2 − z2
{t, 0, 0, z} (11)

¨§ Ê· ¢´¥´¨Ö (9) µ¶·¥¤¥²Ö¥É¸Ö ¶²µÉ´µ¸ÉÓ Ô´É·µ¶¨¨

s(τ) =
s(τ0) · τ0

τ
, (12)

¢ Éµ ¢·¥³Ö ± ± Ê· ¢´¥´¨Õ (8) Ê¤µ¢²¥É¢µ·Ö¥É ²Õ¡ Ö ËÊ´±Í¨Ö T = ϕ(τ), ¤²Ö
´ Ìµ¦¤¥´¨Ö ±µÉµ·µ° É·¥¡Ê¥É¸Ö § ¤ ´¨¥ Ê· ¢´¥´¨Ö ¸µ¸ÉµÖ´¨Ö. ‚ Î ¸É´µ¸É¨,
¤²Ö Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±µ£µ Ê· ¢´¥´¨Ö ¸µ¸ÉµÖ´¨Ö p = ε/3, ±µÉµ·µ¥, ± ± ¸²¥-
¤Ê¥É ¨§ ·¥Ï¥ÉµÎ´ÒÌ · ¸Î¥Éµ¢, Ö¢²Ö¥É¸Ö Ìµ·µÏ¨³ ¶·¨¡²¨¦¥´¨¥³ ¤²Ö Šƒ� ¶·¨

∗�µ²¥¥ Éµ£µ, ¨ ¢ É·¥Ì³¥·´µ³ Í¨²¨´¤·¨Î¥¸±¨-¸¨³³¥É·¨Î´µ³ ¸²ÊÎ ¥ Í¥´É· ²Ó´ Ö µ¡² ¸ÉÓ
¦¨¤±µ¸É¨, ¤µ ±µÉµ·µ° ´¥ ¤µÏ¥² Ë·µ´É ¢µ²´Ò · §·¥¦¥´¨Ö, ¤¢¨¦¥É¸Ö ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ µ¤´µ³¥·´Ò³
¸±¥°²¨´£-·¥Ï¥´¨¥³, ¥¸²¨ ¸±¥°²¨´£ § ¤ ¥É¸Ö ± ± ´ Î ²Ó´µ¥ Ê¸²µ¢¨¥ [67].
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�¨¸. 3. ‘Ì¥³ É¨Î¥¸± Ö ± ·É¨´  µ¸´µ¢´ÒÌ ÔÉ ¶µ¢ µ¡· §µ¢ ´¨Ö ¨ Ô¢µ²ÕÍ¨¨ ³ É¥·¨¨ ¢ ·¥-
²ÖÉ¨¢¨¸É¸±µ³ Ö¤·µ-Ö¤¥·´µ³ ¸µÊ¤ ·¥´¨¨ ¢ ¸±¥°²¨´£µ¢µ° £¨¤·µ¤¨´ ³¨±¥: ¸µ¡¸É¢¥´´µ³Ê
¢·¥³¥´¨ τ0 ¸µµÉ¢¥É¸É¢Ê¥É ³µ³¥´É Ëµ·³¨·µ¢ ´¨Ö Šƒ�, τp Å ´ Î ²µ ±¢ ·±- ¤·µ´´µ£µ
Ë §µ¢µ£µ ¶¥·¥Ìµ¤  (¸³¥Ï ´´ Ö Ë § ), τh Å § ¢¥·Ï¥´¨¥ ¸³¥Ï ´´µ° Ë §Ò, τf Å · ¸¶ ¤
 ¤·µ´´µ° ¦¨¤±µ¸É¨ (ª¢Ò³µ· ¦¨¢ ´¨¥ª)

¢Ò¸µ±¨Ì É¥³¶¥· ÉÊ· Ì T � Tc (¸³. ·¨¸.1), ¶µ²ÊÎ¨³:

T = T0

(τ0
τ

)1/3

, (13)

¨ ¢·¥³Ö ¦¨§´¨ ¸¨¸É¥³Ò, µÌ² ¦¤ ÕÐ¥°¸Ö ¤µ É¥³¶¥· ÉÊ·Ò Tc, ³µ¦¥É ¡ÒÉÓ
µ¶·¥¤¥²¥´µ ± ± τp = τ0(T0/Tc)

3.
�·µ¸ÉµÉ  ¸±¥°²¨´£-·¥Ï¥´¨Ö ¶·¨¢µ¤¨É ± ¢µ§³µ¦´µ¸É¨ · ¸¸³µÉ·¥´¨Ö ´ 

¥£µ µ¸´µ¢¥ ¤¨´ ³¨±¨ ±¢ ·±- ¤·µ´´ÒÌ Ë §µ¢ÒÌ ¶¥·¥Ìµ¤µ¢ ¢ Ö¤¥·´ÒÌ ¸µÊ¤ ·¥-
´¨ÖÌ [68] ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ³µ¤¥²¨ ª³¥Ï±µ¢ª [69]. ‚ ÔÉµ³ ¸²ÊÎ ¥ · ¸Ï¨·¥´¨¥
¦¨¤±µ¸É¨ µ¶·¥¤¥²Ö¥É¸Ö ¶·µ¤µ²Ó´Ò³ ¶µÉµ±µ³ ¡µ²ÓÏµ£µ Î¨¸²  É¥·³ ²Ó´ÒÌ ¨¸-
ÉµÎ´¨±µ¢ (É ± ´ §Ò¢ ¥³ÒÌ ªË °¥·¡µ²µ¢ª), ± ¦¤Ò° ¨§ ±µÉµ·ÒÌ ¶·¥¤¸É ¢²Ö¥É
¸µ¡µ° ¶·¨ T > Tc ±¢ §¨¨¤¥ ²Ó´Ò° ±¢ ·±-£²Õµ´´Ò° £ §:

εp = σpT
4 +B0, pp =

1

3
σpT

4 −B0,

sp =
4

3
σpT

3, σp =
π2

30
gp, gp = 16 +

21

2
Nf , (14)

¶·¨ T < Tc Å ¨¤¥ ²Ó´Ò° £ § ¡¥§³ ¸¸µ¢ÒÌ ¶¨µ´µ¢:

εh = σhT
4, ph =

1

3
σhT

4, sh =
4

3
σhT

3, σh =
π2

30
gh, gh = 3. (15)

�·¨ ¶µ¢ÒÏ¥´¨¨ É¥³¶¥· ÉÊ·Ò ¢ÒÏ¥ ±·¨É¨Î¥¸±µ° ¤ ¢²¥´¨¥ ª³¥Ï± ª B0 (§´ -
Î¥´¨¥ ±µÉµ·µ£µ µ¶·¥¤¥²Ö¥É¸Ö ¨§ Ê¸²µ¢¨Ö · ¢¥´¸É¢  ¤ ¢²¥´¨° ¶ ·Éµ´´µ° ¨
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 ¤·µ´´µ° ³ É¥·¨¨ ¢ ¸³¥Ï ´´µ° Ë §¥ pp(Tc) = ph(Tc)) ¡Ê¤¥É ´¥ ¢ ¸µ¸ÉµÖ´¨¨
Ê¤¥·¦¨¢ ÉÓ ±¢ ·±¨ ¨ £²Õµ´Ò ¢ ¸¢Ö§ ´´µ³ ¸µ¸ÉµÖ´¨¨.

�·¨ ÔÉµ³ ±µ²²¥±É¨¢´Ò° ¶µÉµ± ¢ ¶µ¶¥·¥Î´µ³ (µÉ´µ¸¨É¥²Ó´µ µ¸¨ ¸Éµ²±-
´µ¢¥´¨Ö Ö¤¥·) ´ ¶· ¢²¥´¨¨ r ³µ¦¥É · ¸¸³ É·¨¢ ÉÓ¸Ö ± ± ´¥±µÉµ· Ö ¶µ¶· ¢± 
´  Ëµ´¥ ¸¨²Ó´µ£µ ¶·µ¤µ²Ó´µ£µ ¤¢¨¦¥´¨Ö ³ É¥·¨¨. —¨¸²¥´´µ¥ ·¥Ï¥´¨¥ £¨¤·µ-
¤¨´ ³¨Î¥¸±¨Ì Ê· ¢´¥´¨° (8)Å(10) ¤²Ö É·¥Ì³¥·´µ£µ · ¸Ï¨·¥´¨Ö ¨¤¥ ²Ó´µ°
Í¨²¨´¤·¨Î¥¸±¨-¸¨³³¥É·¨Î´µ° ±¢ ·±-£²Õµ´´µ° ¦¨¤±µ¸É¨ ¶µ¤É¢¥·¦¤ ¥É ÔÉÊ
± ·É¨´Ê [70]: Í¥´É· ²Ó´µ¥ ¶² Éµ | η |< η0− cs ln (τ/τ0) ¨ r < R0− cs(τ − τ0),
É.¥. µ¡² ¸ÉÓ, ¤µ ±µÉµ·µ° ´¥ ¤µÏ¥² Ë·µ´É ¢µ²´Ò · §·¥¦¥´¨Ö, µ¶¨¸Ò¢ ¥É¸Ö
µ¤´µ³¥·´Ò³ ¸±¥°²¨´£-·¥Ï¥´¨¥³, ¥¸²¨ ¸±¥°²¨´£ § ¤ ¥É¸Ö ± ± ´ Î ²Ó´µ¥ Ê¸²µ-
¢¨¥ (η0 ¨ R0 Å ´ Î ²Ó´ Ö Ï¨·¨´  ¶·µ¤µ²Ó´µ£µ ¨ ¶µ¶¥·¥Î´µ£µ ¶² Éµ ¸µµÉ-
¢¥É¸É¢¥´´µ, cs =

√
dp/dε Å ¸±µ·µ¸ÉÓ §¢Ê± ). �¤´ ±µ ¢ ¸²ÊÎ ¥ Ëµ·³¨·µ¢ ´¨Ö

¤µ²£µ¦¨¢ÊÐ¥£µ ¸µ¸ÉµÖ´¨Ö ¢ Ö¤·µ-Ö¤¥·´µ³ ¸µÊ¤ ·¥´¨¨ ¶µ¶¥·¥Î´µ¥ · ¸Ï¨·¥-
´¨¥ ³µ¦¥É ¨£· ÉÓ ¸ÊÐ¥¸É¢¥´´ÊÕ ·µ²Ó ´  ¡µ²¥¥ ¶µ§¤´¨Ì ¸É ¤¨ÖÌ  ¤·µ´¨§ Í¨¨
¨ ª¢Ò³µ· ¦¨¢ ´¨Öª  ¤·µ´µ¢, ¨ ¥£µ ³µ¤¥²Ó´Ò° ÊÎ¥É Ö¢²Ö¥É¸Ö ¢¶µ²´¥  ±ÉÊ ²Ó-
´µ° § ¤ Î¥°.

�¤´¨³ ¨§ · ¸¶·µ¸É· ´¥´´ÒÌ ³¥Éµ¤µ¢ ¶·¨¡²¨¦¥´´µ£µ ·¥Ï¥´¨Ö É·¥Ì³¥·-
´ÒÌ £¨¤·µ¤¨´ ³¨Î¥¸±¨Ì Ê· ¢´¥´¨° Ö¢²Ö¥É¸Ö Ê¸·¥¤´¥´¨¥ É¥·³µ¤¨´ ³¨Î¥¸±¨Ì
¢¥²¨Î¨´ ¶µ · ¤¨ ²Ó´µ³Ê (¤²Ö ¸Ë¥·¨Î¥¸±µ° ¸¨³³¥É·¨¨ [71]) ¨²¨ ¶µ¶¥·¥Î-
´µ³Ê (¤²Ö Í¨²¨´¤·¨Î¥¸±µ° ¸¨³³¥É·¨¨ [72Ä76]) ´ ¶· ¢²¥´¨Õ. ‚ ·¥§Ê²ÓÉ É¥
¶·¨³¥´¥´¨Ö ÔÉµ° ¶·µÍ¥¤Ê·Ò Ê· ¢´¥´¨Ö ¢ Î ¸É´ÒÌ ¶·µ¨§¢µ¤´ÒÌ ¸¢µ¤ÖÉ¸Ö ±
µ¡Ò±´µ¢¥´´Ò³ ¤¨ËË¥·¥´Í¨ ²Ó´Ò³ Ê· ¢´¥´¨Ö³. �·¨ ÔÉµ³, ± ± ¶· ¢¨²µ, É¥·-
³µ¤¨´ ³¨Î¥¸±¨¥ ¢¥²¨Î¨´Ò ¶µ² £ ÕÉ¸Ö µ¤´µ·µ¤´Ò³¨ ¢ ¶µ¶¥·¥Î´µ³ ´ ¶· ¢²¥-
´¨¨, É.¥. Ë ±É¨Î¥¸±¨ ¨¸¶µ²Ó§ÊÕÉ¸Ö ´¥±µÉµ·Ò¥ ¨Ì ¸·¥¤´¨¥ §´ Î¥´¨Ö, ÎÉµ ¤ ¥É
¢µ§³µ¦´µ¸ÉÓ ¨¸¶µ²Ó§µ¢ ÉÓ É ±¨¥ ³µ¤¥²¨ ¤²Ö µÉ´µ¸¨É¥²Ó´µ ¶·µ¸Éµ£µ ¢ÒÎ¨¸²¥-
´¨Ö ¨´É¥£· ²Ó´ÒÌ Ì · ±É¥·¨¸É¨± ·¥ ±Í¨¨ (´ ¶·¨³¥·, ¨´É¥´¸¨¢´µ¸É¨ ¨§²ÊÎ¥-
´¨Ö ËµÉµ´µ¢ ¨ ¤¨²¥¶Éµ´µ¢ ¨§ ¢¸¥£µ µ¡Ñ¥³  · ¸Ï¨·ÖÕÐ¥°¸Ö ³ É¥·¨¨,  ¤·µ´-
´ÒÌ ¸¶¥±É·µ¢, Ô´¥·£¥É¨Î¥¸±¨Ì ¶µÉ¥·Ó ¦¥¸É±¨Ì ¶ ·Éµ´µ¢ ¢ ¸·¥¤¥). ‚·¥³¥´¥³
ª¢±²ÕÎ¥´¨Öª ¶µ¶¥·¥Î´µ£µ · ¸Ï¨·¥´¨Ö τtr ¢ ÔÉµ³ ¸²ÊÎ ¥ ³µ¦´µ ¸Î¨É ÉÓ, ´ -
¶·¨³¥·, ³µ³¥´É, ±µ£¤  ¢ ¶µ¶¥·¥Î´µ¥ ¤¢¨¦¥´¨¥ ¢µ¢²¥± ¥É¸Ö ¶µ²µ¢¨´  µ¡Ñ¥³ 
¦¨¤±µ¸É¨ ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ Î¨¸²¥´´Ò³ ·¥Ï¥´¨¥³ Ê· ¢´¥´¨° ·¥²ÖÉ¨¢¨¸É¸±µ°
£¨¤·µ¤¨´ ³¨±¨ ¸µ ¸±¥°²¨´£µ¢Ò³ ´ Î ²Ó´Ò³ Ê¸²µ¢¨¥³ ¶·¨ τ = τ0 [76], É.¥.:

τtr ∼= τ0 +
R0

cs

√
2− 1√

2
. (16)

‚ µ¡Ð¥³ ¸²ÊÎ ¥ ¶·µË¨²Ó ±µ²²¥±É¨¢´µ° ¸±µ·µ¸É¨ ¦¨¤±µ¸É¨, § ±²ÕÎ¥´´µ°
¢ Í¨²¨´¤·¥ ¶¥·¥³¥´´µ£µ ÔËË¥±É¨¢´µ£µ · ¤¨Ê¸  R(τ), ¢ ¶µ¶¥·¥Î´µ³ ´ ¶· -
¢²¥´¨¨ r ³µ¦¥É ¡ÒÉÓ ¶ · ³¥É·¨§µ¢ ´ ¢ ¢¨¤¥

ur =
dR

dτ

( r
R

)n
(17)
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(ª£¨¤· ¢²¨Î¥¸±µ¥ ¶·¨¡²¨¦¥´¨¥ª). �·¨ ÔÉµ³ ´  · §´ÒÌ ÔÉ ¶ Ì Ô¢µ²ÕÍ¨¨
±¢ ·±-£²Õµ´´µ° ¦¨¤±µ¸É¨ ÉµÎ´µ³Ê ·¥Ï¥´¨Õ £¨¤·µ¤¨´ ³¨Î¥¸±¨Ì Ê· ¢´¥´¨°
¸ Í¨²¨´¤·¨Î¥¸±µ° ¸¨³³¥É·¨¥° ³µ¦¥É ¸µµÉ¢¥É¸É¢µ¢ ÉÓ · §²¨Î´ Ö ¶ · ³¥É·¨-
§ Í¨Ö ¶·µË¨²Ö ¶µ¶¥·¥Î´µ° ¸±µ·µ¸É¨. ‚ Î ¸É´µ¸É¨, ¸²ÊÎ ° n = 1 ¸µµÉ¢¥É-
¸É¢Ê¥É ·¥Ï¥´¨Õ ´¥·¥²ÖÉ¨¢¨¸É¸±µ£µ Ê· ¢´¥´¨Ö ´¥¶·¥·Ò¢´µ¸É¨ ¸ µ¤´µ·µ¤´µ°
¶²µÉ´µ¸ÉÓÕ ¨ ³µ¦¥É ¸²Ê¦¨ÉÓ Ìµ·µÏ¨³ ¶·¨¡²¨¦¥´¨¥³ ¶·¨ ´¥ ¸²¨Ï±µ³ ¢Ò-
¸µ±¨Ì ¶µ¶¥·¥Î´ÒÌ ¸±µ·µ¸ÉÖÌ [73,75,76]. ‡ ³¥É¨³, ÎÉµ ¢Ò¡µ· ¶ · ³¥É·  n ´¥
¢²¨Ö¥É ´  ËÊ´±Í¨µ´ ²Ó´ÊÕ § ¢¨¸¨³µ¸ÉÓ µ¸´µ¢´ÒÌ Ì · ±É¥·¨¸É¨± µÉ ¢·¥³¥´¨
(´ ¶·¨³¥·, É¥³¶¥· ÉÊ·Ò, ÔËË¥±É¨¢´µ£µ · ¤¨Ê¸  ¨²¨ ¤µ²¨ ¶ ·Éµ´´µ° ³ É¥·¨¨
¢ ¸³¥Ï ´´µ° Ë §¥) ¸ ÉµÎ´µ¸ÉÓÕ ¤µ ¶µ¸ÉµÖ´´µ£µ Î¨¸²¥´´µ£µ ±µÔËË¨Í¨¥´É .

‚ ¸²ÊÎ ¥ Ëµ·³¨·µ¢ ´¨Ö ¢Ò¸µ±µÉ¥³¶¥· ÉÊ·´µ£µ (T0 � Tc) ´ Î ²Ó´µ£µ ¸µ-
¸ÉµÖ´¨Ö ±µ²²¥±É¨¢´µ¥ ¶µ¶¥·¥Î´µ¥ ¤¢¨¦¥´¨¥ ³µ¦¥É ¨£· ÉÓ ¢ ¦´ÊÕ ·µ²Ó ¢µ
¢·¥³Ö ¸³¥Ï ´´µ° Ë §Ò, ¶·¨¢µ¤Ö ± §´ Î¨É¥²Ó´µ³Ê Ê³¥´ÓÏ¥´¨Õ ¶·µ¤µ²¦¨-
É¥²Ó´µ¸É¨ ±¢ ·±- ¤·µ´´µ£µ Ë §µ¢µ£µ ¶¥·¥Ìµ¤  ¶¥·¢µ£µ ¶µ·Ö¤±  ¶µ ¸· ¢´¥´¨Õ
¸ µ¤´µ³¥·´Ò³ ¸±¥°²¨´£-·¥Ï¥´¨¥³ [76]. ‘²¥¤¸É¢¨¥³ ÔÉµ£µ ³µ¦¥É ¸É ÉÓ ¸Ê-
Ð¥¸É¢¥´´µ¥ Ê³¥´ÓÏ¥´¨¥ ¢±² ¤  ¸³¥Ï ´´µ° Ë §Ò (¶µ ¸· ¢´¥´¨Õ ¸ ´ Î ²Ó´Ò³
¢Ò¸µ±µÉ¥³¶¥· ÉÊ·´Ò³ ¸µ¸ÉµÖ´¨¥³ Šƒ�) ¢ Ëµ·³¨·µ¢ ´¨¥ ´¥±µÉµ·ÒÌ Ô±¸¶¥-
·¨³¥´É ²Ó´µ ·¥£¨¸É·¨·Ê¥³ÒÌ Ì · ±É¥·¨¸É¨± ·¥ ±Í¨¨, ± ±, ´ ¶·¨³¥·, ¸¶¥±É·
ªÉ¥·³ ²Ó´ÒÌª ¤¨²¥¶Éµ´µ¢ ¨ ËµÉµ´µ¢, ¨§²ÊÎ ¥³ÒÌ ´  ¶·µÉÖ¦¥´¨¨ ¢¸¥° Ô¢µ-
²ÕÍ¨¨ ¸¨²Ó´µ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¥° ³ É¥·¨¨ [77].

„·Ê£¨³ ¨´É¥·¥¸´Ò³ Ö¢²¥´¨¥³, ¸¢Ö§ ´´Ò³ ¸ ¸ÊÐ¥¸É¢µ¢ ´¨¥³ ¸¨²Ó´µ£µ
±µ²²¥±É¨¢´µ£µ ¶µÉµ±   ¤·µ´´µ° ³ É¥·¨¨ ¢ ¶µ¶¥·¥Î´µ³ ´ ¶· ¢²¥´¨¨, ³µ¦¥É
¸É ÉÓ Ì · ±É¥·´µ¥ ª¢Ò¶µ² ¦¨¢ ´¨¥ª pT -¸¶¥±É·  ÉÖ¦¥²ÒÌ  ¤·µ´µ¢ (¸ÊÐ¥¸É-
¢¥´´µ ´¥Ô±¸¶µ´¥´Í¨ ²Ó´Ò° ·¥¦¨³) ¢ µ¡² ¸É¨ ¶µ¶¥·¥Î´ÒÌ ¡Ò¸É·µÉ  ¤·µ´ ,
´¥ ¶·¥¢ÒÏ ÕÐ¨Ì §´ Î¥´¨Ö ±µ²²¥±É¨¢´µ° ¶µ¶¥·¥Î´µ° ¡Ò¸É·µÉÒ ¦¨¤±µ¸É¨
YT : pT <∼ m sinhY max

T (É.¥. ¢ µ¡² ¸É¨ ¤µ³¨´¨·µ¢ ´¨Ö ±µ²²¥±É¨¢´µ£µ ¶µ¶¥-
·¥Î´µ£µ ¤¢¨¦¥´¨Ö ´ ¤ ªÉ¥·³ ²Ó´Ò³ª) [75]. � ¡²Õ¤¥´¨¥ É ±µ£µ ÔËË¥±É  ¢
¡Ê¤ÊÐ¨Ì Ô±¸¶¥·¨³¥´É Ì ´  ±µ²² °¤¥· Ì ÉÖ¦¥²ÒÌ ¨µ´µ¢ ³µ£²µ ¡Ò ±µ¸¢¥´´µ
¸¢¨¤¥É¥²Ó¸É¢µ¢ ÉÓ µ Ëµ·³¨·µ¢ ´¨¨ ¢Ò¸µ±µÉ¥³¶¥· ÉÊ·´µ£µ ¸µ¸ÉµÖ´¨Ö ´  ´ -
Î ²Ó´µ° ¸É ¤¨¨ ·¥ ±Í¨¨.

�¥·¥¤±µ ¢¢µ¤¨É¸Ö ¶µ´ÖÉ¨¥ ª¢Ö§±µ¸É¨ª ±¢ ·±-£²Õµ´´µ° ¦¨¤±µ¸É¨, ´ ²¨-
Î¨¥ ±µÉµ·µ° ¶·¨¢µ¤¨É ± ¶µÖ¢²¥´¨Õ ¤µ¶µ²´¨É¥²Ó´µ£µ ´¥²¨´¥°´µ£µ Î²¥´  ¢
£¨¤·µ¤¨´ ³¨Î¥¸±µ³ Ê· ¢´¥´¨¨ ¤²Ö Ô¢µ²ÕÍ¨¨ ¸·¥¤Ò. ‚ ¸²ÊÎ ¥ µ¤´µ³¥·´µ£µ
¶·µ¤µ²Ó´µ£µ · ¸Ï¨·¥´¨Ö ¢Ö§±µ° ±¢ ·±-£²Õµ´´µ° ¦¨¤±µ¸É¨ Ê· ¢´¥´¨¥ Ô¢µ²Õ-
Í¨¨ ¨³¥¥É ¢¨¤ [78Ä81]:

dε

dτ
+
ε+ p

τ
− χ

τ2
= 0, (18)

£¤¥ ¶µ¸²¥¤´¨° ´¥²¨´¥°´Ò° Î²¥´, ´ ·ÊÏ ÕÐ¨° ¸±¥°²¨´£, ¸µ¤¥·¦¨É ±µÔË-
Ë¨Í¨¥´É χ(τ) = 4η(τ)/3 + ζ(τ); η ¨ ζ Å ±µÔËË¨Í¨¥´ÉÒ ¶µ¢¥·Ì´µ¸É´µ°
¨ µ¡Ñ¥³´µ° ¢Ö§±µ¸É¨ ¸µµÉ¢¥É¸É¢¥´´µ, ±µÉµ·Ò¥ ³µ£ÊÉ ¡ÒÉÓ µÍ¥´¥´Ò ¢ · ³-
± Ì ·¥²ÖÉ¨¢¨¸É¸±µ° ±¨´¥É¨Î¥¸±µ° É¥µ·¨¨ ± ± ¶¥·¢Ò° ¶µ·Ö¤µ± µÉ±²µ´¥´¨Ö
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µÉ ²µ± ²Ó´µ£µ É¥·³ ²Ó´µ£µ · ¢´µ¢¥¸¨Ö ¢ ¢Ò¸µ±µÉ¥³¶¥· ÉÊ·´µ³ ¶·¨¡²¨¦¥´¨¨
T � Tc [78Ä81]:

η(T ) =
CηT

3

α∗2s ln (1/α∗s)
, ζ/η ' 0, (19)

¸ ÔËË¥±É¨¢´µ° É¥·³ ²Ó´µ° ±µ´¸É ´Éµ° ¸¢Ö§¨:

α∗s =
12π

(33− 2Nf) ln (4T/Tc)2
. (20)

�Í¥´±¨ ¶ · ³¥É·  Cη · §²¨Î ÕÉ¸Ö µÉ Cη = 0, 06 (Cη = 0, 35) ¢ [79] ¤µ
Cη = 0, 34 (Cη = 1, 4) ¢ [81] ¤²Ö Nf = 0 (Nf = 3).

�É³¥É¨³, ÎÉµ ´¥¶¥·ÉÊ·¡ É¨¢´Ò°  ´ ²¨§ ·¥§Ê²ÓÉ Éµ¢ ·¥Ï¥ÉµÎ´ÒÌ ± ²¨-
¡·µ¢µÎ´ÒÌ É¥µ·¨° [82, 83] Ê± §Ò¢ ¥É ´  ¢µ§³µ¦´µ¸ÉÓ ¸¨²Ó´µ£µ ¢µ§· ¸É ´¨Ö
±µÔËË¨Í¨¥´Éµ¢ ¢Ö§±µ¸É¨ ¢¡²¨§¨ ±·¨É¨Î¥¸±µ° É¥³¶¥· ÉÊ·Ò ±¢ ·±- ¤·µ´´µ£µ
Ë §µ¢µ£µ ¶¥·¥Ìµ¤  T ∼ Tc ¶µ ¸· ¢´¥´¨Õ ¸ ¢Ò¸µ±µÉ¥³¶¥· ÉÊ·´Ò³ ¶·¨¡²¨¦¥-
´¨¥³ (19).

�ËË¥±É ¢Ö§±µ¸É¨, ¶·¨¢µ¤ÖÐ¨° ± ´¥±µÉµ·µ³Ê § ³¥¤²¥´¨Õ µ¸ÉÒ¢ ´¨Ö
±¢ ·±-£²Õµ´´µ° ¦¨¤±µ¸É¨ ¨ Ê¢¥²¨Î¥´¨Õ ¥¥ ¢·¥³¥´¨ ¦¨§´¨ ¶µ ¸· ¢´¥´¨Õ ¸
µ¤´µ³¥·´Ò³ ¸±¥°²¨´£-·¥Ï¥´¨¥³ (13), ³µ¦¥É ¨£· ÉÓ ¢ ¦´ÊÕ ·µ²Ó ¶·¨ ¨¸¸²¥-
¤µ¢ ´¨¨ ¶·µÍ¥¸¸µ¢, ÎÊ¢¸É¢¨É¥²Ó´ÒÌ, £² ¢´Ò³ µ¡· §µ³, ± · ´´¥° ¶ ·Éµ´´µ°
¤¨´ ³¨±¥, ± ±, ´ ¶·¨³¥·, ¶¥·¥· ¸¸¥Ö´¨¥ ¦¥¸É±¨Ì ¸É·Ê° ¢ ¶²µÉ´µ° ³ É¥·¨¨,
¨ ÔÉµÉ ¢µ¶·µ¸ ¡Ê¤¥É µ¡¸Ê¦¤ ÉÓ¸Ö ¢ · §¤.5 ´ ¸ÉµÖÐ¥£µ µ¡§µ· .

3. ªŒŸƒŠˆ…ª ’…‘’› �‹�’��‰ Œ�’…�ˆˆ
‚ “‹œ’���…‹Ÿ’ˆ‚ˆ‘’‘Šˆ• ‘�“„��…�ˆŸ• Ÿ„…�

3.1. C¶¥±É·Ò  ¤·µ´µ¢. ˆ³¶Ê²Ó¸´Ò¥ ¸¶¥±É·Ò ±µ´¥Î´ÒÌ  ¤·µ´µ¢ · ¸¸³ É-
·¨¢ ÕÉ¸Ö ± ± ¢ ¦´Ò° ¨´¸É·Ê³¥´É ¨§ÊÎ¥´¨Ö ¸¢µ°¸É¢  ¤·µ´´µ° ³ É¥·¨¨, Ëµ·-
³¨·Ê¥³µ° ¢ Ö¤·µ-Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ ¶·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ, ¢ Î ¸É´µ-
¸É¨, ¸É¥¶¥´¨ ¥¥ É¥·³ ²¨§ Í¨¨ ¨ ±µ²²¥±É¨¢´ÒÌ ¶µÉµ±µ¢ÒÌ ÔËË¥±Éµ¢ [72, 75,
84Ä89]. ‚ ¸¢Ö§¨ ¸ É¥³, ÎÉµ Ëµ·³¨·µ¢ ´¨¥ ª¤µ²£µ¦¨¢ÊÐ¥£µª (¶µ ¸· ¢´¥´¨Õ
¸ Ì · ±É¥·´Ò³ ¢·¥³¥´¥³ τtr (16)) ¢Ò¸µ±µÉ¥³¶¥· ÉÊ·´µ£µ ¸µ¸ÉµÖ´¨Ö ¤µ²¦´µ
¶·¨¢µ¤¨ÉÓ ± § ³¥É´µ³Ê ¶µ¶¥·¥Î´µ³Ê · ¸Ï¨·¥´¨Õ ´  ¶µ§¤´¨Ì ¸É ¤¨ÖÌ Ô¢µ-
²ÕÍ¨¨ ¸¨¸É¥³Ò, §´ Î¨É¥²Ó´Ò° ¨´É¥·¥¸ ¶·¥¤¸É ¢²Ö¥É ¨§ÊÎ¥´¨¥ ±µ²²¥±É¨¢´ÒÌ
¶µÉµ±µ¢ ¢ ¶µ¶¥·¥Î´µ³ (µÉ´µ¸¨É¥²Ó´µ µ¸¨ ¸Éµ²±´µ¢¥´¨Ö Ö¤¥·) ´ ¶· ¢²¥´¨¨.

‚ £¨¤·µ¤¨´ ³¨Î¥¸±µ° ³µ¤¥²¨ ¸¶¥±É· ±µ´¥Î´ÒÌ  ¤·µ´µ¢ § ¤ ¥É¸Ö ¢ ¢¨¤¥
¸Ê¶¥·¶µ§¨Í¨¨ É¥·³ ²Ó´µ£µ · ¸¶·¥¤¥²¥´¨Ö ¨ ±µ²²¥±É¨¢´µ£µ ¤¢¨¦¥´¨Ö [84]:

E
d3N

d3p
=

∫
σ

f(x, p) pµdσµ (21)
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¸ ¨´¢ ·¨ ´É´µ° ËÊ´±Í¨¥° · ¸¶·¥¤¥²¥´¨Ö �µ§¥ Å �°´ÏÉ¥°´  (”¥·³¨ Å „¨-
· ± ):

f(x, p) =
gh

(2π)3

e
−u

µ(x)pµ
T − 1

−1

, (22)

pµ ¨ uµ Å 4-¨³¶Ê²Ó¸  ¤·µ´  ¨ ²µ± ²Ó´ Ö 4-¸±µ·µ¸ÉÓ ¦¨¤±µ¸É¨ ¸µµÉ¢¥É-
¸É¢¥´´µ, gh Å Î¨¸²µ  ¤·µ´´ÒÌ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò. ˆ´É¥£·¨·µ¢ ´¨¥ ¶·µ¢µ-
¤¨É¸Ö ¶µ £¨¶¥·¶µ¢¥·Ì´µ¸É¨ σ ¸ É¥³¶¥· ÉÊ·µ° · ¸¶ ¤   ¤·µ´´µ° ¦¨¤±µ¸É¨
(É ± ´ §Ò¢ ¥³ Ö É¥³¶¥· ÉÊ·  ª¢Ò³µ· ¦¨¢ ´¨Öª) T = Tf , ±µÉµ· Ö ³µ¦¥É ¡ÒÉÓ
µ¶·¥¤¥²¥´  ¶·¨ Ê¸²µ¢¨¨ ¶·¥¢ÒÏ¥´¨Ö ¤²¨´Ò ¸¢µ¡µ¤´µ£µ ¶·µ¡¥£   ¤·µ´  (¶·¨-
¡²¨¦¥´´µ µ¡· É´µ ¶·µ¶µ·Í¨µ´ ²Ó´µ° É¥³¶¥· ÉÊ·¥) ´ ¤ £¥µ³¥É·¨Î¥¸±¨³ · §-
³¥·µ³ ¸¨¸É¥³Ò.

‡ ³¥É¨³, ÎÉµ ¶·¥¤¶µ²µ¦¥´¨¥ µ¡ µ¤´µ³µ³¥´É´µ³ ª¢Ò³µ· ¦¨¢ ´¨¨ª  ¤·µ-
´µ¢ ¢ ´¥±µÉµ·Ò° Ë¨±¸¨·µ¢ ´´Ò° ³µ³¥´É ¸µ¡¸É¢¥´´µ£µ ¢·¥³¥´¨ τf Ö¢²Ö¥É¸Ö,
¢¥·µÖÉ´¥¥ ¢¸¥£µ, ¸²¨Ï±µ³ ¨¤¥ ²¨§¨·µ¢ ´´Ò³, ¨ ¢ ¤¥°¸É¢¨É¥²Ó´µ¸É¨ ¨³¥¥É
³¥¸Éµ ¶µ¸É¥¶¥´´Ò° · ¸¶ ¤  ¤·µ´´µ° ¦¨¤±µ¸É¨, ª· §³ § ´´Ò°ª ¢ ¶·µ¸É· ´-
¸É¢¥ ¨ ¢·¥³¥´¨ [90]. Š·µ³¥ Éµ£µ, É ± ± ± ¸¥Î¥´¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö  ¤·µ´µ¢
(  ¸²¥¤µ¢ É¥²Ó´µ, ¨ ¤²¨´Ò ¸¢µ¡µ¤´µ£µ ¶·µ¡¥£  ¢  ¤·µ´´µ° ³ É¥·¨¨) · §´µ£µ
É¨¶  · §²¨Î ÕÉ¸Ö, Éµ ¢¶µ²´¥ ¢µ§³µ¦´Ò³ ¶·¥¤¸É ¢²Ö¥É¸Ö ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¥¥
· §²¨Î¨¥ ¢ §´ Î¥´¨¨ É¥³¶¥· ÉÊ·Ò ª¢Ò³µ· ¦¨¢ ´¨Öª [87].

� ¸¸³µÉ·¨³ µ¸´µ¢´Ò¥ Ì · ±É¥·´Ò¥ µ¸µ¡¥´´µ¸É¨ ¸¶¥±É·µ¢  ¤·µ´µ¢ ¢ ·¥-
²ÖÉ¨¢¨¸É¸±¨Ì Í¥´É· ²Ó´ÒÌ ¸Éµ²±´µ¢¥´¨ÖÌ ÉÖ¦¥²ÒÌ Ö¤¥· ´  Ê¸±µ·¨É¥²ÖÌ AGS
¶·¨ Ô´¥·£¨ÖÌ 11 ÷ 15 ƒÔ‚/´Ê±²µ´ (SiÅAl, SiÅAu, AuÅAu ¨ ¤·.) [91Ä94] ¨
SPS ¶·¨ Ô´¥·£¨ÖÌ 160÷ 200 ƒÔ‚/´Ê±²µ´ (SÅS, SÅPb, PbÅPb ¨ ¤·.) [65,95Ä
101] ¶µ ¸· ¢´¥´¨Õ ¸ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨  ¤·µ´- ¤·µ´´Ò³¨ ¸µÊ¤ ·¥´¨Ö³¨.

� ¸¶·¥¤¥²¥´¨¥ ¶µ ¶·µ¤µ²Ó´µ° ¡Ò¸É·µÉ¥. ˆ³¥¥É ³¥¸Éµ ª±µ²µ±µ²µµ¡· §-
´µ¥ª · ¸¶·¥¤¥²¥´¨¥  ¤·µ´µ¢ ¶µ ¶·µ¤µ²Ó´µ° ¡Ò¸É·µÉ¥ ¢ ‘–Œ dN/dyÍ³, Ï¨-
·¨´  ±µÉµ·µ£µ ¸ÊÐ¥¸É¢¥´´µ ¡µ²ÓÏ¥, Î¥³ ´ ¡²Õ¤ ¥É¸Ö ¢ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì
´Ê±²µ´-´Ê±²µ´´ÒÌ ¸µÊ¤ ·¥´¨ÖÌ ¨ µ¦¨¤ ¥É¸Ö ¤²Ö ¨§µÉ·µ¶´µ£µ É¥·³ ²Ó´µ£µ
· ¸¶·¥¤¥²¥´¨Ö �µ²ÓÍ³ ´ , ÎÉµ Ê± §Ò¢ ¥É ´  ´ ²¨Î¨¥ ¸¨²Ó´µ£µ ¶·µ¤µ²Ó´µ£µ
±µ²²¥±É¨¢´µ£µ ¤¢¨¦¥´¨Ö  ¤·µ´´µ° ³ É¥·¨¨ ¢¤µ²Ó µ¸¨ ¸Éµ²±´µ¢¥´¨Ö Ö¤¥· (¸³.
·¨¸.4, ¢§ÖÉÒ° ¨§ · ¡µÉÒ [102]). �·¨ ÔÉµ³ ¸·¥¤´ÖÖ ±µ²²¥±É¨¢´ Ö ¶·µ¤µ²Ó-
´ Ö ¸±µ·µ¸ÉÓ < βl > ¸² ¡µ Ê¢¥²¨Î¨¢ ¥É¸Ö ¸ ·µ¸Éµ³ ³ ¸¸Ò ¸É ²±¨¢ ÕÐ¨Ì¸Ö
Ö¤¥· (µÉ Si ¨ S ¤µ Pb ¨ Au) ¨ ¸ÊÐ¥¸É¢¥´´µ Å ¸ ·µ¸Éµ³ Ô´¥·£¨¨ ¶ÊÎ±µ¢,
µÉ < βl >= 0, 5 (AGS, AuÅAu) ¤µ < βl >= 0, 75 (SPS, PbÅPb). ˆ´É¥-
·¥¸´µ, ÎÉµ · ¸¶·¥¤¥²¥´¨¥ ¶·µÉµ´µ¢, ·µ¦¤¥´´ÒÌ ¢ Í¥´É· ²Ó´ÒÌ Ö¤·µ-Ö¤¥·´ÒÌ
¸µÊ¤ ·¥´¨ÖÌ ¶·¨ Ô´¥·£¨ÖÌ AGS ¨ SPS, É ±¦¥ ¨³¥¥É ª±¢ §¨¶² Éµª ¢ Í¥´É· ²Ó-
´µ° µ¡² ¸É¨ ¡Ò¸É·µÉ ¢ ‘–Œ, ÎÉµ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É µ §´ Î¨É¥²Ó´µ° Éµ·³µ§´µ°
¸¶µ¸µ¡´µ¸É¨ ÉÖ¦¥²ÒÌ Ö¤¥· ¢ ¤ ´´µ³ ¤¨ ¶ §µ´¥ Ô´¥·£¨°.

� ¸¶·¥¤¥²¥´¨¥ ¶µ ¶µ¶¥·¥Î´µ³Ê ¨³¶Ê²Ó¸Ê (¶µ¶¥·¥Î´µ° ³ ¸¸¥). � ¸¶·¥¤¥²¥-
´¨¥  ¤·µ´µ¢ ¶µ ¶µ¶¥·¥Î´µ° ³ ¸¸¥ m−1

T dN/dmT (mT =
√
p2
T +m2) ¢ ¡µ²Ó-
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�¨¸. 4. ‘¶¥±É·Ò  ¤·µ´µ¢ ¶µ ¶·µ¤µ²Ó´µ° ¡Ò¸É·µÉ¥ ¢ ¸.Í.³. ¸É ²±¨¢ ÕÐ¨Ì¸Ö Ö¤¥·
¤²Ö Í¥´É· ²Ó´ÒÌ ¸µÊ¤ ·¥´¨°:  ) AuÅAu ¶·¨ Ô´¥·£¨¨ AGS 11A ·ƒÔ‚, Ô±¸¶¥·¨³¥´ÉÒ
E866 [92], E877 [93] ¨ E891 [94]; ¡) PbÅPb ¶·¨ Ô´¥·£¨¨ SPS 158A ·ƒÔ‚, Ô±¸¶¥·¨³¥´É
NA49 [65]. ˜É·¨Ìµ¢Ò¥ ±·¨¢Ò¥ Å ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ · ¸¶·¥¤¥²¥´¨Ö ¤²Ö ¨§µÉ·µ¶´µ£µ
É¥·³ ²Ó´µ£µ ¨¸ÉµÎ´¨±  ¶·¨ É¥³¶¥· ÉÊ·¥ T = 0, 13 ƒÔ‚ ( ) ¨²¨ T = 0, 16 ƒÔ‚ (¡),
¸¶²µÏ´Ò¥ Å ¤²Ö ¶·µ¤µ²Ó´µ · ¸Ï¨·ÖÕÐ¥£µ¸Ö ¸µ ¸·¥¤´¥° ¸±µ·µ¸ÉÓÕ βl = 0, 5 ( ) ¨²¨
βl = 0, 75 (¡) ¨¸ÉµÎ´¨±  [102]
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�¨¸. 5. � ±²µ´ T ¸¶¥±É·   ¤·µ´µ¢ ¶µ ¶µ¶¥·¥Î´µ° ³ ¸¸¥ ± ± ËÊ´±Í¨Ö ³ ¸¸Ò  ¤·µ´  ¢
p− p (N), Í¥´É· ²Ó´ÒÌ SÅS (�) ¨ PbÅPb (•) ¸Éµ²±´µ¢¥´¨ÖÌ ¶·¨ Ô´¥·£¨¨ SPS [100]

Ï¨´¸É¢¥ ¸²ÊÎ ¥¢ Ìµ·µÏµ  ¶¶·µ±¸¨³¨·Ê¥É¸Ö Ô±¸¶µ´¥´Í¨ ²Ó´µ° § ¢¨¸¨³µ¸ÉÓÕ,
µ¤´ ±µ ´ ¡²Õ¤ ¥É¸Ö ¶µ¢ÒÏ¥´´Ò° ¢ÒÌµ¤ ¶¨µ´µ¢ ¢ µ¡² ¸É¨ ³ ²ÒÌ ¶µ¶¥·¥Î-
´ÒÌ ³ ¸¸ mT − m <∼ 200 ŒÔ‚ ¶µ ¸· ¢´¥´¨Õ ¸ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨ ´Ê±²µ´-
´Ê±²µ´´Ò³¨ ¤ ´´Ò³¨ ¶·¨ Ô´¥·£¨ÖÌ AGS ¨ SPS, ¶·¨Î¥³ ÔËË¥±É ¶·µÖ¢²Ö¥É¸Ö
¢ ¡µ²ÓÏ¥° ¸É¥¶¥´¨ ¤²Ö µÉ·¨Í É¥²Ó´µ § ·Ö¦¥´´ÒÌ ¶¨µ´µ¢. � ¨¡µ²¥¥ ¶µ¶Ê²Ö·-
´Ò³ µ¡ÑÖ¸´¥´¨¥³ ¤ ´´µ£µ ÔËË¥±É  Ö¢²ÖÕÉ¸Ö ¢²¨Ö´¨¥ · ¸¶ ¤  ·¥§µ´ ´¸µ¢ [87]
(± ±, ´ ¶·¨³¥·, ρ0 → π+π−, ω → π+π0π− ¨²¨ ∆ → Nπ−),   É ±¦¥ ±Ê²µ-
´µ¢¸±µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ ¶¨µ´µ¢ ¸ ¸µ¶ÊÉ¸É¢ÊÕÐ¨³¨ ¶·µÉµ´ ³¨ [103]. ‚ Éµ
¦¥ ¢·¥³Ö ·¥£¨¸É·¨·Ê¥É¸Ö ¶µ¢ÒÏ¥´´Ò° ¢ÒÌµ¤  ¤·µ´µ¢ ¢¸¥Ì É¨¶µ¢ ¢ Í¥´-
É· ²Ó´ÒÌ Ö¤·µ-Ö¤¥·´ÒÌ ¸Éµ²±´µ¢¥´¨ÖÌ ¶µ ¸· ¢´¥´¨Õ ¸ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨
´Ê±²µ´-´Ê±²µ´´Ò³¨ ¸µÊ¤ ·¥´¨Ö³¨ ¢ µ¡² ¸É¨ ¡µ²ÓÏ¨Ì ¶µ¶¥·¥Î´ÒÌ ¨³¶Ê²Ó-
¸µ¢ pT ≥ 1 ƒÔ‚, ¨ ÔÉµÉ ÔËË¥±É ¡µ²¥¥ Ö·±µ ¢Ò· ¦¥´ ¤²Ö ¸ ³ÒÌ ÉÖ¦¥²ÒÌ Ö¤¥·,
ÎÉµ ¢¶µ²´¥ ¸µ£² ¸Ê¥É¸Ö ¸ ¶·¥¤¶µ²µ¦¥´¨¥³ µ ¸ÊÐ¥¸É¢µ¢ ´¨¨ ¶µ¶¥·¥Î´µ£µ ¶µ-
Éµ±   ¤·µ´´µ° ³ É¥·¨¨. �·¨ ÔÉµ³ Ô±¸¶¥·¨³¥´É ²Ó´Ò° Ë ±É ·µ¸É  ¸·¥¤´¥£µ
¶µ¶¥·¥Î´µ£µ ¨³¶Ê²Ó¸   ¤·µ´  ¸ Ê¢¥²¨Î¥´¨¥³ ¥£µ ³ ¸¸Ò ¢ ¸Éµ²±´µ¢¥´¨ÖÌ Ö¤¥·
¶·¨ Ô´¥·£¨ÖÌ AGS ¨ SPS (¸³., ´ ¶·¨³¥·, [102, 104] ¨ ·¨¸.5 [100]) ´ Ìµ¤¨É
¥¸É¥¸É¢¥´´µ¥ ¨ ¶·µ¸Éµ¥ µ¡ÑÖ¸´¥´¨¥ ¢ £¨¤·µ¤¨´ ³¨Î¥¸±µ° ³µ¤¥²¨ [4], ±µ£¤ 
¨§³¥´¥´¨¥ ¨³¶Ê²Ó¸  ∆pT (r)  ¤·µ´  ¸ ³ ¸¸µ° m §  ¸Î¥É ¶µ¶¥·¥Î´µ£µ ¤¢¨¦¥´¨Ö
Ô²¥³¥´É  ¦¨¤±µ¸É¨ ¢ ÉµÎ±¥ r ³µ¦´µ § ¶¨¸ ÉÓ ¢ ¢¨¤¥ ∆pT (r) = m sinhYT (r),
£¤¥ YT Å ±µ²²¥±É¨¢´ Ö ¶µ¶¥·¥Î´ Ö ¡Ò¸É·µÉ .

‚ ¸¢Ö§¨ ¸ ¢µ§³µ¦´µ¸ÉÓÕ  ²ÓÉ¥·´ É¨¢´µ° ¨´É¥·¶·¥É Í¨¨ ªÊÏ¨·¥´¨Öª
mT -¸¶¥±É·   ¤·µ´µ¢ ¢ ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¸µÊ¤ ·¥´¨ÖÌ ÉÖ¦¥²ÒÌ Ö¤¥· ¶µ ¸· ¢-
´¥´¨Õ ¸ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨ ´Ê±²µ´-´Ê±²µ´´Ò³¨ ¸Éµ²±´µ¢¥´¨Ö³¨ ¶·¥¤¸É -
¢²Ö¥É ¨´É¥·¥¸ ¤¢ÊÌ±µ³¶µ´¥´É´ Ö ³µ¤¥²Ó ¶·µ¤µ²Ó´µ · ¸Ï¨·ÖÕÐ¥£µ¸Ö ¨¸ÉµÎ-
´¨±  [86], ¢ ±µÉµ·µ° ¶µ³¨³µ µ¡² ¸É¨ ª¢Ò³µ· ¦¨¢ ´¨Öª  ¤·µ´Ò ¨§²ÊÎ ÕÉ¸Ö
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¨§ ¸³¥Ï ´´µ° Ë §Ò ¸ Ì · ±É¥·´Ò³ ¨³¶Ê²Ó¸µ³, µ¶·¥¤¥²ÖÕÐ¨³¸Ö ±·¨É¨Î¥¸±µ°
É¥³¶¥· ÉÊ·µ° ±¢ ·±- ¤·µ´´µ£µ Ë §µ¢µ£µ ¶¥·¥Ìµ¤  Tc, É.¥. ´ ±²µ´ ªÌ¢µ¸É ª
¸¶¥±É·  ¢ ÔÉµ³ ¸²ÊÎ ¥ ¶·Ö³µ · ¢¥´ Tc. “¶µ³Ö´¥³ É ±¦¥ ¶·¥¤²µ¦¥´´ÊÕ ´¥-
¤ ¢´µ ¶·µ¸ÉÊÕ ³µ¤¥²Ó ¸²ÊÎ °´ÒÌ ¡²Ê¦¤ ´¨° ´ Î ²Ó´µ£µ ¸µ¸ÉµÖ´¨Ö É¥·³ ²Ó-
´ÒÌ ªË °¥·¡µ²µ¢ª, ¢ · ³± Ì ±µÉµ·µ° ¢ÒÎ¨¸²ÖÕÉ¸Ö ¥¤¨´Ò³ µ¡· §µ³ ¸¶¥±É·Ò
 ¤·µ´µ¢ ¢ ¶·µÉµ´-Ö¤¥·´ÒÌ ¨ Ö¤·µ-Ö¤¥·´ÒÌ ¸µÊ¤ ·¥´¨ÖÌ ¡¥§ ÊÎ¥É  ¶µ¶¥·¥Î-
´µ£µ ±µ²²¥±É¨¢´µ£µ ¤¢¨¦¥´¨Ö [89]. „ ´´ Ö ³µ¤¥²Ó ¨³¥¥É ¢¸¥£µ ²¨ÏÓ µ¤¨´
¶ · ³¥É· δ, µ¶·¥¤¥²ÖÕÐ¨° ¨§³¥´¥´¨¥ ¶µ¶¥·¥Î´µ° ¡Ò¸É·µÉÒ ªË °¥·¡µ² ª § 
µ¤´µ ´ Î ²Ó´µ¥ ´Ê±²µ´-´Ê±²µ´´µ¥ ¸Ê¡¸Éµ²±´µ¢¥´¨¥. � · ³¥É· δ ¨§¢²¥± ¥É¸Ö
¨§  ¤·µ´-Ö¤¥·´ÒÌ ¤ ´´ÒÌ. �¤´ ±µ ³µ¤¥²Ó [89] ´¥ ³µ¦¥É µ¤´µ¢·¥³¥´´µ ¢µ¸-
¶·µ¨§¢¥¸É¨ ¸¶¥±É·Ò ¶¨µ´µ¢, ± µ´µ¢ ¨ ¶·µÉµ´µ¢ ¸ µ¤¨´ ±µ¢Ò³¨ §´ Î¥´¨Ö³¨
ªÊÏ¨·¥´¨Öª δ ¨ É¥³¶¥· ÉÊ·Ò ª¢Ò³µ· ¦¨¢ ´¨Öª Tf ¤²Ö ¸µÊ¤ ·¥´¨° A − A
(A = S, Pb) [100].

„¥É ²Ó´Ò°  ´ ²¨§ ¸ÊÐ¥¸É¢ÊÕÐ¨Ì ¤ ´´ÒÌ ¶µ ¸¶¥±É· ³  ¤·µ´µ¢ ¶·¨ Ô´¥·-
£¨¨ CERN-SPS 200 ƒÔ‚/´Ê±²µ´ (Ô±¸¶¥·¨³¥´ÉÒ WA80 [95], HELIOS [96],
NA35 [97]) ¢ · ³± Ì É·¥Ì³¥·´µ° ·¥²ÖÉ¨¢¨¸É¸±µ° £¨¤·µ¤¨´ ³¨±¨ ¸ ¤µ¶µ²´¨-
É¥²Ó´Ò³¨ ¶·¥¤¶µ²µ¦¥´¨Ö³¨ µ ¸¢µ°¸É¢ Ì ±µ´Ë °´³¥´É  ¡Ò² ¢Ò¶µ²´¥´, ´ ¶·¨-

�¨¸. 6. � ¸¶·¥¤¥²¥´¨¥ ¶µ ¶·µ¤µ²Ó´µ° ¡Ò¸É·µÉ¥ yÍ³ ¢ ¸.Í.³. ¸É ²±¨¢ ÕÐ¨Ì¸Ö Ö¤¥· ( );
pT -· ¸¶·¥¤¥²¥´¨¥ (2 < ylab < 3) (¡) µÉ·¨Í É¥²Ó´µ § ·Ö¦¥´´ÒÌ ¶¨µ´µ¢ ¢ £¨¤·µ¤¨´ ³¨-
Î¥¸±µ° ³µ¤¥²¨ ¸ ¶µ¶¥·¥Î´Ò³ · ¸Ï¨·¥´¨¥³ [75] ¨ ¤ ´´Ò¥ Ô±¸¶¥·¨³¥´É  NA35 S + S
200A· ƒÔ‚ [97]. ˜É·¨Ìµ¢ Ö £¨¸Éµ£· ³³  ¸µµÉ¢¥É¸É¢Ê¥É ·¥§Ê²ÓÉ É ³ FRITIOF 7.02
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³¥·, ¢ · ¡µÉ¥ [88]. �·¨ ÔÉµ³ ¤ ´´Ò¥ ¡Ò²¨ µ¶¨¸ ´Ò ¸ ´ Î ²Ó´Ò³¨ Ê¸²µ¢¨Ö³¨,
¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨ Ëµ·³¨·µ¢ ´¨Õ Šƒ� ¶·¨ É¥³¶¥· ÉÊ·¥ T0 ' 170÷200 ŒÔ‚
¤²Ö Í¥´É· ²Ó´ÒÌ ¸µÊ¤ ·¥´¨° ¶ÊÎ±µ¢ S ¨ O ¨ ³¨Ï¥´¥° µÉ Al ¤µ Pb (§´ Î¥´¨Ö
¤·Ê£¨Ì ¶ · ³¥É·µ¢: τ0 = 1 Ë³/c, Tc = 160 ŒÔ‚, Tf = mπ = 140 ŒÔ‚). �·µ-
¢¥¤¥´´Ò° ¢ · ¡µÉ¥ [105]  ´ ²¨§ ¶·¥¤¢ ·¨É¥²Ó´ÒÌ ¤ ´´ÒÌ ¶µ ¸¶¥±É· ³  ¤·µ´µ¢
¢µ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ PbÅPb ¶·¨ Ô´¥·£¨¨ 158A ·ƒÔ‚ (Ô±¸¶¥·¨³¥´É NA49 [65])
É ±¦¥ Ê± §Ò¢ ¥É ´  ¢µ§³µ¦´µ¸ÉÓ ¨Ì µ¶¨¸ ´¨Ö ¢ £¨¤·µ¤¨´ ³¨Î¥¸±µ° ³µ¤¥²¨ ¸
ÊÎ¥Éµ³ ´ Î ²Ó´µ£µ Ëµ·³¨·µ¢ ´¨Ö ±¢ ·±-£²Õµ´´µ° Ë §Ò.

‚ · ¡µÉ¥ [75] ¢ · ³± Ì ¶·µ¸Éµ° ³µ¤¥²¨ ÊÎ¥É  ¶µ¶¥·¥Î´µ£µ · ¸Ï¨·¥´¨Ö
±¢ ·±-£²Õµ´´µ° ¦¨¤±µ¸É¨ ¸ Ë §µ¢Ò³ ¶¥·¥Ìµ¤µ³ ¡Ò²µ ¶µ± § ´µ, ÎÉµ ¨³¥Õ-
Ð¨¥¸Ö ¤ ´´Ò¥ ³µ£ÊÉ ¡ÒÉÓ ¸µ£² ¸µ¢ ´Ò ¸ Ëµ·³¨·µ¢ ´¨¥³ ¸³¥Ï ´´µ° Ë §Ò ´ 
´ Î ²Ó´µ° ¸É ¤¨¨ ·¥ ±Í¨¨ ¶·¨ T0 = Tc = 160 ŒÔ‚. ‚ ± Î¥¸É¢¥ ¶·¨³¥· 
´  ·¨¸.6 ¶·¨¢¥¤¥´µ µ¶¨¸ ´¨¥ ¤ ´´ÒÌ ¶µ ¸¶¥±É· ³ µÉ·¨Í É¥²Ó´µ § ·Ö¦¥´-
´ÒÌ ¶¨µ´µ¢ ¢ Í¥´É· ²Ó´ÒÌ ¸Éµ²±´µ¢¥´¨ÖÌ S + S Ô±¸¶¥·¨³¥´É  NA35 [97]
£¨¤·µ¤¨´ ³¨Î¥¸±µ° ³µ¤¥²ÓÕ [75] ¸ ¶ · ³¥É· ³¨ ª¢Ò³µ· ¦¨¢ ´¨Öª Å É¥³-
¶¥· ÉÊ·µ° Tf = 140 ŒÔ‚ ¨ ¸·¥¤´¥° ±µ²²¥±É¨¢´µ° ¶µ¶¥·¥Î´µ° ¸±µ·µ¸ÉÓÕ
< βT >= 0, 38. „²Ö ¨²²Õ¸É· Í¨¨ ¢ ¦´µ¸É¨ ÊÎ¥É  ±µ²²¥±É¨¢´ÒÌ ÔËË¥±Éµ¢ ´ 
·¨¸Ê´±¥ ¶·¥¤¸É ¢²¥´Ò É ±¦¥ ·¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¸¶¥±É·µ¢,
¢Ò¶µ²´¥´´µ£µ ¸ ¶µ³µÐÓÕ ²Ê´¤µ¢¸±µ° ³µ¤¥²¨ Œµ´É¥-Š ·²µ ±¢ ·±-£²Õµ´´ÒÌ
¸É·Ê´ FRITIOF 7.02 [40] ¢ ¶·¨¡²¨¦¥´¨¨ ´¥§ ¢¨¸¨³ÒÌ ´Ê±²µ´-´Ê±²µ´´ÒÌ
¸Ê¡¸Éµ²±´µ¢¥´¨°. ‚¨¤´µ, ÎÉµ FRITIOF 7.02 ¶·¥¤¸± §Ò¢ ¥É ¡µ²¥¥ ³Ö£±¨°
pT -¸¶¥±É·  ¤·µ´µ¢, Î¥³ ÔÉµ ´ ¡²Õ¤ ¥É¸Ö ¢ Ô±¸¶¥·¨³¥´É¥, ÎÉµ ¶·¨¢¥²µ ±
´¥µ¡Ìµ¤¨³µ¸É¨ ¢±²ÕÎ¥´¨Ö ¢ ³µ¤¥²Ó ¤µ¶µ²´¨É¥²Ó´ÒÌ ±µ²²¥±É¨¢´ÒÌ ÔËË¥±-
Éµ¢, É ±¨Ì ± ± ª£µ·ÖÎ¥¥ª ± ¸± ¤¨·µ¢ ´¨¥  ¤·µ´µ¢ ¨ ±µ²²¥±É¨¢´µ¥ ¨§²ÊÎ¥´¨¥
¸É·Ê´ [49]. ‡ ³¥É¨³, ÎÉµ É ±µ£µ ·µ¤  ÔËË¥±ÉÒ ± ± · § ¨ ³µ£ÊÉ ¶·¥¤¸É ¢-
²ÖÉÓ ¸µ¡µ° ³¨±·µ¸±µ¶¨Î¥¸±ÊÕ ·¥ ²¨§ Í¨Õ ±µ²²¥±É¨¢´ÒÌ ¶µ¶¥·¥Î´ÒÌ ¶µÉµ-
±µ¢ ¸¨²Ó´µ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¥° ³ É¥·¨¨.

‚ ¦´µ, µ¤´ ±µ, µÉ³¥É¨ÉÓ, ÎÉµ É¥·³ ²¨§µ¢ ´´ Ö ¸¨¸É¥³ , Ô¢µ²ÕÍ¨µ´¨·ÊÖ
¢µ ¢·¥³¥´¨, ´¥ ª¶µ³´¨Éª µ ¸¢µ¥³ ¶·¥¤Ò¤ÊÐ¥³ Ë §µ¢µ³ ¸µ¸ÉµÖ´¨¨, ¨ ·¥£¨-
¸É·¨·Ê¥³µ¥ ¢ ·¥ ²Ó´µ³ Ô±¸¶¥·¨³¥´É¥ ±µ´¥Î´µ¥  ¤·µ´´µ¥ ¸µ¸ÉµÖ´¨¥ ´¥ ´¥¸¥É
¶·Ö³µ° ¨ µ¤´µ§´ Î´µ° ¨´Ëµ·³ Í¨¨ µ ´ Î ²Ó´ÒÌ Ê¸²µ¢¨ÖÌ Ëµ·³¨·µ¢ ´¨Ö ³ -
É¥·¨¨, µÉ· ¦ Ö ¸¢µ°¸É¢  ¸¨¸É¥³Ò ´  ¸É ¤¨¨ ª¢Ò³µ· ¦¨¢ ´¨Öª. �µÔÉµ³Ê ¸ÊÐ¥-
¸É¢Ê¥É ¡µ²ÓÏµ° ´ ¡µ· · §´µ£µ ·µ¤  ´ Î ²Ó´ÒÌ Ê¸²µ¢¨°, ±µÉµ·Ò¥ ¢ · ³± Ì É¥Ì
¨²¨ ¨´ÒÌ ³µ¤¥²¥° ³µ£ÊÉ ¡ÒÉÓ ¸µ£² ¸µ¢ ´Ò ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨
¶µ ¨³¶Ê²Ó¸´Ò³ ¸¶¥±É· ³  ¤·µ´µ¢ ¢ Ö¤·µ-Ö¤¥·´ÒÌ ¸µÊ¤ ·¥´¨ÖÌ. ‚ Î ¸É´µ-
¸É¨, ¤µ¶µ²´¨É¥²Ó´µ¥ ¢±²ÕÎ¥´¨¥ ·µ¦¤¥´¨Ö ¨ · ¸¶ ¤  ·¥§µ´ ´¸µ¢ ¢ ·¥ ±Í¨¨
´ ·Ö¤Ê ¸ ÊÎ¥Éµ³ ¶·µ¤µ²Ó´µ£µ ±µ²²¥±É¨¢´µ£µ · ¸Ï¨·¥´¨Ö  ¤·µ´´µ° ³ É¥·¨¨
¶µ§¢µ²Ö¥É µ¶¨¸ ÉÓ ¶· ±É¨Î¥¸±¨ ¢¸¥ ¨³¥ÕÐ¨¥¸Ö ¤ ´´Ò¥ ¶µ ¸¶¥±É· ³  ¤·µ´µ¢
¶·¨ Ô´¥·£¨ÖÌ SPS ¢ · ³± Ì ¶·µ¸Éµ° ªÉ¥·³ ²Ó´µ°ª ³µ¤¥²¨ [87] ¡¥§ ¶·¥¤¶µ²µ-
¦¥´¨° µ Ëµ·³¨·µ¢ ´¨¨ ±¢ ·±-£²Õµ´´µ° ¨²¨ ¸³¥Ï ´´µ° Ë §Ò ´  ´ Î ²Ó´µ³
ÔÉ ¶¥ ·¥ ±Í¨¨. ˆ§³¥·¥´¨Ö  ¤·µ´´ÒÌ ¸¶¥±É·µ¢ ¢ Ô±¸¶¥·¨³¥´É Ì ´  ¡Ê¤ÊÐ¨Ì
±µ²² °¤¥· Ì ÉÖ¦¥²ÒÌ ¨µ´µ¢ (STAR [106], PHOBOS [107], BRAHMS [108] ´ 
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RHIC ¨ ALICE [109] ´  LHC) ³µ£ÊÉ µ¡¥¸¶¥Î¨ÉÓ ´ ¸ ¤¥É ²Ó´µ° ¨´Ëµ·³ Í¨¥°
µ ±µ²²¥±É¨¢´ÒÌ ÔËË¥±É Ì ¢ ¸¨¸É¥³ Ì Î ¸É¨Í ¸ ³´µ¦¥¸É¢¥´´µ¸ÉÓÕ ¢ ¤¥¸ÖÉ±¨
¨ ¸µÉ´¨ · § ¢ÒÏ¥, Î¥³ ¤µ¸É¨£ ¥É¸Ö ´  ¸µ¢·¥³¥´´ÒÌ Ê¸±µ·¨É¥²ÖÌ.

„¢ÊÌÎ ¸É¨Î´Ò¥ ±µ··¥²ÖÍ¨¨. ’· ¤¨Í¨µ´´Ò³ ¨´¸É·Ê³¥´Éµ³ ¶µ²ÊÎ¥´¨Ö ¨´-
Ëµ·³ Í¨¨ µ ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´ÒÌ · §³¥· Ì µ¡² ¸É¨ ¨¸ÉµÎ´¨±  Î ¸É¨Í
¢  ¤·µ´- ¤·µ´´ÒÌ,  ¤·µ´-Ö¤¥·´ÒÌ ¨ Ö¤·µ-Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ Ö¢²Ö¥É¸Ö
¤¢ÊÌÎ ¸É¨Î´ Ö ¨´É¥·Ë¥·µ³¥É·¨Ö ¨¤¥´É¨Î´ÒÌ Î ¸É¨Í [110Ä112], ¨¤¥Ö ¨¸¶µ²Ó-
§µ¢ ´¨Ö ±µÉµ·µ° ¶·µ¨¸Ìµ¤¨É ¨§ Ô±¸¶¥·¨³¥´Éµ¢ ¶µ ¨§³¥·¥´¨Õ £¥µ³¥É·¨Î¥-
¸±µ£µ · §³¥·  §¢¥§¤ ¸ ¶µ³µÐÓÕ ¨´É¥·Ë¥·µ³¥É·¨¨ ËµÉµ´µ¢. ‚ µÉ²¨Î¨¥ µÉ
 ¸É·µ´µ³¨Î¥¸±¨Ì ¨§³¥·¥´¨° ¸µ ¸É Í¨µ´ ·´Ò³ ¨¸ÉµÎ´¨±µ³, ¢ Ö¤¥·´µ° Ë¨§¨±¥
±µ··¥²ÖÍ¨µ´´Ò°  ´ ²¨§ µ¶·¥¤¥²Ö¥É ´¥ £¥µ³¥É·¨Î¥¸±¨° · §³¥· ¨¸ÉµÎ´¨± ,  
É ± ´ §Ò¢ ¥³ÊÕ ª¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´ÊÕ µ¡² ¸ÉÓ £µ³µ£¥´´µ¸É¨ª, ¨§ ±µ-
Éµ·µ° ¨¸¶Ê¸± ÕÉ¸Ö Î ¸É¨ÍÒ ¸ ¡²¨§±¨³¨ §´ Î¥´¨Ö³¨ ¨³¶Ê²Ó¸ . �Éµ ¶·¨¢µ¤¨É
± Éµ³Ê, ÎÉµ (É ± ± ± ¤²Ö · ¸Ï¨·ÖÕÐ¥£µ¸Ö ¨¸ÉµÎ´¨±  ¸ÊÐ¥¸É¢Ê¥É § ¢¨¸¨³µ¸ÉÓ
¨³¶Ê²Ó¸  Î ¸É¨ÍÒ µÉ ÉµÎ±¨ ª¢Ò³µ· ¦¨¢ ´¨Öª) ¨§³¥·Ö¥³Ò° ª· ¤¨Ê¸ £µ³µ£¥´-
´µ¸É¨ª ¸ÊÐ¥¸É¢¥´´µ § ¢¨¸¨É µÉ ¨³¶Ê²Ó¸  ¶ ·Ò Î ¸É¨Í [90,113Ä117].

ˆ¤¥Ö ³¥Éµ¤  ¸µ¸Éµ¨É ¢ ¨§³¥·¥´¨¨ ¤¢ÊÌÎ ¸É¨Î´µ° ±µ··¥²ÖÍ¨µ´´µ° ËÊ´±-
Í¨¨

C2 =
< n >2

< n(n− 1) >

d6N/(dp3
1dp

3
2)

d3N/dp3
1d

3N/dp3
2

= 1 + λ | F12 |2, (23)

£¤¥ n Å ³´µ¦¥¸É¢¥´´µ¸ÉÓ Î ¸É¨Í, d3N/dpi ¨ d6N/(dp3
1dp

3
2) Å µ¤´µ- ¨ ¤¢ÊÌ-

Î ¸É¨Î´Ò¥ ¨´±²Õ§¨¢´Ò¥ · ¸¶·¥¤¥²¥´¨Ö, F12 =< exp (iq12rk) >p1,2 Å ËÊ·Ó¥-
µ¡· § ¨¸ÉµÎ´¨± , pi Å 4-¨³¶Ê²Ó¸ Î ¸É¨ÍÒ, λ Å ¶ · ³¥É·, ¸É·¥³ÖÐ¨°¸Ö ±
¥¤¨´¨Í¥ ¤²Ö ¶µ²´µ¸ÉÓÕ Ì µÉ¨Î´µ£µ ¨¸ÉµÎ´¨± .

„²Ö ¨¸ÉµÎ´¨±  Î ¸É¨Í ¸ £ Ê¸¸µ¢¸±¨³ · ¸¶·¥¤¥²¥´¨¥³ ¶²µÉ´µ¸É¨ ¶µ ¶·µ¸É-
· ´¸É¢¥´´µ-¢·¥³¥´´Ò³ ±µµ·¤¨´ É ³ ¨¸¶µ²Ó§ÊÕÉ µ¡ÒÎ´µ ¸É ´¤ ·É´ÊÕ ¶ · -
³¥É·¨§ Í¨Õ ±µ··¥²ÖÍ¨µ´´µ° ËÊ´±Í¨¨

C2 = 1 + λ exp

− ∑
i,j=l,o,s

R2
i,jqiqj

 , (24)

£¤¥ q = p1−p2 Å ¢¥±Éµ· µÉ´µ¸¨É¥²Ó´µ£µ ¨³¶Ê²Ó¸  ¤¢ÊÌ Î ¸É¨Í, ¶·¨Î¥³ ql Å
¶·µ¥±Í¨Ö ¢¥±Éµ·  q ´  ´ ¶· ¢²¥´¨¥ µ¸¨ ¶ÊÎ±  (ÎÊ¢¸É¢¨É¥²Ó´  ± ¶·µ¤µ²Ó´µ³Ê
· §³¥·Ê ¨¸ÉµÎ´¨± ), q0 Å ´  ´ ¶· ¢²¥´¨¥ ¢¤µ²Ó ¸Ê³³ ·´µ£µ ¶µ¶¥·¥Î´µ£µ
¨³¶Ê²Ó¸  ¶ ·Ò Î ¸É¨Í KT (ÎÊ¢¸É¢¨É¥²Ó´  ± ¢·¥³¥´¨ ¦¨§´¨ ¨¸ÉµÎ´¨± ), qs
Å ´  ´ ¶· ¢²¥´¨¥, ¶¥·¶¥´¤¨±Ê²Ö·´µ¥ ¤¢Ê³ ¶·¥¤Ò¤ÊÐ¨³ (ÎÊ¢¸É¢¨É¥²Ó´  ±
¶µ¶¥·¥Î´µ³Ê · §³¥·Ê ¨¸ÉµÎ´¨± ).

‘ÊÐ¥¸É¢Ê¥É É ±¦¥ ¤·Ê£ Ö Ëµ·³  ¶ · ³¥É·¨§ Í¨¨ ±µ··¥²ÖÍ¨µ´´µ° ËÊ´±-
Í¨¨ (Ë¨É Ÿ´  Å Šµ´¨´  Å �µ¤£µ·¥Í±µ£µ [118,119]):

C2 = 1 + λ exp
[
−R⊥q⊥ −R‖

(
q2
l − (q0)2

)
−
(
R2

0 +R2
‖

)
(q · U)2

]
, (25)
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£¤¥ q2
⊥ = q2

0 + q2
s , q

0 = q ·K/
√
m2 + K2, K = KT + Kl = (p1 + p2)/2 ¨

4-¸±µ·µ¸ÉÓ ¨¸ÉµÎ´¨±  ¸ ¶·µ¤µ²Ó´µ° ±µ³¶µ´¥´Éµ° U(K) = γ(K) (1, 0, 0, v(K)),
γ = (1 − v2)−1/2. �·¥¨³ÊÐ¥¸É¢µ³ ¤ ´´µ° ¶ · ³¥É·¨§ Í¨¨ Ö¢²Ö¥É¸Ö Éµ, ÎÉµ
µ´  ´¥ § ¢¨¸¨É µÉ ¶·µ¤µ²Ó´µ° ¸±µ·µ¸É¨ ¨¸ÉµÎ´¨± , ¨ ¨§³¥·¥´¨¥ ¶ · ³¥É·µ¢
R⊥(K) =< y2 >1/2, R‖(K) ≈< z2 >1/2 ¨ R0(K) ≈< t2 >1/2 ¤ ¥É ¶·Ö³µ¥
§´ Î¥´¨¥ ÔËË¥±É¨¢´ÒÌ ¶µ¶¥·¥Î´µ£µ · ¤¨Ê¸ , ¶·µ¤µ²Ó´µ£µ · §³¥·  ¨ ¢·¥³¥´¨
¦¨§´¨ ¨¸ÉµÎ´¨±  ¸µµÉ¢¥É¸É¢¥´´µ. ‚ Î ¸É´µ¸É¨, ¢ ¸²ÊÎ ¥ µÉ¸ÊÉ¸É¢¨Ö ¶µ¶¥·¥Î-
´µ£µ · ¸Ï¨·¥´¨Ö ¨¸ÉµÎ´¨±  ¶µ¶¥·¥Î´Ò° · ¤¨Ê¸ R⊥ ´¥ ¤µ²¦¥´ § ¢¨¸¥ÉÓ µÉ
¶µ¶¥·¥Î´µ° ³ ¸¸Ò ¶ ·Ò Î ¸É¨Í MT =

√
K2
T +m2 (MT -¸±¥°²¨´£), ¢ Éµ

¢·¥³Ö ± ± ´ ²¨Î¨¥ ¶µ¶¥·¥Î´µ£µ ¶µÉµ±  ¤µ²¦´µ ¶·¨¢µ¤¨ÉÓ ± Ê³¥´ÓÏ¥´¨Õ R⊥
¸ ·µ¸Éµ³ MT [114,116,117].

�  ´ ¸ÉµÖÐ¨° ³µ³¥´É ¨³¥ÕÉ¸Ö ³´µ£µÎ¨¸²¥´´Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´-
´Ò¥ ¶µ ±µ··¥²ÖÍ¨µ´´Ò³ ËÊ´±Í¨Ö³ ¶¨µ´µ¢ ¨ ± µ´µ¢ ¢ Ö¤·µ-Ö¤¥·´ÒÌ ¸µÊ¤ ·¥-
´¨ÖÌ ¶·¨ Ô´¥·£¨ÖÌ AGS ¨ SPS (¸³, ´ ¶·¨³¥·, [120]), ¶µ¤·µ¡´Ò°  ´ ²¨§ ±µÉµ-
·ÒÌ ¢ÒÌµ¤¨É §  · ³±¨ ´ Ï¥£µ µ¡§µ· . �É³¥É¨³ ²¨ÏÓ, ÎÉµ ¨³¥ÕÐ¨¥¸Ö ¤ ´´Ò¥
¸µ£² ¸ÊÕÉ¸Ö ¸ ³µ¤¥²ÓÕ ¶·µ¤µ²Ó´µ · ¸Ï¨·ÖÕÐ¥£µ¸Ö ¨¸ÉµÎ´¨± , §´ Î¥´¨Ö ÔË-
Ë¥±É¨¢´ÒÌ ¶µ¶¥·¥Î´µ£µ · ¤¨Ê¸  R⊥ =

√
R2
s +R2

0 ¨ ¶·µ¤µ²Ó´µ£µ · §³¥·  Rl
±µÉµ·µ£µ ¸µ¨§³¥·¨³Ò ¤·Ê£ ¸ ¤·Ê£µ³ ¨ Ê¢¥²¨Î¨¢ ÕÉ¸Ö ¸ ·µ¸Éµ³ · ¤¨Ê¸  ´ ²¥-
É ÕÐ¥£µ Ö¤·  RA [121,122]: R⊥ ≈ Rl > RA. �·¨ ÔÉµ³ ± µ´Ò ¨§²ÊÎ ÕÉ¸Ö
¨§ ¡µ²¥¥ ¶²µÉ´ÒÌ ¨ ª£µ·ÖÎ¨Ìª µ¡² ¸É¥°, Î¥³ ¶¨µ´Ò, RK < Rπ, ÎÉµ Ê± §Ò¢ ¥É
´  ¡µ²¥¥ · ´´¥¥ ª¢Ò³µ· ¦¨¢ ´¨¥ª ± µ´µ¢ ¢¸²¥¤¸É¢¨¥ ¨Ì ³¥´ÓÏ¥£µ ¸¥Î¥´¨Ö
¢§ ¨³µ¤¥°¸É¢¨Ö ¢  ¤·µ´´µ° ³ É¥·¨¨; ¢ Éµ ¦¥ ¢·¥³Ö ¶ · ³¥É· ªÌ µÉ¨Î´µ¸É¨ª λ
§ ³¥É´µ µÉ²¨Î ¥É¸Ö µÉ ¥¤¨´¨ÍÒ, ¨ ¥£µ §´ Î¥´¨¥ ´¥¸±µ²Ó±µ ¡µ²ÓÏ¥ ¤²Ö ± µ´µ¢,
Î¥³ ¤²Ö ¶¨µ´µ¢, λK > λπ, ÎÉµ, ¢¥·µÖÉ´µ, Ö¢²Ö¥É¸Ö ¸²¥¤¸É¢¨¥³ ¢²¨Ö´¨Ö ¤µ²-
£µ¦¨¢ÊÐ¨Ì ·¥§µ´ ´¸µ¢ ´  Ëµ·³¨·µ¢ ´¨¥ ±µ´¥Î´µ£µ ¶¨µ´´µ£µ ¨, ¢ ³¥´ÓÏ¥°
¸É¥¶¥´¨, ± µ´´µ£µ ¸µ¸ÉµÖ´¨Ö [123].

ˆ´É¥·¥¸´Ò³ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ Ë ±Éµ³ ¶·¥¤¸É ¢²Ö¥É¸Ö ´ ¡²Õ¤ ¥³µ¥
¸² ¡µ¥ ´ ·ÊÏ¥´¨¥ MT -¸±¥°²¨´£  ¶µ¶¥·¥Î´µ£µ · ¤¨Ê¸  R⊥ ¨¸ÉµÎ´¨±  ¶¨µ-
´µ¢, ¢ Î ¸É´µ¸É¨, ¢ ¸Éµ²±´µ¢¥´¨ÖÌ PbÅPb ´  SPS (Ô±¸¶¥·¨³¥´É NA49 [124]),
ÎÉµ ¸µ£² ¸Ê¥É¸Ö ¸ ¶·¥¤¸± § ´¨¥³ É ±µ£µ ÔËË¥±É  ¢ ¸²ÊÎ ¥ ¸ÊÐ¥¸É¢µ¢ ´¨Ö ¶µ-
¶¥·¥Î´µ£µ ±µ²²¥±É¨¢´µ£µ ¤¢¨¦¥´¨Ö  ¤·µ´´µ° ³ É¥·¨¨ [114,116,117].

�µ¤Î¥·±´¥³, µ¤´ ±µ, ÎÉµ  ´ ²¨§ É ±µ£µ ·µ¤  ±µ··¥²ÖÍ¨µ´´ÒÌ ÔËË¥±Éµ¢
Ö¢²Ö¥É¸Ö ¤µ¸É ÉµÎ´µ Éµ´±¨³ ¨¸¸²¥¤µ¢ ´¨¥³, ¶·¨ ±µÉµ·µ³ ´¥µ¡Ìµ¤¨³µ ÊÎ¨ÉÒ-
¢ ÉÓ ¢±² ¤ ¢¸¥Ì ¢µ§³µ¦´ÒÌ ÔËË¥±Éµ¢ ¢ µ¡² ¸É¨ ³ ²ÒÌ ¨³¶Ê²Ó¸µ¢. ŒÒ Ê¦¥
Ê¶µ³Ö´Ê²¨ µ ¢µ§³µ¦´µ³ ¢²¨Ö´¨¨ · ¸¶ ¤  ·¥§µ´ ´¸µ¢, ¶·¨¢µ¤ÖÐ¥³ ± ª¸³ -
§Ò¢ ´¨Õª µ¡Ð¥° ±µ··¥²ÖÍ¨µ´´µ° ± ·É¨´Ò, ¢ Éµ³ Î¨¸²¥ ¨ ± ¸² ¡µ³Ê ´ ·Ê-
Ï¥´¨Õ MT -¸±¥°²¨´£ . „·Ê£¨³ ¢ ¦´Ò³ ÔËË¥±Éµ³, ¢²¨ÖÕÐ¨³ ´  ¶µ¢¥¤¥´¨¥
±µ··¥²ÖÍ¨µ´´ÒÌ ËÊ´±Í¨° ¢ µ¡² ¸É¨ ³ ²ÒÌ µÉ´µ¸¨É¥²Ó´ÒÌ ¨³¶Ê²Ó¸µ¢ q, Ö¢²Ö-
¥É¸Ö ±Ê²µ´µ¢¸±µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ Î ¸É¨Í, ±µÉµ·µ¥ ÊÎ¨ÉÒ¢ ¥É¸Ö ¶·µ¸É¥°Ï¨³
µ¡· §µ³ µ¡ÒÎ´µ ¢¢¥¤¥´¨¥³ ¶µ¶· ¢±¨, É ± ´ §Ò¢ ¥³µ£µ Ë ±Éµ·  ƒ ³µ¢  Å
±¢ ¤· É  µÉ´µ¸¨É¥²Ó´µ° ±Ê²µ´µ¢¸±µ° ¢µ²´µ¢µ° ËÊ´±Í¨¨ ¶ ·Ò ¶¨µ´µ¢ ¶·¨
´Ê²¥¢µ³ ¶·µ¸É· ´¸É¢¥´´µ³ · §·¥Ï¥´¨¨ [125], ÌµÉÖ ·Ö¤ É¥µ·¥É¨Î¥¸±¨Ì · ¡µÉ
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¡Ò² ¶µ¸¢ÖÐ¥´ · §· ¡µÉ±¥ ¡µ²¥¥ ±µ··¥±É´µ£µ  ²£µ·¨É³  ÊÎ¥É  ±Ê²µ´µ¢¸±¨Ì
¶µ¶· ¢µ±, ´ ¶·¨³¥·, [114, 126Ä128]. �¥ÊÎ¥É ±Ê²µ´µ¢¸±µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö
¢µ§³µ¦¥´ ²¨ÏÓ ¶·¨ ¶·µ¢¥¤¥´¨¨  ´ ²¨§  ±µ··¥²ÖÍ¨µ´´ÒÌ ÔËË¥±Éµ¢ ¤²Ö ´¥°-
É· ²Ó´ÒÌ ¡µ§µ´µ¢, É ±¨Ì, ± ± ¶·Ö³Ò¥ ËµÉµ´Ò, ´µ ¶· ±É¨Î¥¸±µ¥ µ¸ÊÐ¥¸É¢²¥-
´¨¥ É ±µ£µ ¨¸¸²¥¤µ¢ ´¨Ö, ± ± ¶· ¢¨²µ, ¶·¥¤¸É ¢²Ö¥É¸Ö ³ ²µ¶·µ¤Ê±É¨¢´Ò³
¢¸²¥¤¸É¢¨¥ ¡µ²ÓÏµ£µ Ëµ´  µÉ · ¸¶ ¤   ¤·µ´µ¢, É¨¶  π0 → γγ. …Ð¥ µ¤´µ°
¶·µ¡²¥³µ° ¤¢ÊÌÎ ¸É¨Î´µ° ¨´É¥·Ë¥·µ³¥É·¨¨ Ö¢²Ö¥É¸Ö µÉ¸ÊÉ¸É¢¨¥ ´ ¤¥¦´ÒÌ
 ²£µ·¨É³µ¢, ¶µ§¢µ²ÖÕÐ¨Ì ±µ··¥±É´µ · ¸¸Î¨ÉÒ¢ ÉÓ ³´µ£µÎ ¸É¨Î´Ò¥ ±µ··¥²Ö-
Í¨µ´´Ò¥ ËÊ´±Í¨¨ [129, 130], ¢²¨Ö´¨¥ ±µÉµ·ÒÌ ´  µ¡ÐÊÕ ±µ··¥²ÖÍ¨µ´´ÊÕ
± ·É¨´Ê ¢ ¶²µÉ´ÒÌ  ¤·µ´´ÒÌ ¸¨¸É¥³ Ì, µ¸µ¡¥´´µ ¶·¨ Ô´¥·£¨ÖÌ ¡Ê¤ÊÐ¨Ì ±µ²-
² °¤¥·µ¢ RHIC ¨ LHC, ³µ¦¥É ¡ÒÉÓ §´ Î¨É¥²Ó´Ò³, ¥¸²¨ ´¥ µ¶·¥¤¥²ÖÕÐ¨³.

3.2. C¶¥±É·Ò ²¥¶Éµ´µ¢ ¨ ËµÉµ´µ¢. ˆ¤¥Ö ²¥¶Éµ´´µ° ¨ ËµÉµ´´µ° ¤¨ £´µ-
¸É¨±¨ · ¢´µ¢¥¸´µ° Ö¤¥·´µ° ³ É¥·¨¨ ¢ ¶·µÍ¥¸¸ Ì ³´µ¦¥¸É¢¥´´µ£µ ·µ¦¤¥´¨Ö
¡Ò²  ¢¶¥·¢Ò¥ ¢Ò¤¢¨´ÊÉ  ….‹.”¥°´¡¥·£µ³ [131] ¨ § É¥³ · §¢¨É  ¢ ¡µ²ÓÏµ³ Î¨-
¸²¥ · ¡µÉ( [73,77,132Ä138] ¨ ¤·.). ‚ µÉ²¨Î¨¥ µÉ  ¤·µ´µ¢ ²¥¶Éµ´Ò ¨ ËµÉµ´Ò,
´¥ ¨¸¶ÒÉÒ¢ Ö ¸¨²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö, ³µ£ÊÉ ¶µÎÉ¨ ¸¢µ¡µ¤´µ ·µ¦¤ ÉÓ¸Ö ¨
¶µ±¨¤ ÉÓ Ö¤¥·´ÊÕ ³ É¥·¨Õ ´  ¶·µÉÖ¦¥´¨¨ ¢¸¥Ì ÔÉ ¶µ¢ ¥¥ Ô¢µ²ÕÍ¨¨. �·¨ ÔÉµ³
¸¶¥±É·Ò É¥·³ ²Ó´ÒÌ ËµÉµ´µ¢ ¨ ¶ · ²¥¶Éµ´µ¢ (¤¨²¥¶Éµ´µ¢) ¢¥¸Ó³  ÎÊ¢¸É¢¨-
É¥²Ó´Ò ± É¥³¶¥· ÉÊ·¥ ¸·¥¤Ò, ÎÉµ ¸µ§¤ ¥É ¢µ§³µ¦´µ¸ÉÓ ¨§³¥·¥´¨Ö ´ Î ²Ó´µ°
É¥³¶¥· ÉÊ·Ò ¨ ¤·Ê£¨Ì É¥·³µ¤¨´ ³¨Î¥¸±¨Ì Ì · ±É¥·¨¸É¨± ¸¨¸É¥³Ò,   É ±¦¥
¨¸¸²¥¤µ¢ ´¨Ö ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´µ£µ · §¢¨É¨Ö ¤¨´ ³¨Î¥¸±¨Ì ¶·µÍ¥¸¸µ¢
¢ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¸Éµ²±´µ¢¥´¨ÖÌ Ö¤¥· ¸ ¶µ³µÐÓÕ Ô³¨¸¸¨¨ ËµÉµ´µ¢ ¨
¤¨²¥¶Éµ´µ¢.

‡¤¥¸Ó ³Ò ´¥ ¡Ê¤¥³ µ¸É ´ ¢²¨¢ ÉÓ¸Ö ´   ´ ²¨§¥ ¸µ¢·¥³¥´´ÒÌ ³¥Éµ¤µ¢ · ¸-
Î¥É  ¶·Ö³ÒÌ ¸¶¥±É·µ¢ ¤¨²¥¶Éµ´µ¢ ¨ ËµÉµ´µ¢, ±µÉµ·Ò¥ ¶µ¤·µ¡´µ · ¸¸³ É·¨-
¢ ²¨¸Ó, ´ ¶·¨³¥·, ¢ µ¡§µ·¥ [139]. ‚ ¡µ²ÓÏ¨´¸É¢¥ · ¡µÉ ¢ÒÌµ¤ ´¨§±µÔ´¥·£¥-
É¨Î´ÒÌ ËµÉµ´µ¢ (pT <∼ 2 ƒÔ‚/c) ¨ ¤¨²¥¶Éµ´µ¢ ´¥¡µ²ÓÏ¨Ì ¨´¢ ·¨ ´É´ÒÌ ³ ¸¸

M12 =
√

(E2
1 + E2

2 )− (p2
1 + p2

2) <∼ 2Å4 ƒÔ‚/c2 ¢ÒÎ¨¸²Ö¥É¸Ö ¢ ³Ö£±µ¢µ²´µ-
¢µ³ ¶·¨¡²¨¦¥´¨¨ [140] ¨ ¨´É¥£·¨·Ê¥É¸Ö ¶µ ¢¸¥° ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´µ°
Ô¢µ²ÕÍ¨¨ ª£µ·ÖÎ¥°ª ³ É¥·¨¨. �¥·¥Î¨¸²¨³ ²¨ÏÓ µ¸´µ¢´Ò¥ µ¸µ¡¥´´µ¸É¨ ³¥-
Ì ´¨§³µ¢ £¥´¥· Í¨¨ ²¥¶Éµ´-²¥¶Éµ´´ÒÌ ¶ · l+l− (l = e, µ) ¨ ËµÉµ´µ¢ γ ¢
Ö¤·µ-Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ.

� ¨¡µ²¥¥ ¨´É¥·¥¸ÊÕÐ¨³ ´ ¸ §¤¥¸Ó ¸²ÊÎ ¥³ ¶·¥¤¸É ¢²Ö¥É¸Ö Ëµ·³¨·µ¢ -
´¨¥ ±¢ ·±-£²Õµ´´µ° ¨²¨ ¸³¥Ï ´´µ° Ë §Ò ¢ Ö¤·µ-Ö¤¥·´µ³ ¸µÊ¤ ·¥´¨¨, ±µ-
£¤  ¨´É¥´¸¨¢´µ¥ ¨§²ÊÎ¥´¨¥ ¤¨²¥¶Éµ´µ¢ ¶·µ¨¸Ìµ¤¨É ¢ ·¥§Ê²ÓÉ É¥ ¶·µÍ¥¸¸ 
 ´´¨£¨²ÖÍ¨¨ ±¢ ·±- ´É¨±¢ ·±µ¢ÒÌ ¶ · qq → µ+µ−,   ¨§²ÊÎ¥´¨¥ ËµÉµ´µ¢
Å ¢ ·¥§Ê²ÓÉ É¥  ´´¨£¨²ÖÍ¨¨ qq → gγ ¨ ³Ö£±µ£µ ±µ³¶Éµ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö
qg → qγ. ‡ ³¥É¨³, ÎÉµ ¶µ³¨³µ É· ¤¨Í¨µ´´µ£µ µ¡Ñ¥³´µ£µ ³¥Ì ´¨§³  ¨§²ÊÎ¥-
´¨Ö ¤¨²¥¶Éµ´µ¢ ¨ ËµÉµ´µ¢ ´  £· ´¨Í¥ ª£µ·ÖÎ¥°ª ¸·¥¤Ò ³µ¦¥É ¢µ§´¨± ÉÓ ¨§-
²ÊÎ¥´¨¥ ³ £´¨É´µ-Éµ·³µ§´µ£µ É¨¶ , µ¡Ê¸²µ¢²¥´´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥³ ±¢ ·±µ¢
¸ ±µ²²¥±É¨¢´Ò³ Í¢¥Éµ¢Ò³ ¶µ²¥³, µ¡¥¸¶¥Î¨¢ ÕÐ¨³ ¨Ì Ê¤¥·¦ ´¨¥ [135, 136].
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�·¨ ÔÉµ³ ¤²Ö ±¢ ·±-£²Õµ´´ÒÌ ¸¨¸É¥³ ¸ · §³¥· ³¨ ∼ 1 ÷ 10 Ë³, µ¡· §µ¢ -
´¨¥ ±µÉµ·ÒÌ µ¦¨¤ ¥É¸Ö ¢ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¸Éµ²±´µ¢¥´¨ÖÌ Ö¤¥·, É ±µ¥
ª¶µ¢¥·Ì´µ¸É´µ¥ª ¨§²ÊÎ¥´¨¥ ¶µ ¨´É¥´¸¨¢´µ¸É¨ ¸· ¢´¨³µ ¸ µ¡Ñ¥³´Ò³ ³¥Ì -
´¨§³µ³ ¨ Ì · ±É¥·¨§Ê¥É¸Ö ¤²Ö Í¨²¨´¤·¨Î¥¸±¨-¸¨³³¥É·¨Î´µ° Šƒ� ¡µ²ÓÏµ°
¸É¥¶¥´ÓÕ ¶µ²Ö·¨§ Í¨¨ ËµÉµ´µ¢ ¨ ´ ²¨Î¨¥³ Ê£²µ¢µ°  ¸¨³³¥É·¨¨ ²¥¶Éµ´´ÒÌ
¶ · ¢ ¶²µ¸±µ¸É¨, ¶¥·¶¥´¤¨±Ê²Ö·´µ° ¸Ê³³ ·´µ³Ê ¨³¶Ê²Ó¸Ê ¶ ·Ò. �·µÍ¥¸¸Ò
¶¨µ´-¶¨µ´´µ° ¨ ± µ´-± µ´´µ°  ´´¨£¨²ÖÍ¨¨, π+π− → l+l− ¨ K+K− → l+l−,
  É ±¦¥ · ¸¸¥Ö´¨Ö É¨¶  πρ → πγ ¢ ª£µ·ÖÎ¥°ª  ¤·µ´´µ° Ë §¥ É ±¦¥ ¢´µ¸ÖÉ
¢±² ¤ ¢ ¸¶¥±É· ¤¨²¥¶Éµ´µ¢ ¨ ËµÉµ´µ¢ ¸µµÉ¢¥É¸É¢¥´´µ, ¢¥²¨Î¨´  ±µÉµ·µ£µ
µ¶·¥¤¥²Ö¥É¸Ö É¥³¶¥· ÉÊ·µ°  ¤·µ´´µ£µ £ § .

Š·µ³¥ É¥¶²µ¢ÒÌ ¤¨²¥¶Éµ´µ¢ ¨ ËµÉµ´µ¢ ¸ÊÐ¥¸É¢¥´´Ò° ¢±² ¤, µ¶·¥¤¥²ÖÕ-
Ð¨° ¨´É¥´¸¨¢´µ¸ÉÓ ¨§²ÊÎ¥´¨Ö ¢ µ¡² ¸É¨ ³ ²ÒÌ ¶µ¶¥·¥Î´ÒÌ ¨³¶Ê²Ó¸µ¢ ËµÉµ-
´µ¢ qT ¨ ´¥¡µ²ÓÏ¨Ì ³ ¸¸ ¤¨²¥¶Éµ´µ¢ M ≤ 0, 5 ƒÔ‚/c2, ¤ ÕÉ ¤ ²¨ÉÍ¥¢¸±¨¥
· ¸¶ ¤Ò π0, η, ω É¨¶  π0, η → l+l−γ, ω → l+l−π0. �  ¶µ§¤´¨Ì ¸É ¤¨ÖÌ Ô¢µ-
²ÕÍ¨¨  ¤·µ´´µ° ¸¨¸É¥³Ò ¨³¥¥É ³¥¸Éµ ¶·Ö³µ° · ¸¶ ¤ ·¥§µ´ ´¸µ¢ ρ0, ω, φ, ψ
(  ¶·¨ Ô´¥·£¨ÖÌ ±µ²² °¤¥·µ¢ ¨ Υ) ´  ¶ ·Ê l+l−, ¤ ÕÐ¨° ¢±² ¤ ¢ µ¡² ¸ÉÓ ³ ¸¸
¤¨²¥¶Éµ´µ¢, ¡²¨§±¨° ± ³ ¸¸¥ ·¥§µ´ ´¸ . �µ²ÓÏµ° ¢±² ¤ ¢ ¸¶¥±É· ËµÉµ´µ¢
¤ ¥É Ô²¥±É·µ³ £´¨É´Ò° · ¸¶ ¤ ´¥°É· ²Ó´ÒÌ ¶¨µ´µ¢ π0 → γγ, ¢ Éµ ¢·¥³Ö ± ±
¢²¨Ö´¨¥ ´¥±µ··¥²¨·µ¢ ´´µ£µ · ¸¶ ¤  ¶¨µ´µ¢ ¨ ± µ´µ¢ π±,K± → µ±+ ν (ν)
´  ¸¶¥±É· ¤¨²¥¶Éµ´µ¢ ¡Ê¤¥É ¸ÊÐ¥¸É¢¥´´Ò³ Éµ²Ó±µ ¶·¨ µÎ¥´Ó ¡µ²ÓÏ¨Ì §´ Î¥-
´¨ÖÌ ³´µ¦¥¸É¢¥´´µ¸É¨ ¢Éµ·¨Î´ÒÌ Î ¸É¨Í ¢ ¸Éµ²±´µ¢¥´¨ÖÌ ÉÖ¦¥²ÒÌ Ö¤¥· ¶·¨
Ô´¥·£¨ÖÌ RHIC ¨, µ¸µ¡¥´´µ, LHC. �µ²Ê²¥¶Éµ´´Ò° · ¸¶ ¤ ¶ · Î ·³¨·µ¢ ´´ÒÌ
 ¤·µ´µ¢ DD̄ → l+l− (  ¶·¨ Ô´¥·£¨ÖÌ ±µ²² °¤¥·µ¢ ¨ BB̄) ¤ ¥É µ¸´µ¢´µ° ¢±² ¤
¢ ¶·µ³¥¦ÊÉµÎ´ÊÕ µ¡² ¸ÉÓ ³ ¸¸ ¸¶¥±É·  ¤¨²¥¶Éµ´µ¢ 1, 5 ≤M ≤ 2, 5 ƒÔ‚/c2.

� ±µ´¥Í, ¶·µÍ¥¸¸Ò ´ Î ²Ó´µ£µ ¦¥¸É±µ£µ · ¸¸¥Ö´¨Ö É¨¶  qg → qγ,
qq → gγ ¨ ·µ¦¤¥´¨¥ ¶ · „·¥²²  Å Ÿ´  qq → l+l−, ¶·µ¨¸Ìµ¤ÖÐ¨¥ ´  ¸ ³µ°
· ´´¥° ´¥· ¢´µ¢¥¸´µ° ¸É ¤¨¨ Ô¢µ²ÕÍ¨¨ Ö¤·µ-Ö¤¥·´µ£µ ¸µÊ¤ ·¥´¨Ö ¢ ·¥§Ê²Ó-
É É¥ µÉ¤¥²Ó´ÒÌ ¦¥¸É±¨Ì ´Ê±²µ´-´Ê±²µ´´ÒÌ · ¸¸¥Ö´¨°, ¤µ³¨´¨·ÊÕÉ ¢ µ¡² ¸É¨
¡µ²ÓÏ¨Ì qT ËµÉµ´µ¢ ¨ M ≥ 4 ƒÔ‚/c2 ¤¨²¥¶Éµ´µ¢ ¸µµÉ¢¥É¸É¢¥´´µ.

’ ±¨³ µ¡· §µ³, ¤²Ö ´ ¤¥¦´µ° ¤¨ £´µ¸É¨±¨ ´ Î ²Ó´µ£µ É¥·³ ²¨§µ¢ ´´µ£µ
¸µ¸ÉµÖ´¨Ö ´¥µ¡Ìµ¤¨³µ ¨¤¥´É¨Ë¨Í¨·µ¢ ÉÓ É¥¶²µ¢Ò¥ ¤¨²¥¶Éµ´Ò ¨ ËµÉµ´Ò ´ 
Ëµ´¥ · ¸¶ ¤  ·¥§µ´ ´¸µ¢, ´¥±µ··¥²¨·µ¢ ´´µ£µ · ¸¶ ¤   ¤·µ´µ¢ ¨ ¦¥¸É±¨Ì
Š•„-¶·µÍ¥¸¸µ¢ ¢ ´¥±µÉµ·µ³ ªµ±´¥ª ¨´¢ ·¨ ´É´ÒÌ ³ ¸¸ ¸¶¥±É·  ¤¨²¥¶Éµ´µ¢
¨ ¶µ¶¥·¥Î´ÒÌ ¨³¶Ê²Ó¸µ¢ ËµÉµ´µ¢.

ˆ§¡ÒÉµ± ¶ · ²¥¶Éµ´µ¢ ¶µ ¸· ¢´¥´¨Õ ¸ µ¦¨¤ ¥³Ò³ §´ Î¥´¨¥³ µÉ ¨§¢¥¸É-
´ÒÌ ´¥É¥¶²µ¢ÒÌ ¨¸ÉµÎ´¨±µ¢, ¤ ÕÐ¨Ì ¸µµÉ¢¥É¸É¢ÊÕÐ¨° ¢±² ¤ ¢  ¤·µ´- ¤·µ´-
´Ò¥ ¨  ¤·µ´-Ö¤¥·´Ò¥ ¸µÊ¤ ·¥´¨Ö, ´ ¡²Õ¤ ²¸Ö ¢ ·Ö¤¥ Ô±¸¶¥·¨³¥´Éµ¢ ¶µ ¸Éµ²±-
´µ¢¥´¨Ö³ Ö¤¥· ¸ Ô´¥·£¨¥° 200A·ƒÔ‚ ´  Ê¸±µ·¨É¥²¥ SPS ¢ –…��. ‚ É ¡².1
¶·¥¤¸É ¢²¥´Ò ¢¥²¨Î¨´Ò µÉ´µÏ¥´¨Ö ¨´É¥´¸¨¢´µ¸É¨ ¨§²ÊÎ¥´´ÒÌ ¤¨²¥¶Éµ´µ¢ ±
¨Ì µ¦¨¤ ¥³µ³Ê §´ Î¥´¨Õ ¢ µ¡² ¸É¨ ¨´¢ ·¨ ´É´ÒÌ ³ ¸¸ 1, 5 < M < 2, 5 ƒÔ‚/¸2

¤²Ö µ+µ− ¨ 0, 2 < M < 1, 5 ƒÔ‚/c2 ¤²Ö e+e− ¢ Í¥´É· ²Ó´ÒÌ ¸µÊ¤ ·¥´¨ÖÌ
Ö¤¥·. ‚¨¤´µ, ÎÉµ ´ ¡²Õ¤ ¥³Ò° ¨§¡ÒÉµ± ¤¨²¥¶Éµ´µ¢ ²¥¦¨É §  ¶·¥¤¥² ³¨
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’ ¡²¨Í  1. �É´µÏ¥´¨Ö ¨´É¥´¸¨¢´µ¸É¨ ¨§²ÊÎ¥´´ÒÌ ¤¨²¥¶Éµ´µ¢ E ± ¨Ì µ¦¨¤ ¥³µ³Ê
§´ Î¥´¨Õ ¢ µ¡² ¸É¨ ³ ¸¸ 1, 5 < M < 2, 5 ƒÔ‚/¸2 ¤²Ö µ+µ− ¨ 0, 2 < M < 1, 5 ƒÔ‚/c2

¤²Ö e+e−

�±¸¶¥·¨³¥´É ‘¨¸É¥³  „¨²¥¶Éµ´Ò ªˆ§¡ÒÉµ±ª E ‘¸Ò²± 

NA38 S− U µ+µ− 1, 3 ± 0, 1 [141]
HELIOS-3 S−W µ+µ− 2, 4 ± 0, 4 [142]
NA50 PbÅPb µ+µ− 2, 0 ± 0, 1 [143]
CERES S−Au e+e− 5, 0 ± 2, 7 [144]
CERES/NA45 Pb−Au e+e− 4, 7 ± 4, 6 [145]

�¨¸. 7. ‘¶¥±É· ³ ¸¸ e+e−-¶ · ¢ ¸Éµ²±´µ¢¥´¨ÖÌ a) p−Au ¶·¨ 450 ƒÔ‚, p⊥ > 50 ŒÔ‚/¸
¨ ¡) S− Au ¶·¨ 200A · ƒÔ‚, p⊥ > 200 ŒÔ‚/¸ (Ô±¸¶¥·¨³¥´É CERES) ¢ ¸· ¢´¥´¨¨ ¸
¢±² ¤µ³ µÉ  ¤·µ´´ÒÌ · ¸¶ ¤µ¢ [144]

¸É É¨¸É¨Î¥¸±¨Ì ¨ ¸¨¸É¥³ É¨Î¥¸±¨Ì µÏ¨¡µ±. ‚ ± Î¥¸É¢¥ ¶·¨³¥·  ´  ·¨¸.7 ¶µ-
± § ´ ¸¶¥±É· ³ ¸¸ Ô²¥±É·µ´-¶µ§¨É·µ´´ÒÌ ¶ · ¢ ¸Éµ²±´µ¢¥´¨ÖÌ pÅAu ¶·¨
450 ƒÔ‚ ¨ SÅAu (Ô±¸¶¥·¨³¥´É CERES) ¢ ¸· ¢´¥´¨¨ ¸ · §²¨Î´Ò³¨ ¢±² -
¤ ³¨ µÉ  ¤·µ´´ÒÌ · ¸¶ ¤µ¢ [144]. ˆ´É¥·¥¸´Ò³ Ë ±Éµ³ ¶·¨ ÔÉµ³ Ö¢²Ö¥É¸Ö
Éµ, ÎÉµ ·µ¸É ³´µ¦¥¸É¢¥´´µ¸É¨ e+e−-¶ · ¸ Ê¢¥²¨Î¥´¨¥³ ¶µ²´µ° ³´µ¦¥¸É¢¥´-
´µ¸É¨ § ·Ö¦¥´´ÒÌ Î ¸É¨Í dN±/dy ¢ Ö¤·µ-Ö¤¥·´ÒÌ ¸µÊ¤ ·¥´¨ÖÌ ¡²¨¦¥ ± ±¢ -
¤· É¨Î´µ° § ¢¨¸¨³µ¸É¨, ¸µ£² ¸ÊÕÐ¥°¸Ö ¸ ³¥Ì ´¨§³µ³ É¥·³ ²Ó´µ° · ¤¨ Í¨¨
¨§ ª£µ·ÖÎ¥°ª ¶ ·Éµ´´µ° ¨²¨  ¤·µ´´µ° ³ É¥·¨¨ (¨´É¥´¸¨¢´µ¸ÉÓ  ´´¨£¨²ÖÍ¨¨
¶·µ¶µ·Í¨µ´ ²Ó´  Î¨¸²Ê ¶ · Î ¸É¨Í Å ´É¨Î ¸É¨Í  [146]), Î¥³ ± ²¨´¥°´µ°,
±µÉµ· Ö µ¦¨¤ ¥É¸Ö ¢ ·¥§Ê²ÓÉ É¥  ¤·µ´´ÒÌ · ¸¶ ¤µ¢.
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‡ ³¥É¨³, µ¤´ ±µ, ÎÉµ ÌµÉÖ ¢¢¥¤¥´¨¥ ¤µ¶µ²´¨É¥²Ó´µ£µ ³¥Ì ´¨§³  ¨§²Ê-
Î¥´¨Ö ¤¨²¥¶Éµ´µ¢ ¨§ ¤µ²£µ¦¨¢ÊÐ¥° ±¢ ·±-£²Õµ´´µ° ¶² §³Ò ¨²¨ ¸³¥Ï ´´µ°
Ë §Ò ¶·¨ É¥³¶¥· ÉÊ·¥ ¶µ·Ö¤±  160 ŒÔ‚ [147] § ³¥É´µ Ê²ÊÎÏ ¥É µ¶¨¸ ´¨¥
Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, ¶µ²´µ¸ÉÓÕ ¸µ£² ¸µ¢ ÉÓ ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ ¸
´ ¡²Õ¤ ¥³Ò³ ¨§¡ÒÉ±µ³ ¶ · ³Õµ´µ¢ ¨ Ô²¥±É·µ´µ¢ ¢µ ¢¸¥³ ¤¨ ¶ §µ´¥ ¨´¢ ·¨-
 ´É´ÒÌ ³ ¸¸ ¢¸¥ ¦¥ ´¥ Ê¤ ¥É¸Ö. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ¶·¥¤¸É ¢²Ö¥É §´ Î¨É¥²Ó´Ò°
¨´É¥·¥¸ ¢µ§³µ¦´µ¸ÉÓ ³µ¤¨Ë¨± Í¨¨ ¸¢µ°¸É¢ ¢¥±Éµ·´ÒÌ ³¥§µ´µ¢ ¢ ¶²µÉ´µ°
³ É¥·¨¨: ¶ ¤¥´¨¥ ³ ¸¸Ò ¨ Ê¢¥²¨Î¥´¨¥ Ï¨·¨´Ò · ¸¶ ¤  ¸ ·µ¸Éµ³ ¶²µÉ´µ-
¸É¨ ¡ ·¨µ´´µ£µ § ·Ö¤  ¨ Ê¢¥²¨Î¥´¨¥³ É¥³¶¥· ÉÊ·Ò, ¸¢Ö§ ´´µ¥ ¸ Î ¸É¨Î´Ò³
¢µ¸¸É ´µ¢²¥´¨¥³ ±¨· ²Ó´µ° ¸¨³³¥É·¨¨ [148, 149]. ‚ Î ¸É´µ¸É¨, ÊÎ¥É ³µ¤¨-
Ë¨± Í¨¨ ³ ¸¸Ò ρ-,ω- ¨ η-³¥§µ´µ¢ ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ·¥§Ê²ÓÉ É ³¨ ¶· ¢¨² ¸Ê³³
Š•„ [149] ¶µ§¢µ²Ö¥É µ¶¨¸ ÉÓ ¸¶¥±É· e+e−-¶ · ¢ Ö¤·µ-Ö¤¥·´ÒÌ ¸µÊ¤ ·¥´¨ÖÌ
¡¥§ ¶·¨¢²¥Î¥´¨Ö ³¥Ì ´¨§³  É¥·³ ²Ó´µ° · ¤¨ Í¨¨ [150].

‚ Éµ ¦¥ ¢·¥³Ö ¨§³¥·¥´¨Ö ¸¶¥±É·µ¢ ËµÉµ´µ¢ ¢ ¸Éµ²±´µ¢¥´¨ÖÌ ÉÖ¦¥²ÒÌ
Ö¤¥· ´¥ ¤ ÕÉ ¶µ±  µ¸´µ¢ ´¨° £µ¢µ·¨ÉÓ µ¡ µ¡´ ·Ê¦¥´¨¨ ¶·Ö³ÒÌ É¥¶²µ¢ÒÌ
ËµÉµ´µ¢: ´¥ ´ ¡²Õ¤ ²µ¸Ó ¨§¡ÒÉ±  ËµÉµ´µ¢ ¶µ ¸· ¢´¥´¨Õ ¸ µ¦¨¤ ¥³Ò³ §´ -
Î¥´¨¥³ µÉ  ¤·µ´´ÒÌ · ¸¶ ¤µ¢ ´  Ê·µ¢´¥ 10%-° ¸¨¸É¥³ É¨Î¥¸±µ° µÏ¨¡±¨ ¢
Ô±¸¶¥·¨³¥´É¥ CERES [144] (SÅAu) ¢ ¤¨ ¶ §µ´¥ 0, 4 ≤ qT ≤ 2 ƒÔ‚/c ¨ ¢ Ô±¸-
¶¥·¨³¥´É¥ HELIOS-2 [151] (OÅW, SÅW) ¢ ¤¨ ¶ §µ´¥ 0, 1 ≤ qT ≤ 1, 5 ƒÔ‚/c;
¸² ¡Ò° ¨§¡ÒÉµ± ËµÉµ´µ¢ 5% ¢ µ¡² ¸É¨ 0, 5 ≤ qT ≤ 2, 5 ƒÔ‚/c ²¥¦¨É ¢ ¶·¥¤¥-
² Ì 5, 8%-° ¸¨¸É¥³ É¨Î¥¸±µ° µÏ¨¡±¨ ¢ Ô±¸¶¥·¨³¥´É¥ WA80 [152] (SÅAu).
�·¨ ÔÉµ³ ³´µ¦¥¸É¢¥´´µ¸ÉÓ ËµÉµ´µ¢ · ¸É¥É ²¨´¥°´µ ¸ ¶µ²´µ° ³´µ¦¥¸É¢¥´-
´µ¸ÉÓÕ, ÎÉµ ¢¶µ²´¥ ¸µ£² ¸Ê¥É¸Ö ¸µ ¸É ´¤ ·É´Ò³¨ ³¥Ì ´¨§³ ³¨  ¤·µ´´ÒÌ
· ¸¶ ¤µ¢.

Œµ¦´µ ´ ¤¥ÖÉÓ¸Ö, ÎÉµ ¡Ê¤ÊÐ¨¥ Ô±¸¶¥·¨³¥´ÉÒ PHENIX [153] ¨ ALICE
[109] ´  ±µ²² °¤¥· Ì RHIC ¨ LH‘ ¤ ¤ÊÉ ¤µ¶µ²´¨É¥²Ó´ÊÕ ¨´Ëµ·³ Í¨Õ µ ³¥-
Ì ´¨§³ Ì £¥´¥· Í¨¨ ¤¨²¥¶Éµ´µ¢ ¨ ËµÉµ´µ¢ ¢ Ö¤·µ-Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ.
�¸´µ¢´µ° ¶·µ¡²¥³µ°, ¢µ§´¨± ÕÐ¥° ¶·¨ ¶µ¨¸±¥ ¶·Ö³ÒÌ ¤¨²¥¶Éµ´µ¢ ¨ Ëµ-
Éµ´µ¢ µÉ ±¢ ·±-£²Õµ´´µ° ¶² §³Ò ¢ ÔÉµ³ ¸²ÊÎ ¥, Ö¢²Ö¥É¸Ö ¡µ²ÓÏµ° Ëµ´ µÉ
´¥±µ··¥²¨·µ¢ ´´µ£µ · ¸¶ ¤   ¤·µ´µ¢, µ¡Ê¸²µ¢²¥´´Ò° µ£·µ³´µ° ³´µ¦¥¸É¢¥´-
´µ¸ÉÓÕ Î ¸É¨Í ¢ ¸µ¡ÒÉ¨¨. �¥Ï¥´¨¥ § ¤ Î¨ ¶µ¤ ¢²¥´¨Ö É ±µ£µ Ëµ´  µÉ´µ¸¨-
É¥²Ó´µ Ô²¥±É·µ³ £´¨É´ÒÌ ¸¨£´ ²µ¢ (¤µ Ê·µ¢´Ö < 0, 1%) ¶·¥¤¸É ¢²Ö¥É¸Ö ¢µ§-
³µ¦´Ò³ ¶·¨ Ê¸²µ¢¨¨ ¸µÎ¥É ´¨Ö · §²¨Î´ÒÌ É¨¶µ¢ ¤¥É¥±Éµ·µ¢ ¤²Ö ¤µ¸É¨¦¥´¨Ö
¸ ³µ° ÉÐ É¥²Ó´µ° ¨¤¥´É¨Ë¨± Í¨¨ É·¥±µ¢ Î ¸É¨Í.

3.3. �µ¦¤¥´¨¥ ¸É· ´´ÒÌ Î ¸É¨Í. ‚ ¦´Ò³ ¸²¥¤¸É¢¨¥³ ¤µ¸É¨¦¥´¨Ö ¤¥-
±µ´Ë °´³¥´É  Ö¤¥·´µ° ³ É¥·¨¨ Ö¢²Ö¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ Ê¸¨²¥´´µ£µ ·µ¦¤¥´¨Ö
 ¤·µ´µ¢, ¸µ¤¥·¦ Ð¨Ì ¸É· ´´Ò¥ ±¢ ·±¨ [154, 155]. ‚ ¸²ÊÎ ¥ Ëµ·³¨·µ¢ ´¨Ö
Šƒ� ¢ÒÌµ¤ ¸É· ´´ÒÌ  ¤·µ´µ¢ ¤µ²¦¥´ ¤µ¸É¨£ ÉÓ ³ ±¸¨³ ²Ó´µ ¢µ§³µ¦´µ£µ
§´ Î¥´¨Ö, É ± ± ± s-±¢ ·±µ¢ Ö ¸µ¸É ¢²ÖÕÐ Ö ¶² §³Ò ¡Ò¸É·µ ¶·¨Ìµ¤¨É ¢ ¸µ-
¸ÉµÖ´¨¥ Ì¨³¨Î¥¸±µ£µ · ¢´µ¢¥¸¨Ö ¢ ·¥§Ê²ÓÉ É¥ ¨´É¥´¸¨¢´ÒÌ £²Õµ´-£²Õµ´´ÒÌ
¢§ ¨³µ¤¥°¸É¢¨°, gg → ss̄, ¢ Éµ ¢·¥³Ö ± ± ¶·¨ ´¥´Ê²¥¢µ° ¡ ·¨µ´´µ° ¶²µÉ´µ-
¸É¨ ²¥£±¨¥  ´É¨±¢ ·±¨ ū ¨ d̄ ¤µ²¦´Ò ¶µ¤ ¢²ÖÉÓ¸Ö ¢ ¸¨²Ê ¶·¨´Í¨¶  � Ê²¨.
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‚ Ì¨³¨Î¥¸±¨ · ¢´µ¢¥¸´µ³  ¤·µ´´µ³ £ §¥ µÉ´µÏ¥´¨¥ ³´µ¦¥¸É¢¥´´µ¸É¨ ¸É· ´-
´ÒÌ ¨ ´¥¸É· ´´ÒÌ Î ¸É¨Í ¤µ²¦´µ µ¶·¥¤¥²ÖÉÓ¸Ö ²¨ÏÓ µÉ´µÏ¥´¨¥³ ¨Ì ³ ¸¸
Ä ´ ¶·¨³¥·, ± µ´Ò ¡Ê¤ÊÉ ªÉ¥·³ ²Ó´µª ¶µ¤ ¢²¥´Ò ¶µ ¸· ¢´¥´¨Õ ¸ ¶¨µ´ -
³¨ ¢ exp (mK/Tf)/ exp (mπ/Tf) · §, É.¥. K±/π± ' 0, 2 ¶·¨ Tf ' mπ

(' 140 ŒÔ‚).

�¨¸. 8. „µ²Ö ¶µ²´µ° Ô´¥·£¨¨,
¢Ò¤¥²Ö¥³µ° ¢ Í¥´É· ²Ó´ÒÌ Ö¤·µ-
Ö¤¥·´ÒÌ ¸µÊ¤ ·¥´¨ÖÌ, ±µÉµ· Ö
Ê´µ¸¨É¸Ö ¢¸¥³¨ ¸É· ´´Ò³¨ Î ¸É¨-
Í ³¨, ± ± ËÊ´±Í¨Ö ±¨´¥É¨Î¥¸±µ°
Ô´¥·£¨¨ ¢ ¸.Í.³. ¸É ²±¨¢ ÕÐ¨Ì¸Ö
´Ê±²µ´µ¢ [104]. ’·¥Ê£µ²Ó´¨±¨
¸µµÉ¢¥É¸É¢ÊÕÉ ´Ê±²µ´-´Ê±²µ´´Ò³
¢§ ¨³µ¤¥°¸É¢¨Ö³, ±·Ê¦±¨ Å ¢§ ¨-
³µ¤¥°¸É¢¨Ö³ ²¥£±¨Ì Ö¤¥· (Al+
+Al = Si + Al, S + S), ±¢ ¤· ÉÒ
Å ¢§ ¨³µ¤¥°¸É¢¨Ö³ ÉÖ¦¥²ÒÌ Ö¤¥·
(Ah + Ah = Au + Au, Pb + Pb)

ˆ§¡ÒÉµ± ¸É· ´´ÒÌ Î ¸É¨Í ¢ ¸Éµ²±´µ¢¥-
´¨ÖÌ ÉÖ¦¥²ÒÌ Ö¤¥· ¶µ ¸· ¢´¥´¨Õ ¸ ¸µµÉ-
¢¥É¸É¢ÊÕÐ¨³¨  ¤·µ´- ¤·µ´´Ò³¨ ¸µÊ¤ ·¥´¨-
Ö³¨ ´ ¡²Õ¤ ²¸Ö ¢ ·Ö¤¥ Ô±¸¶¥·¨³¥´Éµ¢ ´ 
Ê¸±µ·¨É¥²ÖÌ AGS (¨§ ¶µ¸²¥¤´¨Ì ·¥§Ê²ÓÉ -
Éµ¢ Ê¶µ³Ö´¥³ ¤ ´´Ò¥ E866 [92], E877 [93],
E891 [94]) ¨ SPS (NA36 [156], WA85 [157],
WA94 [158], WA97 [99], NA44 [100],
NA49 [65]) ¤²Ö K , Λ, Λ̄, Ξ, Ξ̄, Ω- ¨ Ω̄-
¡ ·¨µ´µ¢; É ±¦¥ ´ ¡²Õ¤ ²¸Ö ¶µ¢ÒÏ¥´´Ò°
¢ÒÌµ¤ φ-³¥§µ´µ¢ ¶µ µÉ´µÏ¥´¨Õ ± ρ ¨ ω ¢
Ô±¸¶¥·¨³¥´É¥ NA38 [168]. “¦¥ ¶·¨ Ô´¥·-
£¨ÖÌ AGS µÉ´µÏ¥´¨Ö ¢ÒÌµ¤  ¸É· ´´ÒÌ ¨
´¥¸É· ´´ÒÌ Î ¸É¨Í ¢ Ö¤·µ-Ö¤¥·´ÒÌ ¢§ ¨³µ-
¤¥°¸É¢¨ÖÌ ¡²¨§±¨ ± ¨Ì ªÉ¥·³ ²Ó´Ò³ª §´ -
Î¥´¨Ö³, ÎÉµ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É µ ¢µ§³µ¦´µ³
¤µ¸É¨¦¥´¨¨ ¸¨¸É¥³µ°  ¤·µ´µ¢ Ì¨³¨Î¥¸±µ£µ
· ¢´µ¢¥¸¨Ö ¢ ÔÉµ³ ¸²ÊÎ ¥ [102]. �  ·¨¸.8 ¶µ-
± § ´  ¤µ²Ö ¶µ²´µ° ¢Ò¤¥²Ö¥³µ° ¢ Í¥´É· ²Ó-
´ÒÌ Ö¤·µ-Ö¤¥·´ÒÌ ¸µÊ¤ ·¥´¨ÖÌ Ô´¥·£¨¨, ±µ-
Éµ· Ö Ê´µ¸¨É¸Ö ¢¸¥³¨ ¸É· ´´Ò³¨ Î ¸É¨Í ³¨
(Al + Al = Si + Al, S + S ¨ Ah + Ah =
= Au + Au, Pb + Pb) [104]. ‚¨¤´µ, ÎÉµ
Ê¦¥ ¶·¨ Ô´¥·£¨ÖÌ ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸

¸É ²±¨¢ ÕÐ¨Ì¸Ö ´Ê±²µ´µ¢
√
s >∼ 2 ƒÔ‚ ¤µ²Ö Ê´µ¸¨³µ° ¸É· ´´Ò³¨ Î ¸É¨-

Í ³¨ Ô´¥·£¨¨ §´ Î¨É¥²Ó´µ ¢ÒÏ¥ ¢ Ö¤·µ-Ö¤¥·´ÒÌ, Î¥³ ¢ ´Ê±²µ´-´Ê±²µ´´ÒÌ
¸Éµ²±´µ¢¥´¨ÖÌ.

‚ Éµ ¦¥ ¢·¥³Ö Ô±¸¶¥·¨³¥´ÉÒ ¶µ ¶µ¨¸±Ê ³¥É ¸É ¡¨²Ó´µ° ¸É· ´´µ° ³ É¥-
·¨¨ (¸É· ´´Ò¥ ªÖ¤· ª ¸ ±¢ ´Éµ¢Ò³ Î¨¸²µ³ S > 1, ¡ ·¨µ´´Ò³ Î¨¸²µ³ B > 1,
µÉ´µÏ¥´¨¥³ § ·Ö¤  ± ³ ¸¸¥ | Z | /M <∼ 0, 1 (ƒÔ‚/c2)−1 ¨ ¢·¥³¥´¥³ ¦¨§´¨
¶µ·Ö¤±  10−4 ¸, ·µ¦¤¥´¨¥ ±µÉµ·ÒÌ ¢ ¸²ÊÎ ¥ Ëµ·³¨·µ¢ ´¨Ö Šƒ� ¶·¥¤¸± §Ò-
¢ ¥É¸Ö ·Ö¤µ³ ³µ¤¥²¥° [161Ä164]) E878 [165], E864 [166] ´  AGS ¨ NA52 [167]
´  SPS ¶µ±  ´¥ ¤ ²¨ ¶µ²µ¦¨É¥²Ó´ÒÌ ·¥§Ê²ÓÉ Éµ¢.

�É³¥É¨³, ÎÉµ ´  ´ ¸ÉµÖÐ¨° ³µ³¥´É ´¥É µ¸´µ¢ ´¨° ¤²Ö µ¤´µ§´ Î´µ° ¨´-
É¥·¶·¥É Í¨¨ Ê¸¨²¥´´µ£µ ·µ¦¤¥´¨Ö ¸É· ´´ÒÌ Î ¸É¨Í ¢ ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¸Éµ²±-
´µ¢¥´¨ÖÌ Ö¤¥· ± ± ¸¨£´ ²  Ëµ·³¨·µ¢ ´¨Ö Šƒ�, É ± ± ± ¶µ¢ÒÏ¥´´Ò° ¢ÒÌµ¤
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¡µ²ÓÏ¨´¸É¢  ¸É· ´´ÒÌ Î ¸É¨Í ³µ¦¥É ¡ÒÉÓ ¸µ£² ¸µ¢ ´ ¸ ·¥§Ê²ÓÉ É ³¨  ¤·µ´-
´ÒÌ ± ¸± ¤´ÒÌ ³µ¤¥²¥° [49, 159, 160], ¢ ±µÉµ·ÒÌ ¢Éµ·¨Î´Ò¥ ¢§ ¨³µ¤¥°¸É¢¨Ö
³¥¦¤Ê ·µ¦¤¥´´Ò³¨  ¤·µ´ ³¨ ¶·¨¢µ¤ÖÉ ¸¨¸É¥³Ê ± ¸µ¸ÉµÖ´¨Õ É¥·³ ²Ó´µ£µ ¨
Ì¨³¨Î¥¸±µ£µ · ¢´µ¢¥¸¨Ö (´ ¶·¨³¥·, §  ¸Î¥É ·¥ ±Í¨° É¨¶  ππ → KK ¨²¨
πN → KΣ, KΛ ¨ ¤·.). �¤´ ±µ É¥ ¦¥ ³µ¤¥²¨ ¸É ²±¨¢ ÕÉ¸Ö ¸ ´¥±µÉµ·Ò³¨
É·Ê¤´µ¸ÉÖ³¨ ¶·¨ µ¶¨¸ ´¨¨ ¢ÒÌµ¤  ¸É· ´´ÒÌ  ´É¨¡ ·¨µ´µ¢. Š·µ³¥ Éµ£µ, ¸±µ-
·µ¸ÉÓ Ëµ·³¨·µ¢ ´¨Ö ¸É· ´´ÒÌ Î ¸É¨Í ¢  ¤·µ´´µ³ £ §¥ ¸ÊÐ¥¸É¢¥´´µ ´¨¦¥, Î¥³
¢ Šƒ�, ¨ ¸µµÉ¢¥É¸É¢¥´´µ ¤²Ö ¤µ¸É¨¦¥´¨Ö Ì¨³¨Î¥¸±µ£µ · ¢´µ¢¥¸¨Ö ¢  ¤·µ´-
´µ³ £ §¥ É·¥¡Ê¥É¸Ö £µ· §¤µ ¡µ²ÓÏ¥ ¢·¥³¥´¨. Œµ¦´µ ´ ¤¥ÖÉÓ¸Ö, ÎÉµ ¶·¨·µ¤ 
¶µ¢ÒÏ¥´´µ£µ ¢ÒÌµ¤  ¸É· ´´ÒÌ Î ¸É¨Í ¢ Ö¤·µ-Ö¤¥·´ÒÌ ¸µÊ¤ ·¥´¨ÖÌ ¶µ ¸· ¢´¥-
´¨Õ ¸ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨  ¤·µ´- ¤·µ´´Ò³¨ ¸Éµ²±´µ¢¥´¨Ö³¨ ¡Ê¤¥É ¶·µÖ¸´¥´ 
¢ ´µ¢ÒÌ Ô±¸¶¥·¨³¥´É Ì ´  ±µ²² °¤¥· Ì RHIC ¨ LHC.

4. ª†…‘’Šˆ…ª ’…‘’› �‹�’��‰ Œ�’…�ˆˆ
‚ “‹œ’���…‹Ÿ’ˆ‚ˆ‘’‘Šˆ• ‘�“„��…�ˆŸ• Ÿ„…�.

I. ’Ÿ†…‹›… Š‚��Š��ˆˆ

4.1. ”¥´µ³¥´µ²µ£¨Ö ·µ¦¤¥´¨Ö ±¢ ·±µ´¨¥¢ ¢ Ö¤¥·´ÒÌ ¸Éµ²±´µ¢¥´¨ÖÌ.
‚ ¶µ¸²¥¤´¨¥ £µ¤Ò ¨´É¥´¸¨¢´µ ¨§ÊÎ ÕÉ¸Ö É ± ´ §Ò¢ ¥³Ò¥ ª¦¥¸É±¨¥ª É¥¸ÉÒ
¸¢¥·Ì¶²µÉ´µ° Ö¤¥·´µ° ³ É¥·¨¨ Å ÉÖ¦¥²Ò¥ ±¢ ·±µ´¨¨ ¨ ¦¥¸É±¨¥ ¶ ·Éµ´´Ò¥
¸É·Ê¨, ±µÉµ·Ò¥, ´¥ Ö¢²ÖÖ¸Ó Î ¸ÉÓÕ É¥·³ ²¨§µ¢ ´´µ° ¸¨¸É¥³Ò, ´¥¸ÊÉ ¨´Ëµ·-
³ Í¨Õ µ · ´´¨Ì ¸É ¤¨ÖÌ ¥¥ Ô¢µ²ÕÍ¨¨. �·¥¤¸± §Ò¢ ¥³µ¥ ¶µ¤ ¢²¥´¨¥ ¢ÒÌµ¤ 
Ψ-·¥§µ´ ´¸µ¢ ¢ ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ö¤·µ-Ö¤¥·´ÒÌ ¸µÊ¤ ·¥´¨ÖÌ ¢ ¸²ÊÎ ¥ Ëµ·³¨-
·µ¢ ´¨Ö Šƒ� ¶¥·¢µ´ Î ²Ó´µ ¡Ò²µ µ¸´µ¢ ´µ ´  ¶·µ¸Éµ° ¨ ±· ¸¨¢µ° ¨¤¥¥,
ÎÉµ ¸¢Ö§ ´´µ¥ ¸µ¸ÉµÖ´¨¥ cc̄-¶ ·Ò ´¥ ³µ¦¥É ¸ÊÐ¥¸É¢µ¢ ÉÓ, ±µ£¤  ¤²¨´  Í¢¥-
Éµ¢µ° Ô±· ´¨·µ¢±¨ ¢ ¶² §³¥ rD ³¥´ÓÏ¥, Î¥³ · ¤¨Ê¸ ¸¢Ö§ ´´µ£µ ¸µ¸ÉµÖ´¨Ö

< r2
Ψ >

1/2
[169,170]. ‚ ¶µ¸²¥¤´¥¥ ¢·¥³Ö Ï¨·µ±µ · ¸¸³ É·¨¢ ¥É¸Ö É ±¦¥ ¤¨-

´ ³¨Î¥¸±¨° ³¥Ì ´¨§³ ¤¨¸¸µÍ¨ Í¨¨ ±¢ ·±µ´¨¥¢ ¢ ·¥§Ê²ÓÉ É¥ ¨Ì ¸Éµ²±´µ¢¥´¨°
¸ ¸µ¶ÊÉ¸É¢ÊÕÐ¨³¨ (É.¥. ¤¢¨¦ÊÐ¨³¨¸Ö ¸ É ±µ° ¦¥ ¶·µ¤µ²Ó´µ° ¡Ò¸É·µÉµ°) £²Õ-
µ´ ³¨ [171Ä173]. ‘¥Î¥´¨¥ · ¸Ð¥¶²¥´¨Ö Î ·³µ´¨Ö ¸ Ô´¥·£¨¥° ¸¢Ö§¨ εΨ £²Õµ-
´µ³ ¸ ¨³¶Ê²Ó¸µ³ pg ³µ¦¥É ¡ÒÉÓ µÍ¥´¥´µ ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ Ëµ·³Ê²µ° [171]:

σgΨ(pg) =
2π

3

(
32

3

)2(
mc

εΨ

)1/2
1

m2
c

(pg/εΨ − 1)3/2

(pg/εΨ)5
, (26)

£¤¥ mc Å ³ ¸¸  c-±¢ ·± . • · ±É¥·´ Ö ¶¥·¥¤ Î  ¨³¶Ê²Ó¸  ¢ ¸²ÊÎ ¥ ¤¨¸¸µÍ¨ -
Í¨¨ ¢ Šƒ� ¶·¨ É¥³¶¥· ÉÊ·¥ T ¶·¨³¥·´µ · ¢´  ¸·¥¤´¥³Ê ¨³¶Ê²Ó¸Ê ªÉ¥·³ ²Ó-
´µ£µª £²Õµ´  < pg >T' 3T , ¨ Ê¦¥ ¤²Ö T = 200 ŒÔ‚ ¶µ²ÊÎ¨³ < pg >T'
' 0, 6 ƒÔ‚ Å ¶µ·Ö¤±  Ô´¥·£¨¨ ¸¢Ö§¨ J/Ψ, εJ/Ψ ' 0, 64 ƒÔ‚, ÎÉµ ¤µ¸É ÉµÎ´µ
¤²Ö · ¸Ð¥¶²¥´¨Ö ¸¢Ö§ ´´µ£µ ¸µ¸ÉµÖ´¨Ö. ‚  ¤·µ´´µ³ £ §¥ ¶·¨ É¥³¶¥· ÉÊ·¥ T
¸·¥¤´¨° ¨³¶Ê²Ó¸  ¤·µ´  < ph >T' 3T ,   · ¸¶·¥¤¥²¥´¨¥ ª¦¥¸É±¨Ìª £²Õµ´µ¢
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¢ ¶¨µ´¥ (x = pg/ph → 1) ¨³¥¥É ¢¨¤ g(x) ' 0, 5(1− x)3, É.¥. ¸·¥¤´¨° ¨³¶Ê²Ó¸
ª±µ´Ë °´³¨·µ¢ ´´µ£µª £²Õµ´  ¸µ¸É ¢²Ö¥É < pg >h'< ph > /5 ' 3T/5, ÎÉµ
´¥¤µ¸É ÉµÎ´µ ¤²Ö ¤¨¸¸µÍ¨ Í¨¨ J/Ψ ¶·¨ T <∼ 1 ƒÔ‚. ‚ Éµ ¦¥ ¢·¥³Ö ´¥¡µ²ÓÏµ¥
§´ Î¥´¨¥ Ô´¥·£¨¨ ¸¢Ö§¨ Ψ′-·¥§µ´ ´¸  εΨ′ ' 0, 06 ƒÔ‚ ¶·¨¢µ¤¨É ± Éµ³Ê, ÎÉµ µ´
³µ¦¥É · ¸Ð¥¶²ÖÉÓ¸Ö ± ± ¢ ¶ ·Éµ´´µ°, É ± ¨ ¢  ¤·µ´´µ° ª£µ·ÖÎ¥°ª ³ É¥·¨¨.

�µ³¨³µ ¤¨¸¸µÍ¨ Í¨¨ ¢ Šƒ� ¨²¨  ¤·µ´´µ³ £ §¥ ¢ ¦´Ò³ ³¥Ì ´¨§³µ³ ¶µ-
¤ ¢²¥´¨Ö ¢ÒÌµ¤  ÉÖ¦¥²ÒÌ ±¢ ·±µ´¨¥¢ Ö¢²Ö¥É¸Ö ¶·¥¤·¥§µ´ ´¸´µ¥ ¶µ£²µÐ¥´¨¥
¢ ªÌµ²µ¤´µ°ª Ö¤¥·´µ° ³ É¥·¨¨, ±µÉµ·µ¥ ¤µ²¦´µ ¶·µÖ¢²ÖÉÓ¸Ö Ê¦¥ ¢  ¤·µ´-
Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ [174,175]. ‚¥·µÖÉ´µ¸ÉÓ ª¢Ò¦¨¢ ´¨Öª Ψ-·¥§µ´ ´¸µ¢
¢ p−A-¸Éµ²±´µ¢¥´¨ÖÌ S ¢ · ³± Ì ³µ¤¥²¨ ƒ² Ê¡¥·  Å ‘¨É¥´±µ µ¶·¥¤¥²Ö¥É¸Ö
¢Ò· ¦¥´¨¥³ (¸³., ´ ¶·¨³¥·, [174,176]):

SGl
pA =

σpA→Ψ

AσpN→Ψ
=

∫
d2b dz ρA(b, z) exp

[
−(A− 1)

∫ ∞
z

dz′ρA(b, z′)σabs

]
,

(27)
£¤¥ ρA Å ¸É ´¤ ·É´µ¥ · ¸¶·¥¤¥²¥´¨¥ Ö¤¥·´µ° ¶²µÉ´µ¸É¨ ‚Ê¤¸  Å ‘ ±¸µ´ ,
σabs Å ¸¥Î¥´¨¥ ¶µ£²µÐ¥´¨Ö Ψ ¢ Ö¤¥·´µ³ ¢¥Ð¥¸É¢¥, ¨´É¥£·¨·µ¢ ´¨¥ ¶·µ¢µ-
¤¨É¸Ö ¶µ ¶·¨Í¥²Ó´µ³Ê ¶ · ³¥É·Ê b ´ ²¥É ÕÐ¥£µ ¶·µÉµ´  ¨ ÉµÎ±¥ ·µ¦¤¥´¨Ö z
¶·¥¤·¥§µ´ ´¸´µ£µ ¸µ¸ÉµÖ´¨Ö cc̄. �µ²ÊÎ¥´´µ¥ ¶ÊÉ¥³ ¸· ¢´¥´¨Ö ¸ Ô±¸¶¥·¨³¥´-
É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¶µ p − A-¢§ ¨³µ¤¥°¸É¢¨Ö³ (A = C,Al,Cu,Ca,Fe,W,U)
¶·¨ Ô´¥·£¨ÖÌ ´ ²¥É ÕÐ¥£µ ¶·µÉµ´  200 (NA38, [177]), 450 (NA38/NA51, [177,
178]) ¨ 800 ƒÔ‚ (E772, [179]) ¸¥Î¥´¨¥ ¶µ£²µÐ¥´¨Ö J/Ψ ¸µ¸É ¢²Ö¥É σabs =
= 7, 3 ± 0, 6 ³¡ ¸ χ2/d.f. ' 1, 4 [176], ÎÉµ ¶·¨³¥·´µ ´  ¶µ·Ö¤µ± ¢ÒÏ¥, Î¥³
¶·¥¤¸± § ´¨Ö ¤²Ö ¸¥Î¥´¨Ö ¶µ£²µÐ¥´¨Ö ¸¨´£²¥É´µ£µ ¸µ¸ÉµÖ´¨Ö cc̄, ¶µ²ÊÎ¥´´Ò¥
´  µ¸´µ¢¥ ¶· ¢¨² ¸Ê³³ Š•„ [171, 180]. Š·µ³¥ Éµ£µ, ¶µ¸ÉµÖ´´µ¥ (¢ ¶·¥¤¥² Ì
µÏ¨¡±¨) µÉ´µÏ¥´¨¥ ¢ÒÌµ¤  J/Ψ ¨ Ψ′ ¤²Ö · §²¨Î´ÒÌ Ö¤¥· A Ê± §Ò¢ ¥É ´ 
µ¤¨´ ±µ¢µ¥ ¸¥Î¥´¨¥ ¨Ì ¶µ£²µÐ¥´¨Ö ¢ Ö¤¥·´µ³ ¢¥Ð¥¸É¢¥, ÌµÉÖ · §´ Ö Ô´¥·£¨Ö
¸¢Ö§¨ Ë¨§¨Î¥¸±¨Ì Î ·³µ´¨¥¢ ¤µ²¦´  ¡Ò²  ¡Ò ¶·¨¢µ¤¨ÉÓ ± § ³¥É´µ³Ê µÉ²¨-
Î¨Õ ¢ ¸É¥¶¥´¨ ¨Ì ¶µ¤ ¢²¥´¨Ö. �·¨Î¨´µ° É ±µ£µ · ¸Ìµ¦¤¥´¨Ö Ö¢²Ö¥É¸Ö Éµ,
ÎÉµ ¢ ¸¥Î¥´¨¥ ·µ¦¤¥´¨Ö Ψ-·¥§µ´ ´¸µ¢ ¶·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ ¸ÊÐ¥¸É¢¥´´Ò°
¢±² ¤ ¤ ÕÉ ¶·¥¤·¥§µ´ ´¸´Ò¥ µ±É¥É´Ò¥ ¸µ¸ÉµÖ´¨Ö cc̄−g [181], ¨ ÔÉµÉ Ë ±É Ìµ-
·µÏµ ¸µ£² ¸Ê¥É¸Ö ¸ ¶µ¸²¥¤´¨³¨ ¤ ´´Ò³¨ ¶µ pp̄-¸Éµ²±´µ¢¥´¨Ö³ Ô±¸¶¥·¨³¥´É 
CDF ´  ÉÔ¢ É·µ´¥ [182]. �µ²ÓÏµ¥ ¸¥Î¥´¨¥ ¶µ£²µÐ¥´¨Ö Î ·³µ´¨¥¢ ¢ ªÌµ²µ¤-
´µ³ª Ö¤¥·´µ³ ¢¥Ð¥¸É¢¥ ¨ ¥£µ µ¤¨´ ±µ¢µ¥ §´ Î¥´¨¥ ¤²Ö J/Ψ ¨ Ψ′ Ö¢²ÖÕÉ¸Ö
¸²¥¤¸É¢¨¥³ ¶·¥¤·¥§µ´ ´¸´µ£µ ¶µ£²µÐ¥´¨Ö ¸µ¸ÉµÖ´¨Ö Í¢¥Éµ¢µ£µ µ±É¥É  cc̄− g.

„¥°¸É¢¨É¥²Ó´µ, ·µ¦¤¥´¨¥ Î ·³µ´¨Ö ¢ ·¥§Ê²ÓÉ É¥ ¸²¨Ö´¨Ö ¶ ·Ò ¶ ·Éµ´µ¢
(¶·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ ¶·¥¨³ÊÐ¥¸É¢¥´´µ £²Õµ´µ¢) ¢ cc̄-¶ ·Ò (¸³., ´ ¶·¨-
³¥·, [183]) ¶·µ¨¸Ìµ¤¨É ¶· ±É¨Î¥¸±¨ ³£´µ¢¥´´µ ¨§-§  ¡µ²ÓÏµ° ³ ¸¸Ò c-±¢ ·± :
¢ ¸¨¸É¥³¥ ¶µ±µÖ cc̄-¶ ·Ò ¢·¥³Ö Ëµ·³¨·µ¢ ´¨Ö τc ' (2mc)

−1 ' 0, 07 Ë³/c.
�¤´ ±µ cc̄-¶ ·Ò ·µ¦¤ ÕÉ¸Ö, ¢µµ¡Ð¥ £µ¢µ·Ö, ¢ Í¢¥Éµ¢µ³ ¸µ¸ÉµÖ´¨¨, ¨ ¤²Ö
´¥°É· ²¨§ Í¨¨ Í¢¥É  ¨ Ëµ·³¨·µ¢ ´¨Ö ¸¨´£²¥É´µ£µ cc̄-¸µ¸ÉµÖ´¨Ö J/Ψ ¨²¨ Ψ′

É·¥¡Ê¥É¸Ö Ê¦¥ §´ Î¨É¥²Ó´µ ¡µ²ÓÏ¥¥ ¢·¥³Ö ∼ 0, 3 Ë³/c [184]. ’ ±¨³ µ¡· -
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§µ³, ¶·¨ ³ ²ÒÌ ¶µ¶¥·¥Î´ÒÌ ¨³¶Ê²Ó¸ Ì ¶·¥¤·¥§µ´ ´¸´µ¥ ¸µ¸ÉµÖ´¨¥ Î ·³µ-
´¨Ö ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¢ É¥Î¥´¨¥ ¶¥·¢ÒÌ 0, 3 Ë³/c ¢ µ¸´µ¢´µ³ ¸¢Ö§ ´´µ¥
¸µ¸ÉµÖ´¨¥ Í¢¥Éµ¢µ£µ µ±É¥É  cc̄ ¸ ³Ö£±¨³ ±µ²²¨´¥ ·´Ò³ £²Õµ´µ³, µ¡¥¸¶¥Î¨-
¢ ÕÐ¨³ Í¢¥Éµ¢ÊÕ ´¥°É· ²Ó´µ¸ÉÓ cc̄ − g-¸¨¸É¥³Ò ¢ Í¥²µ³. „²Ö Ô´¥·£¨° SPS
Ö¤·µ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ²µ·¥´Í-¸¦ ÉÒ° ¢¤µ²Ó µ¸¨ ¸Éµ²±´µ¢¥´¨Ö ¤¨¸± Éµ²-
Ð¨´µ° 1 − 2 Ë³, ¨ ¸¶Ê¸ÉÖ 0, 5 ÷ 1 Ë³/c ¡µ²ÓÏ¨´¸É¢µ ´Ê±²µ´µ¢ ¶·µ²¥É¨É
³¨³µ µ¡· §µ¢ ¢Ï¥£µ¸Ö Î ·³µ´¨Ö, ªÊ¢¨¤¥¢ª ²¨ÏÓ ¶·¥¤·¥§µ´ ´¸´µ¥ ¸µ¸ÉµÖ´¨¥;
Ë¨§¨Î¥¸±µ¥ ¸¨´£²¥É´µ¥ ¸µ¸ÉµÖ´¨¥ Ψ Ëµ·³¨·Ê¥É¸Ö ¢´¥ Ö¤·  ¢ ¤µ¸É¨¦¨³µ° ±¨-
´¥³ É¨Î¥¸±µ° µ¡² ¸É¨ ¢ p − A-¸Éµ²±´µ¢¥´¨ÖÌ (xF ≥ 0). �·¥¤¸± §Ò¢ ¥³µ¥
¸¥Î¥´¨¥ ¶µ£²µÐ¥´¨Ö µ±É¥É´µ£µ ¸µ¸ÉµÖ´¨Ö cc̄− g ¢ ªÌµ²µ¤´µ³ª Ö¤¥·´µ³ ¢¥Ð¥-
¸É¢¥ ¸µ¸É ¢²Ö¥É σabs ' 6−7 ³¡ [184], ÎÉµ ´ Ìµ¤¨É¸Ö ¢ ¶µ²´µ³ ¸µµÉ¢¥É¸É¢¨¨ ¸
¨³¥ÕÐ¨³¨¸Ö Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨. �·Ö³µ¥ ¨§³¥·¥´¨¥ ¸¥Î¥´¨Ö σabs

¤²Ö Ë¨§¨Î¥¸±µ£µ ¸¨´£²¥É´µ£µ ¸µ¸ÉµÖ´¨Ö J/Ψ ¢µ§³µ¦´µ ¢ Ô±¸¶¥·¨³¥´É¥, ±µ£¤ 
Ö¤·µ ´ ²¥É ¥É ´  ¶µ±µÖÐ¨°¸Ö ¶·µÉµ´, ¨ ¢ ¤µ¸É¨¦¨³µ° ¢ ÔÉµ³ ¸²ÊÎ ¥ ±¨´¥-
³ É¨Î¥¸±µ° µ¡² ¸É¨ xF <∼ −0, 5 ³¥¤²¥´´Ò¥ ¢ ¸¨¸É¥³¥ ¶µ±µÖ Ö¤·  Î ·³µ´¨¨
¶· ±É¨Î¥¸±¨ ´¥ ¤µ²¦´Ò ¶µ£²µÐ ÉÓ¸Ö ¢ Ö¤¥·´µ° ³ É¥·¨¨ [176].

‚ ¸Éµ²±´µ¢¥´¨ÖÌ ¤¢ÊÌ Ö¤¥· ¢ÒÌµ¤ ±¢ ·±µ´¨¥¢ ³µ¦¥É ¡ÒÉÓ ¨§³¥·¥´ ± ±
ËÊ´±Í¨Ö Í¥´É· ²Ó´µ¸É¨ ¸Éµ²±´µ¢¥´¨Ö, ¨ ¢¥·µÖÉ´µ¸ÉÓ ª¢Ò¦¨¢ ´¨Öª Ψ-·¥§µ´ ´-
¸µ¢ ¢ A−B-¸µÊ¤ ·¥´¨ÖÌ ¶·¨ Ë¨±¸¨·µ¢ ´´µ³ ¶·¨Í¥²Ó´µ³ ¶ · ³¥É·¥ b ¨³¥¥É
¢¨¤ [174,176]:

dSGl
AB(b)

d2b
=

1

ABσNN→Ψ

[
dσAB→Ψ

d2b

]
=

=

∫
d2sdzdz′ρA(s, z)ρB(b− s, z′)SA(z, s)SB(z′, s), (28)

£¤¥ SA(z, s) = exp
[
−(A− 1)

∫∞
z
dzAρA(s, zA)σabs

]
¨  ´ ²µ£¨Î´µ ¤²Ö

SB(z′, s); s µ¶·¥¤¥²Ö¥É ¶µ²µ¦¥´¨¥ ÉµÎ±¨ ·µ¦¤¥´¨Ö cc-¶ ·Ò ¢ ¶²µ¸±µ¸É¨, ¶¥·-
¶¥´¤¨±Ê²Ö·´µ° µ¸¨ ¸Éµ²±´µ¢¥´¨Ö Ö¤¥·, z ¨ z′ Å ¶·µ¤µ²Ó´Ò¥ ±µµ·¤¨´ ÉÒ
ÔÉµ° ÉµÎ±¨ ¢´ÊÉ·¨ Ö¤·  A ¨ B ¸µµÉ¢¥É¸É¢¥´´µ. „²Ö Éµ£µ ÎÉµ¡Ò ¶µ²ÊÎ¨ÉÓ ´µ·-
³¨·µ¢ ´´µ¥ · ¸¶·¥¤¥²¥´¨¥ ¢¥·µÖÉ´µ¸É¨ ª¢Ò¦¨¢ ´¨Öª, ³Ò ¤µ²¦´Ò ¶µ¤¥²¨ÉÓ[
dSGl

AB(b)/d2b
]

´ 
[
dSGl

AB(b;σabs = 0)/d2b
]
.

‡ ³¥É¨³, ÎÉµ Ô±¸¶¥·¨³¥´É ²Ó´µ¥ µ¶·¥¤¥²¥´¨¥ Í¥´É· ²Ó´µ¸É¨ ¢§ ¨³µ¤¥°-
¸É¢¨Ö ¶·µ¨§¢µ¤¨É¸Ö, ± ± ¶· ¢¨²µ, ¸ ¶µ³µÐÓÕ ± ²µ·¨³¥É·¨Î¥¸±¨Ì ¨§³¥·¥´¨°
¢Ò¤¥²¥´´µ° ¢ ¸µ¡ÒÉ¨¨ ¶µ¶¥·¥Î´µ° Ô´¥·£¨¨ ET , Ê¢¥²¨Î¥´¨¥ ±µÉµ·µ° ±µ··¥-
²¨·µ¢ ´µ ¸ Ê³¥´ÓÏ¥´¨¥³ ¶·¨Í¥²Ó´µ£µ ¶ · ³¥É·  b.

„ ´´Ò¥ ¶µ ·µ¦¤¥´¨Õ J/Ψ-·¥§µ´ ´¸µ¢ (¨¤¥´É¨Ë¨Í¨·Ê¥³ÒÌ ± ± ¶¨±¨ ¢
¸¶¥±É·¥ ¶µ ÔËË¥±É¨¢´µ° ³ ¸¸¥ µ+µ−-¶ ·) ¢ Ö¤·µ-Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ
¶·¨ Ô´¥·£¨¨ CERN-SPS 200 ƒÔ‚/´Ê±²µ´ ¸µ£² ¸ÊÕÉ¸Ö ¸µ ¸É ´¤ ·É´Ò³ ¸Í¥´ -
·¨¥³ ¶·¥¤·¥§µ´ ´¸´µ£µ ¶µ£²µÐ¥´¨Ö ¢ ªÌµ²µ¤´µ³ª Ö¤¥·´µ³ ¢¥Ð¥¸É¢¥ ¢¶²µÉÓ
¤µ ¸µÊ¤ ·¥´¨° SÅU (NA38, [177,185,186]); µ¤´ ±µ ´¥¤ ¢´µ § ·¥£¨¸É·¨·µ¢ ´µ
 ´µ³ ²Ó´µ ¸¨²Ó´µ¥ ¶µ£²µÐ¥´¨¥ J/Ψ (¢ ¶·¥¤¥² Ì 10 ¸É ´¤ ·É´ÒÌ µÉ±²µ´¥´¨°
µÉ ¸É ´¤ ·É´µ£µ ¸Í¥´ ·¨Ö) ¢ ¸µÊ¤ ·¥´¨ÖÌ PbÅPb ¶·¨ Ô´¥·£¨¨ 158 ƒÔ‚/´Ê±²µ´
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’ ¡²¨Í  2. ‚¥·µÖÉ´µ¸ÉÓ ª¢Ò¦¨¢ ´¨Öª J/Ψ ¢ A − B-¸µÊ¤ ·¥´¨ÖÌ Sexp
J/Ψ [177, 187]

(¤ ´´Ò¥ ¤²Ö ¢¸¥Ì ´¥Ê¶·Ê£¨Ì ¢§ ¨³µ¤¥°¸É¢¨°) ¢ ¸· ¢´¥´¨¨ ¸ ·¥§Ê²ÓÉ É ³¨ ³µ¤¥²¨
¶·¥¤·¥§µ´ ´¸´µ£µ ¶µ£²µÐ¥´¨Ö SGl

J/Ψ (Ë-²  (28)) ¸ ¸¥Î¥´¨¥³ σabs = 7, 3±0, 6 ³¡ [176]

‘¨¸É¥³  Sexp
J/Ψ

SGl
J/Ψ

O− Cu 0, 57 ± 0, 06 0, 63 ± 0, 02
O− U 0, 53 ± 0, 05 0, 52 ± 0, 03
S− U 0, 46 ± 0, 05 0, 49 ± 0, 03
PbÅPb 0, 27 ± 0, 02 0, 39 ± 0, 03

¢ Ô±¸¶¥·¨³¥´É¥ NA50 [187] (¸³. É ¡².2 [176] ¨ ·¨¸.9 [186]), ±µÉµ·µ¥ Ê¸¨²¨-
¢ ¥É¸Ö ¸ ·µ¸Éµ³ Í¥´É· ²Ó´µ¸É¨ ¶·µÌµ¤¨³µ£µ ¶ ·µ° cc̄ ¢ Ö¤¥·´µ³ ¢¥Ð¥¸É¢¥
¸Éµ²±´µ¢¥´¨Ö ¨ ³µ¦¥É ¡ÒÉÓ ¨´É¥·¶·¥É¨·µ¢ ´µ ± ± ·¥§Ê²ÓÉ É Ëµ·³¨·µ¢ -
´¨Ö Šƒ� [176,188,189].‡ ³¥É¨³, ÎÉµ Ô±¸¶¥·¨³¥´É ²Ó´ Ö ´µ·³¨·µ¢±  ¢ÒÌµ¤ 

�¨¸. 9. ‘¥Î¥´¨¥ ·µ¦¤¥´¨Ö J/Ψ ¨
Ψ′ ¢ p− A- ¨ A−B-¸µÊ¤ ·¥´¨ÖÌ
± ± ËÊ´±Í¨Ö ¸·¥¤´¥£µ · ¸¸ÉµÖ-
´¨Ö L, ¶·µÌµ¤¨³µ£µ ¶ ·µ° cc̄ ¢
Ö¤¥·´µ³ ¢¥Ð¥¸É¢¥ (L = (3/4)×
×{RA(A−1)/A+RB(B−1)/B}
¤²Ö Í¥´É· ²Ó´ÒÌ ¸Éµ²±´µ¢¥´¨°
¨ Ê³¥´ÓÏ ¥É¸Ö ¸ ·µ¸Éµ³ ¶ · ³¥É-
·  Ê¤ ·  b). �ÖÉÓ ÉµÎ¥± SÅU
¨ PbÅPb ¸µµÉ¢¥É¸É¢ÊÕÉ · §²¨Î-
´Ò³ §´ Î¥´¨Ö³ b. �·Ö³Ò¥ ²¨-
´¨¨ ¸µµÉ¢¥É¸É¢ÊÕÉ exp(−ρσabsL)
¸ ρσabs = 0, 088 Ë³−1 [186]

Î ·³µ´¨¥¢ ¶·µ¢µ¤¨² ¸Ó ´  ¸¥Î¥´¨¥ ª´¥¶µ-
¤ ¢²Ö¥³µ£µª ¶·µÍ¥¸¸  Å ·µ¦¤¥´¨Ö ¦¥¸É±¨Ì
³Õµ´´ÒÌ ¶ · „·¥²²a Å Ÿ´  (qq → µ+µ−),
±µÉµ·µ¥ ¶·µ¶µ·Í¨µ´ ²Ó´µ Î¨¸²Ê ¡¨´ ·´ÒÌ
´Ê±²µ´-´Ê±²µ´´ÒÌ ¸Ê¡¸Éµ²±´µ¢¥´¨° ¢ Ö¤·µ-
Ö¤¥·´µ³ ¢§ ¨³µ¤¥°¸É¢¨¨, σAB→Ψ/σ

DY
AB ¨

σDYAB = ABσDYNN . ‚ Éµ ¦¥ ¢·¥³Ö ª ´µ³ ²Ó-
´µ¥ª ¶µ£²µÐ¥´¨¥ Ψ′-·¥§µ´ ´¸  ´ ¡²Õ¤ ¥É¸Ö
Ê¦¥ ¢ ¸Éµ²±´µ¢¥´¨ÖÌ SÅU ¨ Ê¸¨²¨¢ ¥É¸Ö ¢
¸µÊ¤ ·¥´¨ÖÌ PbÅPb.

”µ·³¨·µ¢ ´¨¥ ª£µ·ÖÎ¥£µª ¤¥±µ´Ë °´-
³¨·µ¢ ´´µ£µ ¸µ¸ÉµÖ´¨Ö ³µ¦¥É ¶·µ¨§µ°É¨ ¢
·¥§Ê²ÓÉ É¥ ³´µ£µ±· É´ÒÌ ´¥Ê¶·Ê£¨Ì ¢§ ¨-
³µ¤¥°¸É¢¨° ³¥¦¤Ê ª· ´¥´Ò³¨ª ´Ê±²µ´ ³¨
(´Ê±²µ´ ³¨-ÊÎ ¸É´¨± ³¨), ¶µÔÉµ³Ê Ê¤µ¡´µ
¢¢¥¸É¨ ¶µ´ÖÉ¨¥ ª¶²µÉ´µ¸É¨ ¢§ ¨³µ¤¥°-
¸É¢¨°ª [176] κ ≡ Nc/Nω ≥ 0, 5, £¤¥ Nc ¨ Nω
Å Î¨¸²µ ´Ê±²µ´-´Ê±²µ´´ÒÌ ¸Ê¡¸Éµ²±´µ¢¥-
´¨° ¨ ª· ´¥´ÒÌª ´Ê±²µ´µ¢ ¸µµÉ¢¥É¸É¢¥´´µ.
�·¨ ÔÉµ³ κ = 0, 5 ¤²Ö p − p-¸µÊ¤ ·¥´¨°,
0, 5 ≤ κ ≤ 1 ¤²Ö p − A-¸µÊ¤ ·¥´¨°, ¨ κ
³µ¦¥É ¡ÒÉÓ ¡µ²ÓÏ¥ 1 Éµ²Ó±µ ¤²Ö A − B-
¸µÊ¤ ·¥´¨°, ±µ£¤  ¸ÊÐ¥¸É¢Ê¥É Ê¢¥²¨Î¨¢ Õ-
Ð Ö¸Ö ¸ Í¥´É· ²Ó´µ¸ÉÓÕ ¸Éµ²±´µ¢¥´¨Ö ¢¥-
·µÖÉ´µ¸ÉÓ ¶¥·¥· ¸¸¥Ö´¨Ö ª· ´¥´ÒÌª ´Ê±²µ-
´µ¢. ’µ£¤  ¤¥±µ´Ë °´³¥´É ³µ¦¥É ¤µ¸É¨-
£ ÉÓ¸Ö ¶·¨ ´¥±µÉµ·µ³ ±·¨É¨Î¥¸±µ³ §´ Î¥-
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´¨¨ κc = κ(b, sc) (sc Å · ¤¨Ê¸ ª£µ·ÖÎ¥°ª µ¡² ¸É¨ ¶·¨ Ë¨±¸¨·µ¢ ´´µ³ b),
¨ ³µ¤¨Ë¨Í¨·µ¢ ´´ Ö ¢¥·µÖÉ´µ¸ÉÓ ª¢Ò¦¨¢ ´¨Öª Ψ ³µ¦¥É ¡ÒÉÓ § ¶¨¸ ´  ¢
¢¨¤¥

Sdec
ψ (b)/SGl(b) = [1− fΨ(b)] , (29)

£¤¥ ¤µ²Ö Î ·³µ´¨¥¢ ¢´ÊÉ·¨ ª£µ·ÖÎ¥°ª µ¡² ¸É¨ ¶µ ¸· ¢´¥´¨Õ ¸ ¶µ²´Ò³ µ¡Ñ-
¥³µ³ ¢§ ¨³µ¤¥°¸É¢¨Ö · ¢´ 

fΨ(b) =

∫ sc
0

d2sNc(b, s)SGl(b, s)

/∫ ∞
0

d2sNc(b, s)SGl(b, s). (30)

�Í¥´¨¢ ¥³µ¥ ¢ · ¡µÉ¥ [176] ±·¨É¨Î¥¸±µ¥ §´ Î¥´¨¥ κc ' 2, 9 ¤²Ö ¸Éµ²±´µ¢¥´¨°
PbÅPb ¤ ¥É Ìµ·µÏ¥¥ ¸µ£² ¸¨¥ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¶µ ·µ¦¤¥´¨Õ
J/Ψ, É ± ¦¥, ± ± ¨ µÍ¥´¨¢ ¥³ Ö ¢ · ¡µÉ¥ [189] ¶²µÉ´µ¸ÉÓ Ô´¥·£¨¨ ¢ ª£µ·Ö-
Î¥°ª Ë §¥ εc ' 3, 4 ƒÔ‚/Ë³3, §´ Î¥´¨¥ ±µÉµ·µ° ¡²¨§±µ ± ¶·¥¤¸± §Ò¢ ¥³µ³Ê
·¥Ï¥ÉµÎ´µ° Š•„ §´ Î¥´¨Õ ±·¨É¨Î¥¸±µ° ¶²µÉ´µ¸É¨ Ô´¥·£¨¨ ±¢ ·±- ¤·µ´´µ£µ
Ë §µ¢µ£µ ¶¥·¥Ìµ¤  [35,36].

•µÉÖ ¨´É¥·¶·¥É Í¨Ö ª ´µ³ ²Ó´µ£µª ¶µ¤ ¢²¥´¨Ö ¢ÒÌµ¤  J/Ψ ¢ ¸µÊ¤ ·¥-
´¨ÖÌ PbÅPb ± ± ·¥§Ê²ÓÉ É Ëµ·³¨·µ¢ ´¨Ö Šƒ� ¶·¥¤¸É ¢²Ö¥É¸Ö ¢¶µ²´¥ ¶· ¢-
¤µ¶µ¤µ¡´µ°, É¥³ ´¥ ³¥´¥¥ Ê¦¥ ¶·¥¤² £ ÕÉ¸Ö  ²ÓÉ¥·´ É¨¢´Ò¥ µ¡ÑÖ¸´¥´¨Ö ¤ ´-
´µ£µ Ö¢²¥´¨Ö §  ¸Î¥É Ψ−h-¶¥·¥· ¸¸¥Ö´¨° ´  ¸µ¶ÊÉ¸É¢ÊÕÐ¨Ì  ¤·µ´ Ì, h+Ψ→
→ D + D̄ + X , ¡¥§ ¤µ¶µ²´¨É¥²Ó´µ£µ ¶·¥¤¶µ²µ¦¥´¨Ö µ ·¥ ²¨§ Í¨¨ ¸Í¥´ ·¨Ö
¤¥±µ´Ë °´³¥´É  [190,191]. � Î ²Ó´ Ö ¶²µÉ´µ¸ÉÓ  ¤·µ´´µ£µ £ §  É ±¦¥ µ¶·¥-
¤¥²Ö¥É¸Ö Î¨¸²µ³ ª· ´¥´ÒÌª ´Ê±²µ´µ¢:

nh(b, s) = Nh

[
dNω(b, s)

d2s

]
, (31)

£¤¥ Nh Å ¸·¥¤´¥¥ Î¨¸²µ  ¤·µ´µ¢, ·µ¦¤¥´´ÒÌ ± ¦¤Ò³ ª· ´¥´Ò³ª ´Ê±²µ´µ³.
’µ£¤  ¢¥·µÖÉ´µ¸ÉÓ ª¢Ò¦¨¢ ´¨Öª Ψ ¢  ¤·µ´´µ³ £ §¥, ¨¸¶ÒÉÒ¢ ÕÐ¥³ ±¢ §¨µ¤-
´µ³¥·´µ¥ ¸±¥°²¨´£µ¢µ¥ · ¸Ï¨·¥´¨¥, § ¶¨Ï¥É¸Ö ¢ ¢¨¤¥

ShΨ =

∫
d2s exp [−vσΨ−hnh ln (nh/nf)]

[
d2SGl

d2bd2s
(b, s)

]
[ ∫

d2s d
2SGl

d2bd2s
(b, s;σabs = 0)

] , (32)

£¤¥ σΨ−h Å ¸¥Î¥´¨¥ · ¸Ð¥¶²¥´¨Ö Î ·³µ´¨Ö ¸µ¶ÊÉ¸É¢ÊÕÐ¨³¨  ¤·µ´ ³¨, v
Å ¸·¥¤´ÖÖ ¸±µ·µ¸ÉÓ Ψ µÉ´µ¸¨É¥²Ó´µ  ¤·µ´µ¢, nf Å ±µ´¥Î´ Ö ¶²µÉ´µ¸ÉÓ
 ¤·µ´´µ£µ £ §  ´  ¸É ¤¨¨ ª¢Ò³µ· ¦¨¢ ´¨Öª.

‚ · ¡µÉ¥ [190] SÅU ¨ PbÅPb ¤ ´´Ò¥ ¶µ ·µ¦¤¥´¨Õ J/Ψ ¡Ò²¨ µ¶¨¸ ´Ò
¥¤¨´Ò³ µ¡· §µ³ ¢ ³µ¤¥²¨ ¸µ¶ÊÉ¸É¢ÊÕÐ¨Ì  ¤·µ´µ¢ ¸ ¸¥Î¥´¨Ö³¨ ¶µ£²µÐ¥´¨Ö



694 ‹�•’ˆ� ˆ.�., ‘��›—…‚� ‹.ˆ., ‘�ˆƒˆ�…‚ �.Œ.

¢ ªÌµ²µ¤´µ³ª Ö¤¥·´µ³ ¢¥Ð¥¸É¢¥ ¨ ¢ ª£µ·ÖÎ¥³ª  ¤·µ´´µ³ £ §¥ σ
J/Ψ−N
abs '

' 4, 8 ³¡ ¨ σ
J/Ψ−h
dis = 2σ

J/Ψ−N
abs /3 ' 3, 2 ³¡ ¸µµÉ¢¥É¸É¢¥´´µ. •µÉÖ §´ Î¥´¨¥

¸¥Î¥´¨Ö ¶·¥¤·¥§µ´ ´¸´µ£µ ¶µ£²µÐ¥´¨Ö σ
J/Ψ−N
abs ¢ ÔÉµ³ ¸²ÊÎ ¥ ¶·¥¤¸É ¢²Ö-

¥É¸Ö ´¥¸±µ²Ó±µ § ´¨¦¥´´Ò³ ¶µ ¸· ¢´¥´¨Õ ¸ ²ÊÎÏ¨³ Ë¨Éµ³ p − A-¤ ´´ÒÌ
7, 3 ³¡ [176], ¡µ²ÓÏ¨¥ µÏ¨¡±¨ Ô±¸¶¥·¨³¥´É  µ¸É ¢²ÖÕÉ ¢µ§³µ¦´µ¸ÉÓ ¨ ¤²Ö

σ
J/Ψ−N
abs = 4, 8 ³¡.

„¥É ²Ó´µ¥ ¨¸¸²¥¤µ¢ ´¨¥ ³¥Ì ´¨§³  ¤¨¸¸µÍ¨ Í¨¨ Ψ-·¥§µ´ ´¸µ¢ ¢  ¤·µ´-
´µ³ £ §¥, ÊÎ¨ÉÒ¢ ÕÐ¥¥ ¢¥·µÖÉ´µ¸É¨ ¶¥·¥Ìµ¤µ¢ J/Ψ + π → Ψ′ + X ¨ Ψ′ +
π → J/Ψ + X , ¡Ò²µ ¢Ò¶µ²´¥´µ ¢ · ¡µÉ¥ [191]. ‹ÊÎÏ¥¥ µ¶¨¸ ´¨¥ ¤ ´´ÒÌ
¶µ ·µ¦¤¥´¨Õ J/Ψ ¨ Ψ′ ¢  ¤·µ´-Ö¤¥·´ÒÌ ¨ Ö¤·µ-Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ,
¢±²ÕÎ Ö PbÅPb, ¡Ò²µ ¤µ¸É¨£´ÊÉµ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¸¥Î¥´¨° ¶µ£²µÐ¥´¨Ö

σabs = 4, 1 ³¡, σJ/Ψ−hdis = 0, 4 ³¡, σΨ′−h
dis = 2, 6 ³¡,   É ±¦¥ ¸¥Î¥´¨° ¶¥-

·¥Ìµ¤µ¢ σJ/Ψ→Ψ′ = 0, 1 ³¡ ¨ σΨ′→J/Ψ = 0, 65 ³¡.
‚ ¸¢Ö§¨ ¸ ´¥µ¤´µ§´ Î´µ¸ÉÓÕ ¨´É¥·¶·¥É Í¨¨ ¨³¥ÕÐ¨Ì¸Ö Ô±¸¶¥·¨³¥´É ²Ó-

´ÒÌ ¤ ´´ÒÌ ¶µ ·µ¦¤¥´¨Õ Î ·³µ´¨¥¢ ¢ Ö¤·µ-Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ ¢µ§´¨-
± ¥É ´¥µ¡Ìµ¤¨³µ¸ÉÓ · ¸¸³µÉ·¥´¨Ö ¤µ¶µ²´¨É¥²Ó´ÒÌ Ì · ±É¥·¨¸É¨±, ÎÊ¢¸É¢¨-
É¥²Ó´ÒÌ ± · ´´¥° ¤¨´ ³¨±¥ ·¥ ±Í¨°. ‚ Î ¸É´µ¸É¨, ¢ · ¡µÉ¥ [192] ¶·¥¤² £ -
¥É¸Ö ¨¸¸²¥¤µ¢ ÉÓ · ¸¶·¥¤¥²¥´¨¥ Î ·³µ´¨¥¢ ¶µ ¶µ¶¥·¥Î´µ³Ê ¨³¶Ê²Ó¸Ê, ¸·¥¤´¥¥
§´ Î¥´¨¥ ±µÉµ·µ£µ ¤µ²¦´µ Ê¢¥²¨Î¨¢ ÉÓ¸Ö ¸ ·µ¸Éµ³ ¢Ò¤¥²Ö¥³µ° ¢ ¸µ¡ÒÉ¨ÖÌ
¶µ¶¥·¥Î´µ° Ô´¥·£¨¨ ET (¨²¨ c Ê³¥´ÓÏ¥´¨¥³ ¶ · ³¥É·  Ê¤ ·  b) ¢ ¸É ´¤ ·É-
´µ° ³µ¤¥²¨ ¶·¥¤·¥§µ´ ´¸´µ£µ ¶µ£²µÐ¥´¨Ö ¨, ´ Î¨´ Ö ¸ ´¥±µÉµ·µ£µ ±·¨É¨Î¥-
¸±µ£µ §´ Î¥´¨Ö ET , ¶ ¤ ÉÓ ¢ ª£µ·ÖÎ¥°ª ¤¥±µ´Ë °´³¨·µ¢ ´´µ° ¸·¥¤¥. ’ ±µ£µ
Ì · ±É¥·´µ£µ ¨§³¥´¥´¨Ö ¢ ¶µ¢¥¤¥´¨¨ ¸·¥¤´¥£µ ¶µ¶¥·¥Î´µ£µ ¨³¶Ê²Ó¸  J/Ψ
± ± ËÊ´±Í¨¨ ET ´¥ ´ ¡²Õ¤ ²µ¸Ó (¢ ¶·¥¤¥² Ì µÏ¨¡µ±) ¢ ¸Éµ²±´µ¢¥´¨ÖÌ Ö¤¥·
¢¶²µÉÓ ¤µ S−U, ¶µ¤µ¡´Ò° ¦¥  ´ ²¨§ ¸¶¥±É·  Î ·³µ´¨¥¢, µ¡· §µ¢ ¢Ï¨Ì¸Ö ¢
¸µÊ¤ ·¥´¨ÖÌ PbÅPb, ¶µ±  ¥Ð¥ Éµ²Ó±µ ¶·µ¢µ¤¨É¸Ö. ‚ ²Õ¡µ³ ¸²ÊÎ ¥ Ô±¸¶¥-
·¨³¥´É ²Ó´µ ´ ¡²Õ¤ ¥³µ¥ ª ´µ³ ²Ó´µ¥ª ¶µ¤ ¢²¥´¨¥ ·µ¦¤¥´¨Ö Ψ-·¥§µ´ ´¸µ¢
¶·¥¤¸É ¢²Ö¥É¸Ö ¨´É·¨£ÊÕÐ¨³ Ö¢²¥´¨¥³, ¶·¨·µ¤Ê ±µÉµ·µ£µ ¢ ¶µ²´µ° ³¥·¥
Éµ²Ó±µ ¶·¥¤¸Éµ¨É ¢ÒÖ¸´¨ÉÓ.

4.2. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¶¥·¸¶¥±É¨¢Ò. „²Ö ¡µ²¥¥ ÉÖ¦¥²ÒÌ ¸¨¸É¥³ (bb̄)
¶µ¤µ¡´Ò° ÔËË¥±É ¶µ¤ ¢²¥´¨Ö ¢ ¸¢¥·Ì¶²µÉ´µ° ¸¨²Ó´µ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¥° ³ -
É¥·¨¨ µ¦¨¤ ¥É¸Ö ¶·¨ ¡µ²¥¥ ¢Ò¸µ±¨Ì É¥³¶¥· ÉÊ· Ì, Î¥³ ¤²Ö (cc̄), ¤µ¸É¨¦¥´¨¥
±µÉµ·ÒÌ µ¦¨¤ ¥É¸Ö ¢ Í¥´É· ²Ó´ÒÌ ¸µÊ¤ ·¥´¨ÖÌ ÉÖ¦¥²ÒÌ ¨µ´µ¢ ´  ¡Ê¤ÊÐ¨Ì
±µ²² °¤¥· Ì RHIC ¨ LHC. �·¨ ÔÉµ³ ¸É¥¶¥´Ó ¶µ¤ ¢²¥´¨Ö Υ-, Υ′- ¨ Υ′′-·¥-
§µ´ ´¸µ¢, ¨³¥ÕÐ¨Ì · §´Ò¥ · ¤¨Ê¸Ò ¸¢Ö§ ´´µ£µ ¸µ¸ÉµÖ´¨Ö ¨ Ô´¥·£¨Õ ¸¢Ö§¨,
¡Ê¤¥É · §²¨Î ÉÓ¸Ö. �¥£¨¸É· Í¨Ö ¶µ¤ ¢²¥´¨Ö Υ-·¥§µ´ ´¸µ¢ ¢ ¶²µÉ´µ° ³ É¥·¨¨
Ö¢²Ö¥É¸Ö µ¤´µ° ¨§ µ¸´µ¢´ÒÌ § ¤ Î Ë¨§¨Î¥¸±µ° ¶·µ£· ³³Ò ¶µ ¸Éµ²±´µ¢¥´¨Ö³
ÉÖ¦¥²ÒÌ ¨µ´µ¢ ¢ Ô±¸¶¥·¨³¥´É¥ CMS ´  ±µ²² °¤¥·¥ LHC [193].

Šµ³¶ ±É´Ò° ³Õµ´´Ò° ¸µ²¥´µ¨¤ (CMS) Ö¢²Ö¥É¸Ö µ¤´¨³ ¨§ ¤¢ÊÌ ¤¥É¥±Éµ-
·µ¢, ¶·¥¤²µ¦¥´´ÒÌ ¶¥·¢µ´ Î ²Ó´µ ¤²Ö £² ¢´µ° Í¥²¨ pp-¶·µ£· ³³Ò ´  LHC
Å ¶µ¨¸±  Ì¨££¸µ¢¸±µ£µ ¡µ§µ´  [26]. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ¤¥É¥±Éµ· µ¶É¨³¨§¨·Ê¥É¸Ö
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¤²Ö ÉµÎ´µ£µ ¨§³¥·¥´¨Ö Ì · ±É¥·¨¸É¨± ¢Ò¸µ±µÔ´¥·£¨Î´ÒÌ ³Õµ´µ¢, ËµÉµ´µ¢,
Ô²¥±É·µ´µ¢ ¨  ¤·µ´´ÒÌ ¸É·Ê°, ÎÉµ ¤ ¥É ¢µ§³µ¦´µ¸ÉÓ ¨¸¸²¥¤µ¢ ´¨Ö ª¦¥¸É±¨Ìª
É¥¸Éµ¢ Šƒ� ¢ ¸Éµ²±´µ¢¥´¨ÖÌ ÉÖ¦¥²ÒÌ ¨µ´µ¢. �É²¨Î¨É¥²Ó´µ° µ¸µ¡¥´´µ¸ÉÓÕ
Ê¸É ´µ¢±¨ CMS Ö¢²Ö¥É¸Ö ´ ²¨Î¨¥ ³¥²±µ£· ´Ê²¨·µ¢ ´´ÒÌ Ô²¥±É·µ³ £´¨É´µ£µ
¨  ¤·µ´´µ£µ ± ²µ·¨³¥É·µ¢, ¶µ³¥Ð¥´´ÒÌ ¢ ¸¨²Ó´µ¥ ¸µ²¥´µ¨¤ ²Ó´µ¥ ³ £´¨É-
´µ¥ ¶µ²¥ B = 4 ’². –¥´É· ²Ó´ Ö ¡ ··¥²-Î ¸ÉÓ ¶µ±·Ò¢ ¥É ¤¨ ¶ §µ´ ¡Ò¸É·µÉ
| η |< 1, 5. �±¸¶¥·¨³¥´É ²Ó´µ Υ-·¥§µ´ ´¸Ò ¨¤¥´É¨Ë¨Í¨·ÊÕÉ¸Ö ± ± ¶¨±¨ ¢
¸¶¥±É·¥ ¶µ ÔËË¥±É¨¢´µ° ³ ¸¸¥ ³Õµ´´ÒÌ ¶ · (¨¸¶µ²Ó§Ê¥É¸Ö ± ´ ² · ¸¶ ¤ 
Υ → µ+µ−). ’ ±¨³ µ¡· §µ³, ¤²Ö ´ ¤¥¦´µ° ·¥£¨¸É· Í¨¨ ¨ ÉµÎ´µ£µ ¨§³¥·¥-
´¨Ö Ì · ±É¥·¨¸É¨± Υ-·¥§µ´ ´¸µ¢ ´¥µ¡Ìµ¤¨³µ ·¥Ï¨ÉÓ ¶·µ¡²¥³Ê · ¸¶µ§´ ¢ -
´¨Ö ³Õµ´´ÒÌ É·¥±µ¢ ¶·¨ µ¦¨¤ ¥³µ° ¤²Ö Í¥´É· ²Ó´ÒÌ ¸µÊ¤ ·¥´¨° ÉÖ¦¥²ÒÌ
Ö¤¥· ¸¨²Ó´µ° § £·Ê§±¥ ¤¥É¥±Éµ·µ¢ É·¥±¥· . ‚ ¸²ÊÎ ¥ CMS ¨³¶Ê²Ó¸ ³Õµ´  ³µ-
¦¥É ¡ÒÉÓ ¨§³¥·¥´ ¢ Í¥´É· ²Ó´µ³ É·¥±¥·¥ ¤¥É¥±Éµ·  ´  · ¸¸ÉµÖ´¨¨ ´¥ ¡µ²¥¥
1,3 ³ ¤µ ¢¥·Ï¨´Ò ¢§ ¨³µ¤¥°¸É¢¨Ö. ‡ É¥³ ³Õµ´Ò ¶·µÌµ¤ÖÉ Î¥·¥§ ± ²µ·¨³¥É·Ò
¨ ·¥£¨¸É·¨·ÊÕÉ¸Ö ¢ ³Õµ´´ÒÌ ± ³¥· Ì ¢ ¤¨ ¶ §µ´¥ ¡Ò¸É·µÉ | η |< 2, 6. �µ-
¶¥·¥Î´Ò° ¨³¶Ê²Ó¸ ³Õµ´  ³µ¦¥É ¡ÒÉÓ µ¶·¥¤¥²¥´ ¢ ÔÉµ³ ¸²ÊÎ ¥ ¸ ÉµÎ´µ¸ÉÓÕ
≤ 1% ¢ ³ £´¨É´µ³ ¶µ²¥ 4 ’² [193].

�¶É¨³¨§ Í¨Ö  ²£µ·¨É³  ¤¨³Õµ´´µ° ·¥±µ´¸É·Ê±Í¨¨ µ¸´µ¢ ´  ´  ¶µ¨¸±¥
±·¨É¥·¨¥¢, ±µÉµ·Ò¥ ¶µ§¢µ²¨²¨ ¡Ò ¶µ²ÊÎ ÉÓ ³ ±¸¨³ ²Ó´µ¥ ±µ²¨Î¥¸É¢µ ¤¨³Õµ-
´µ¢ µÉ · ¸¶ ¤  Υ ¨ ¢ Éµ ¦¥ ¢·¥³Ö ³ ±¸¨³ ²Ó´µ ¢µ§³µ¦´Ò³ µ¡· §µ³ ¶µ¤ ¢¨ÉÓ
Ëµ´ µÉ ´¥±µ··¥²¨·µ¢ ´´ÒÌ ¶ · ³Õµ´µ¢ µÉ · ¸¶ ¤  ¶¨µ´µ¢ ¨ ± µ´µ¢, ¤ ¢Ï¨Ì
µÉ±²¨±¨ ¢ ³Õµ´´ÒÌ ¸É ´Í¨ÖÌ. �ËË¥±É¨¢´µ¸ÉÓ ¢µ¸¸É ´µ¢²¥´¨Ö § ¢¨¸¨É µÉ
³´µ¦¥¸É¢¥´´µ¸É¨ ¢Éµ·¨Î´ÒÌ Î ¸É¨Í: µÉ 66% ¤²Ö ³ ±¸¨³ ²Ó´µ° ³´µ¦¥¸É¢¥´-
´µ¸É¨, ¸µµÉ¢¥É¸É¢ÊÕÐ¥° Í¥´É· ²Ó´µ³Ê ¢§ ¨³µ¤¥°¸É¢¨Õ PbÅPb, ¤µ 90% ¤²Ö
³´µ¦¥¸É¢¥´´µ¸É¨ ¢ É·¨ · §  ³¥´ÓÏ¥°. �·¨ ÔÉµ³ ÔËË¥±É¨¢´µ¸ÉÓ ¢µ¸¸É ´µ¢²¥-
´¨Ö ¤¨³Õµ´µ¢ µÉ Ëµ´µ¢ÒÌ ¸µ¡ÒÉ¨° ¢ Ï¥¸ÉÓ · § ³¥´ÓÏ¥ ¨ ¶· ±É¨Î¥¸±¨ ´¥
§ ¢¨¸¨É µÉ ³´µ¦¥¸É¢¥´´µ¸É¨. �É´µÏ¥´¨¥ ¸¨£´ ²  ± Ëµ´Ê ¶·¨ ´ ¨¡µ²¥¥ ª¶¥¸-
¸¨³¨¸É¨Î´ÒÌª µÍ¥´± Ì ¸¥Î¥´¨Ö ·µ¦¤¥´¨Ö Υ ¨ ³ ±¸¨³ ²Ó´µ° ³´µ¦¥¸É¢¥´-
´µ¸É¨ ´¥ ´¨¦¥ 7% ¨ Ê¢¥²¨Î¨¢ ¥É¸Ö ¸ Ê³¥´ÓÏ¥´¨¥³ ³´µ¦¥¸É¢¥´´µ¸É¨ [193],
ÎÉµ ¤ ¥É ¢µ§³µ¦´µ¸ÉÓ ·¥£¨¸É· Í¨¨ Υ-·¥§µ´ ´¸µ¢ ¨ ¨¸¸²¥¤µ¢ ´¨Ö ¨Ì ¸¢µ°¸É¢
¢ ¸¢Ö§¨ ¸ ¶µ¨¸±µ³ ¸¨£´ ²µ¢ Ëµ·³¨·µ¢ ´¨Ö ¸¢¥·Ì¶²µÉ´µ° ³ É¥·¨¨ ¢ Ö¤·µ-
Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ ´  LHC.

5. ª†…‘’Šˆ…ª ’…‘’› �‹�’��‰ Œ�’…�ˆˆ
‚ “‹œ’���…‹Ÿ’ˆ‚ˆ‘’‘Šˆ• ‘�“„��…�ˆŸ• Ÿ„…�.

II. �„����›… ‘’�“ˆ

5.1. �¥·¥· ¸¸¥Ö´¨¥ ¦¥¸É±¨Ì ¶ ·Éµ´´ÒÌ ¸É·Ê° ¢ ¶²µÉ´µ° ³ É¥·¨¨. � -
·Ö¤Ê ¸ ¶µ¤ ¢²¥´¨¥³ ÉÖ¦¥²ÒÌ ±¢ ·±µ´¨¥¢ µ¤´¨³ ¨§ ¶·µÍ¥¸¸µ¢, ±µÉµ·Ò° ³µ£
¡Ò ¤ ÉÓ ¨´Ëµ·³ Í¨Õ µ ¸ ³ÒÌ · ´´¨Ì ¸É ¤¨ÖÌ Ô¢µ²ÕÍ¨¨ ¸¢¥·Ì¶²µÉ´µ° ³ É¥-
·¨¨, µ¡· §ÊÕÐ¥°¸Ö ¢ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¸Éµ²±´µ¢¥´¨ÖÌ Ö¤¥· ¶·¨ Ô´¥·£¨ÖÌ
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±µ²² °¤¥·µ¢ RHIC ¨ LHC, Ö¢²Ö¥É¸Ö ¶·µÌµ¦¤¥´¨¥ Î¥·¥§ ´¥¥ ¦¥¸É±¨Ì ¸É·Ê°
Í¢¥Éµ§ ·Ö¦¥´´ÒÌ ¶ ·Éµ´µ¢, ·µ¦¤¥´¨¥ ¶ · ±µÉµ·ÒÌ ¶·µ¨¸Ìµ¤¨É ¢ ¸ ³µ³ ´ -
Î ²¥ ¶·µÍ¥¸¸  ¸µÊ¤ ·¥´¨Ö (τform ∼ 1/pT <∼ 0, 01 Ë³/¸) ¢ ·¥§Ê²ÓÉ É¥ µÉ¤¥²Ó´ÒÌ
¦¥¸É±¨Ì ´Ê±²µ´-´Ê±²µ´´ÒÌ (¶ ·Éµ´-¶ ·Éµ´´ÒÌ) · ¸¸¥Ö´¨°. ’ ±¨¥ ¸É·Ê¨ ¶·µ-
Ìµ¤ÖÉ Î¥·¥§ ¶²µÉ´ÊÕ ¶ ·Éµ´´ÊÕ ³ É¥·¨Õ, Ëµ·³¨·Ê¥³ÊÕ ¨§ ¸¨¸É¥³Ò ³¨´¨-
¸É·Ê° ¢ É¥Î¥´¨¥ ¡µ²ÓÏ¥£µ ³ ¸ÏÉ ¡  ¢·¥³¥´¨ (>∼ 0, 1 Ë³/¸) [37,38,53Ä55,60],
¨ ¢§ ¨³µ¤¥°¸É¢ÊÕÉ ¸ ±µ´¸É¨ÉÊ¥´É ³¨ ¸·¥¤Ò, ¨§³¥´ÖÖ ¢ ·¥§Ê²ÓÉ É¥ ¤µ¶µ²´¨-
É¥²Ó´ÒÌ ¶¥·¥· ¸¸¥Ö´¨° ¸¢µ¨ ¶¥·¢µ´ Î ²Ó´Ò¥ ¸¢µ°¸É¢ .

�µ²¥§´Ò³ µ¡¸ÉµÖÉ¥²Ó¸É¢µ³ ¶·¨ ÔÉµ³ Ö¢²Ö¥É¸Ö Éµ, ÎÉµ ·µ¦¤¥´¨¥ ¦¥¸É-
±¨Ì  ¤·µ´´ÒÌ ¸É·Ê° ¢ Ô±¸¶¥·¨³¥´É Ì ¶µ e+e−- ´´¨£¨²ÖÍ¨¨, ¢ ep-, pp- ¨
pp-¢§ ¨³µ¤¥°¸É¢¨ÖÌ ´  ±µ²² °¤¥· Ì Å ¤µ¸É ÉµÎ´µ Ìµ·µÏµ ¨§ÊÎ¥´´µ¥ Ö¢²¥-
´¨¥, ±µÉµ·µ¥ Ö¢¨²µ¸Ó ´ £²Ö¤´Ò³ É¥¸Éµ³ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° Š•„, ¶µ¤É¢¥·-
¤¨¢ ´  µ¶ÒÉ¥ ¸¶· ¢¥¤²¨¢µ¸ÉÓ ³´µ£¨Ì ¥¥ ¶·¥¤¸± § ´¨°∗ (¸³., ´ ¶·¨³¥·, µ¡-
§µ·Ò [194,195]). Œµ¤¨Ë¨± Í¨Ö ¸¢µ°¸É¢ ¦¥¸É±¨Ì ¸É·Ê°, µ¡· §µ¢ ´´ÒÌ ¢ Ö¤·µ-
Ö¤¥·´ÒÌ ¸Éµ²±´µ¢¥´¨ÖÌ, ¶µ ¸· ¢´¥´¨Õ ¸ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨  ¤·µ´- ¤·µ´´Ò³¨
¸µÊ¤ ·¥´¨Ö³¨ ¸¢¨¤¥É¥²Ó¸É¢µ¢ ²  ¡Ò µ ¸¶¥Í¨Ë¨Î¥¸±¨Ì Ö¤¥·´ÒÌ ÔËË¥±É Ì, ¢
Î ¸É´µ¸É¨, µ ¶¥·¥· ¸¸¥Ö´¨¨ ¸É·Ê° ¢ ¸·¥¤¥. ’ ±¨³ µ¡· §µ³, ¶µ¨¸± ¢µ§³µ¦-
´ÒÌ ¨´¸É·Ê³¥´Éµ¢ ¨§ÊÎ¥´¨Ö ¸¢µ°¸É¢ ¸¢¥·Ì¶²µÉ´µ° ³ É¥·¨¨ ¶·¨¢µ¤¨É ± ´¥µ¡-
Ìµ¤¨³µ¸É¨ ¢ÒÖ¢²¥´¨Ö Ì · ±É¥·¨¸É¨± ¶ ·Éµ´´ÒÌ ¸É·Ê°, ÎÊ¢¸É¢¨É¥²Ó´ÒÌ ± ¥¥
¶ · ³¥É· ³ ¨ Ì · ±É¥·Ê ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´µ° Ô¢µ²ÕÍ¨¨.

�  ·¨¸.10 ¸Ì¥³ É¨Î´µ ¶µ± § ´  £¥µ³¥É·¨Ö § ¤ Î¨ µ ¶·µÌµ¦¤¥´¨¨ ¶ ·Ò
¦¥¸É±¨Ì ¶ ·Éµ´´ÒÌ ¸É·Ê° Î¥·¥§ Í¨²¨´¤·¨Î¥¸±¨-¸¨³³¥É·¨Î´ÊÕ ¶²µÉ´ÊÕ ³ -
É¥·¨Õ, µ¡· §µ¢ ´¨¥ ±µÉµ·µ° µ¦¨¤ ¥É¸Ö ¢ Í¥´É· ²Ó´ÒÌ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±¨Ì
A − A-¸µÊ¤ ·¥´¨ÖÌ. � ·  ¦¥¸É±¨Ì ¸É·Ê° Í¢¥Éµ§ ·Ö¦¥´´ÒÌ ¶ ·Éµ´µ¢ ·µ¦¤ -
¥É¸Ö ¢ ·¥§Ê²ÓÉ É¥ µÉ¤¥²Ó´µ£µ ¦¥¸É±µ£µ ´Ê±²µ´-´Ê±²µ´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢
¢¥·Ï¨´¥ P (R,ϕ) (RT Å · ¸¸ÉµÖ´¨¥ µÉ µ¸¨ ¸Éµ²±´µ¢¥´¨Ö Ö¤¥· z ¤µ ¢¥·Ï¨´Ò
P , ϕ Å  §¨³ÊÉ ²Ó´Ò° Ê£µ², µ¶·¥¤¥²ÖÕÐ¨° ´ ¶· ¢²¥´¨¥ ¤¢¨¦¥´¨Ö ¸É·Ê¨),
θ Å ¶µ²Ö·´Ò° Ê£µ² (¤²Ö pjet

T � pjet
L , θ ∼ π/2). ‚ ¶·µ¸É¥°Ï¥° ¶ ·Éµ´´µ° ³µ-

¤¥²¨ ¡¥§ ÊÎ¥É  £²Õµ´´µ° · ¤¨ Í¨¨ ¢ ´ Î ²Ó´µ³ ¸µ¸ÉµÖ´¨¨ ´ Î ²Ó´µ¥ ¦¥¸É±µ¥
· ¸¸¥Ö´¨¥ ¶·µ¨¸Ìµ¤¨É ¢ ¶²µ¸±µ¸É¨, ¨ ¸É·Ê¨ ±µ··¥²¨·µ¢ ´Ò ¶µ  §¨³ÊÉ ²Ó´µ³Ê
Ê£²Ê ¢Ò²¥É : ϕjet1 + ϕjet2 = π. Œµ¦´µ µ¶·¥¤¥²¨ÉÓ ´¥±µ³¶² ´ ·´µ¸ÉÓ ¶ ·Ò
¸É·Ê° KT ± ± ¸Ê³³Ê ¶·µ¥±Í¨° ¨³¶Ê²Ó¸µ¢ ¸É·Ê° ´  µ¸Ó, ¶¥·¶¥´¤¨±Ê²Ö·´ÊÕ
¶²µ¸±µ¸É¨ ´ Î ²Ó´µ£µ · ¸¸¥Ö´¨Ö, ¨ ¤²Ö ³ ²ÒÌ KT � pjet1,2

T ¶µ²ÊÎ¨³

KT ' 0, 5(pjet1
T + pjet2

T ) sin (ϕjet1 + ϕjet2). (33)

‡ ³¥É¨³, ÎÉµ Ô±¸¶¥·¨³¥´É ²Ó´µ ¶²µ¸±µ¸ÉÓ ´ Î ²Ó´µ£µ · ¸¸¥Ö´¨Ö µ¶·¥-
¤¥²Ö¥É¸Ö ± ± ¶²µ¸±µ¸ÉÓ, ¢ ±µÉµ·µ° ³¨´¨³ ²Ó´  ´¥±µ³¶² ´ ·´µ¸ÉÓ KT . ‚

∗Šµ··¥±É´µ¥ ¸µ¶µ¸É ¢²¥´¨¥ ¸¢µ°¸É¢ ¸É·Ê° ´  ¶ ·Éµ´´µ³ ¨  ¤·µ´´µ³ Ê·µ¢´ÖÌ ¶µ§¢µ²Ö¥É
¶·µ¢¥¸É¨ £¨¶µÉ¥§  ª³Ö£±µ£µ µ¡¥¸Í¢¥Î¨¢ ´¨Öª, ¶·¥¤¶µ² £ ÕÐ Ö, ÎÉµ  ¤·µ´¨§ Í¨Ö ´¥ ¶·¨¢µ¤¨É ±
± Î¥¸É¢¥´´µ° ¶¥·¥¸É·µ°±¥ · ¸¶·¥¤¥²¥´¨Ö Î ¸É¨Í ¢ ¸É·Ê¥.



„ˆ�ƒ��‘’ˆŠ� ‘‚…�•�‹�’��‰ Œ�’…�ˆˆ 697

�¨¸. 10. ‘Ì¥³  ¶·µÌµ¦¤¥´¨Ö ¦¥¸É±¨Ì ¸É·Ê° Î¥·¥§ Í¨²¨´¤·¨Î¥¸±¨-¸¨³³¥É·¨Î´ÊÕ ¶²µÉ-
´ÊÕ ³ É¥·¨Õ: z Å ´ ¶· ¢²¥´¨¥ µ¸¨ ¸Éµ²±´µ¢¥´¨Ö Ö¤¥·, P (R,ϕ) Å ¢¥·Ï¨´  ·µ¦¤¥´¨Ö
¶ ·Ò ¸É·Ê°:  ) ¸·¥§ z = 0, ¡) ¶·µ¥±Í¨Ö ´  ¶²µ¸±µ¸ÉÓ ´ Î ²Ó´µ£µ · ¸¸¥Ö´¨Ö. ‘¶²µÏ-
´Ò¥ ²¨´¨¨ µ£· ´¨Î¨¢ ÕÉ µ¡² ¸ÉÓ, § ´¨³ ¥³ÊÕ ¶²µÉ´µ° ³ É¥·¨¥°, ÏÉ·¨Ìµ¢Ò¥ ²¨´¨¨
¶·¥¤¸É ¢²ÖÕÉ ¶·µ¥±Í¨Õ ´  ¶²µ¸±µ¸ÉÓ · ¸¸¥Ö´¨Ö ¶·Ö³µ°, ¶ · ²²¥²Ó´µ° µ¸¨ z ¨ ¶·µ-
Ìµ¤ÖÐ¥° Î¥·¥§ ÉµÎ±Ê, ¢ ±µÉµ·µ° ¸É·ÊÖ ¢ÒÌµ¤¨É ¨§ ¸·¥¤Ò

· ¡µÉ¥ [196] ¢¶¥·¢Ò¥ ¶·¥¤² £ ²µ¸Ó ¨¸¶µ²Ó§µ¢ ÉÓ · ¸¶·¥¤¥²¥´¨¥ ¶µ ´¥±µ³-
¶² ´ ·´µ¸É¨ ¶ ·Ò ¦¥¸É±¨Ì ¸É·Ê° ± ± ¤¨ £´µ¸É¨Î¥¸±µ¥ ¸·¥¤¸É¢µ Šƒ�: ¡Ò²µ
¶µ± § ´µ ¢ ¶·µ¸É¥°Ï¥° ³µ¤¥²¨ ¸Ë¥·¨Î¥¸±¨-¸¨³³¥É·¨Î´µ° ¶² §³Ò, ÎÉµ ´¥-
±µ³¶² ´ ·´µ¸ÉÓ ÎÊ¢¸É¢¨É¥²Ó´  ± ³´µ£µ±· É´µ³Ê · ¸¸¥Ö´¨Õ ¸É·Ê° ´  ±µ´-
¸É¨ÉÊ¥´É Ì ¸·¥¤Ò ¨ ³µ¦¥É ¡ÒÉÓ ¶·¨³¥´¥´  ¤²Ö ¨§³¥·¥´¨Ö ´ Î ²Ó´µ° É¥³¶¥-
· ÉÊ·Ò Šƒ�. � ¸¶·¥¤¥²¥´¨Ö ¶µ ´¥±µ³¶² ´ ·´µ¸É¨ µÍ¥´¨¢ ²¨¸Ó É ±¦¥ ¤²Ö
¸²ÊÎ Ö ¨¤¥ ²Ó´µ° ¶·µ¤µ²Ó´µ-· ¸Ï¨·ÖÕÐ¥°¸Ö ¶² §³Ò ¢ · ¡µÉ¥ [197] ¨ ¤²Ö
¸²ÊÎ Ö  ¤·µ´´µ£µ £ §  ¢ [198]. ‚ ¶µ¸²¥¤´¥¥ ¢·¥³Ö  ±É¨¢´µ ¢¥¤ÊÉ¸Ö ¶µ¨¸±¨
¸¢Ö§ ´´ÒÌ ¸ ´¥±µ³¶² ´ ·´µ¸ÉÓÕ ¢¥²¨Î¨´, ÎÊ¢¸É¢¨É¥²Ó´ÒÌ ± ´ Î ²Ó´Ò³ ¶ · -
³¥É· ³ ¶²µÉ´µ° ¸·¥¤Ò [199,200] ¨ ± Ì · ±É¥·Ê ¥¥ ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´µ°
Ô¢µ²ÕÍ¨¨ [201Ä203]. ‡ ³¥É¨³, µ¤´ ±µ, ÎÉµ ¨§¢²¥Î¥´¨¥ ¨´Ëµ·³ Í¨¨ µ ¸¢µ°-
¸É¢ Ì ¢Ò¸µ±µÉ¥³¶¥· ÉÊ·´µ° ¸·¥¤Ò ¨§ · ¸¶·¥¤¥²¥´¨Ö ¶µ ´¥±µ³¶² ´ ·´µ¸É¨
¸É·Ê° ¢ ·¥ ²Ó´µ³ Ô±¸¶¥·¨³¥´É¥ ¸¨²Ó´µ § É·Ê¤´¥´µ · §´µ£µ ·µ¤  Ëµ´µ¢Ò³¨
ÔËË¥±É ³¨. ‚ Î ¸É´µ¸É¨, £²Õµ´´ Ö · ¤¨ Í¨Ö ¢ ´ Î ²Ó´µ³ ¨ ±µ´¥Î´µ³ ¸µ¸Éµ-
Ö´¨ÖÌ, Ë¥·³¨-¤¢¨¦¥´¨¥ ´Ê±²µ´µ¢ ¢ Ö¤·¥ ¨ ±¢ ·±µ¢ ¢ ´Ê±²µ´¥,  ¤·µ´¨§ Í¨Ö,
µ¸µ¡¥´´µ¸É¨ ± ²µ·¨³¥É·¨¨ ¨  ²£µ·¨É³  ¶µ¨¸±  ¸É·Ê° ¡Ê¤ÊÉ ¶·¨¢µ¤¨ÉÓ ± ¤µ-
¶µ²´¨É¥²Ó´µ° ´¥±µ³¶² ´ ·´µ¸É¨, ±µÉµ· Ö ³µ¦¥É ¸ÊÐ¥¸É¢¥´´µ ¶·¥¢ÒÏ ÉÓ ´¥-
±µ³¶² ´ ·´µ¸ÉÓ, ¸¢Ö§ ´´ÊÕ ¸ ¶¥·¥· ¸¸¥Ö´¨¥³ [197Ä199], ¢µ¶·µ¸ µ ´ ¤¥¦´µ³
¢Ò¤¥²¥´¨¨ ±µÉµ·µ°, É ±¨³ µ¡· §µ³, µ¸É ¥É¸Ö µÉ±·ÒÉÒ³.

„·Ê£¨³ ¨´É¥·¥¸´Ò³ ÔËË¥±Éµ³, µ¦¨¤ ¥³Ò³ ¶·¨ ¶·µÌµ¦¤¥´¨¨ ¦¥¸É±µ°
¶ ·Éµ´´µ° ¸É·Ê¨ Î¥·¥§ Šƒ�, Ö¢²Ö¥É¸Ö · §¢¨É¨¥ ¤¨´ ³¨Î¥¸±¨Ì ´¥Ê¸Éµ°Î¨¢µ-
¸É¥° ¢ ¸·¥¤¥, ±µÉµ·Ò¥ ¤µ²¦´Ò ¶·¨¢µ¤¨ÉÓ ± ¶·µ¸É· ´¸É¢¥´´µ-´¥µ¤´µ·µ¤´µ³Ê
· ¸¶·¥¤¥²¥´¨Õ Í¢¥Éµ¢µ£µ § ·Ö¤  ¨ ¸µ¶·µ¢µ¦¤ ÉÓ¸Ö Ì · ±É¥·´Ò³ ¨§²ÊÎ¥´¨¥³
¶¨µ´µ¢ ¨ ËµÉµ´µ¢ [204, 205]. �¤´ ±µ ¢µ§³µ¦´µ¸ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´µ° ·¥£¨-
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�¨¸. 11. ”¥°´³ ´µ¢¸±¨¥ ¤¨ £· ³³Ò ¤²Ö Ô²¥³¥´É ·´µ£µ  ±É  · ¸¸¥Ö´¨Ö ¦¥¸É±µ£µ ¶ ·-
Éµ´  ¸ ´ Î ²Ó´µ° Ô´¥·£¨¥° E � m0 ∼ 3T ¢ ¶²µÉ´µ° ³ É¥·¨¨ ¶·¨ É¥³¶¥· ÉÊ·¥ T
(m0 Å Ì · ±É¥·´ Ö Ô´¥·£¨Ö ±µ´¸É¨ÉÊ¥´É  ¸·¥¤Ò) ¸ ÊÎ¥Éµ³ ¸Éµ²±´µ¢¨É¥²Ó´ÒÌ ν ¨
· ¤¨ Í¨µ´´ÒÌ ω Ô´¥·£¥É¨Î¥¸±¨Ì ¶µÉ¥·Ó

¸É· Í¨¨ ÔÉµ£µ ÔËË¥±É  ¢ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¸µÊ¤ ·¥´¨ÖÌ Ö¤¥· ´¥ ¶·¥¤¸É ¢-
²Ö¥É¸Ö µÎ¥¢¨¤´µ°, ¢¸²¥¤¸É¢¨¥ ¡µ²ÓÏ¨Ì Ëµ´µ¢ÒÌ ÔËË¥±Éµ¢, ¨ É·¥¡Ê¥É ¤ ²Ó´¥°-
Ï¥£µ ¨§ÊÎ¥´¨Ö.

‚ ¦´Ò³ ¢µ¶·µ¸µ³ Ö¢²Ö¥É¸Ö ¨¸¸²¥¤µ¢ ´¨¥ ³¥Ì ´¨§³µ¢ Ô´¥·£¥É¨Î¥¸±¨Ì ¶µ-
É¥·Ó ¦¥¸É±¨Ì ¶ ·Éµ´µ¢ ¢ ª£µ·ÖÎ¥°ª ¸¨²Ó´µ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¥° ³ É¥·¨¨. �·¨
ÔÉµ³ ¸²¥¤Ê¥É · §²¨Î ÉÓ ¸Éµ²±´µ¢¨É¥²Ó´Ò¥ ¶µÉ¥·¨, µ¡Ê¸²µ¢²¥´´Ò¥ Ê¶·Ê£¨³ ¶¥-
·¥· ¸¸¥Ö´¨¥³ ¦¥¸É±µ£µ ¶ ·Éµ´  ´  ±µ´¸É¨ÉÊ¥´É Ì ¸·¥¤Ò [202, 203, 206, 207],
¨ · ¤¨ Í¨µ´´Ò¥ ¶µÉ¥·¨, ¸¢Ö§ ´´Ò¥ ¸ ¨¸¶Ê¸± ´¨¥³ ªÉµ·³µ§´ÒÌª £²Õµ-
´µ¢ [208Ä216] (¸³. ·¨¸.11). ‚ · ¡µÉ Ì [208] ¨ [212] ¡Ò²µ ¢¶¥·¢Ò¥ ¶·¥¤²µ¦¥´µ
¨¸¶µ²Ó§µ¢ ÉÓ ¶µ¤ ¢²¥´¨¥ ¢ÒÌµ¤  ¶ · ¦¥¸É±¨Ì ¸É·Ê° ¨ ¶µ¢ÒÏ¥´´µ¥ µÉ´µÏ¥-
´¨¥ ¢ÒÌµ¤  µ¤¨´µÎ´ÒÌ ³µ´µ¸É·Ê° ± ¶ · ³ ¸É·Ê°, ¸µµÉ¢¥É¸É¢¥´´µ, µ¡Ê¸²µ¢²¥´-
´Ò¥ Ô´¥·£¥É¨Î¥¸±¨³¨ ¶µÉ¥·Ö³¨ ¶ ·Éµ´µ¢ ¢ ¸·¥¤¥, ± ± ¶·¨§´ ± Ëµ·³¨·µ¢ ´¨Ö
¸¢¥·Ì¶²µÉ´µ£µ ¸µ¸ÉµÖ´¨Ö Šƒ� ¢ ¸µÊ¤ ·¥´¨ÖÌ Ö¤¥·. �·¨ ÔÉµ³ Ê± §Ò¢ ²µ¸Ó ´ 
¢µ§³µ¦´µ¥ ¨§³¥´¥´¨¥ ³¥Ì ´¨§³  · ¤¨ Í¨µ´´ÒÌ ¶µÉ¥·Ó ¦¥¸É±µ£µ ¶ ·Éµ´  ¢µ
¢·¥³Ö ±¢ ·±- ¤·µ´´µ£µ Ë §µ¢µ£µ ¶¥·¥Ìµ¤ .

…Ð¥ µ¤´¨³ ¸ÊÐ¥¸É¢¥´´Ò³ ¸²¥¤¸É¢¨¥³ ¨´É¥´¸¨¢´ÒÌ ¶µÉ¥·Ó Ô´¥·£¨¨ c- ¨
b-±¢ ·±µ¢ ¢ ¶²µÉ´µ° ¸·¥¤¥ ³µ¦¥É ¸É ÉÓ ³µ¤¨Ë¨± Í¨Ö ¸¶¥±É·  ¤¨²¥¶Éµ´µ¢ ¢
µ¡² ¸É¨ ¨´¢ ·¨ ´É´ÒÌ ³ ¸¸ 1, 5 ≤ M ≤ 2, 5 ƒÔ‚/c2: ¤µ³¨´¨·µ¢ ´¨¥ ¢±² ¤ 
µÉ ¶·Ö³ÒÌ ¤¨²¥¶Éµ´µ¢ ¨ · ¸¸¥Ö´¨Ö „·¥²²a Å Ÿ´  ´ ¤ ¢±² ¤µ³ µÉ ¶µ²Ê-
²¥¶Éµ´´µ£µ · ¸¶ ¤  DD̄ (BB̄) → l+l−, µ¡Ê¸²µ¢²¥´´µ¥ ¶µ¤ ¢²¥´¨¥³ ¢ÒÌµ¤ 
Î ·³¨·µ¢ ´´ÒÌ ¨ ¡µÉÉµ³¨·µ¢ ´´ÒÌ  ¤·µ´µ¢ DD̄ ¨ BB̄ [217,218].

•µÉÖ £²Õµ´´ Ö · ¤¨ Í¨Ö Ö¢²Ö¥É¸Ö ¢¥¸Ó³  ÔËË¥±É¨¢´Ò³ ³¥Ì ´¨§³µ³ Ô´¥·-
£¥É¨Î¥¸±¨Ì ¶µÉ¥·Ó ¦¥¸É±µ£µ ¶ ·Éµ´  ¢ ¶²µÉ´µ° ¸·¥¤¥ [209Ä211], ¢  ¸¨³¶Éµ-
É¨Î¥¸±µ³ ·¥¦¨³¥ �¥É¥ Å ƒ °É²¥·  ´¥§ ¢¨¸¨³ÒÌ ¨§²ÊÎ¥´¨° (¢·¥³¥´  Ëµ·-
³¨·µ¢ ´¨Ö ¨§²ÊÎ ¥³ÒÌ £²Õµ´µ¢ τf ³´µ£µ ³¥´ÓÏ¥ ¤²¨´Ò ¸¢µ¡µ¤´µ£µ ¶·µ¡¥£ 
¦¥¸É±µ£µ ¶ ·Éµ´  λ) ªÉµ·³µ§´Ò¥ª £²Õµ´Ò ¨¸¶Ê¸± ÕÉ¸Ö ¢ Ê§±µ³ ±µ´Ê¸¥ ¸É·Ê¨
θBH <∼

√
m0/E (m0 Å É¨¶¨Î´ Ö Ô´¥·£¨Ö ±µ´¸É¨ÉÊ¥´É  ¸·¥¤Ò), ¨ ¥¸²¨ ¨§-

³¥·ÖÉÓ Ô´¥·£¨Õ ¸É·Ê¨, ¸Ê³³¨·ÊÖ Ô´¥·£¨Õ ¢¸¥Ì  ¤·µ´µ¢ ¢ ¤µ¸É ÉµÎ´µ Ï¨·µ-
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±µ³ ±µ´Ê¸¥ θ > θBH , Éµ µ¸´µ¢´ Ö Î ¸ÉÓ Ô´¥·£¨¨ ´ Î ²Ó´µ£µ ¶ ·Éµ´  ³µ¦¥É
¡ÒÉÓ ¢µ¸¸É ´µ¢²¥´  [209]. �¤´ ±µ ¢ ´¥¤ ¢´¨Ì · ¡µÉ Ì [213, 214] ¡Ò²µ ¶µ-
± § ´µ, ÎÉµ µÉ²¨Î¨É¥²Ó´µ° µ¸µ¡¥´´µ¸ÉÓÕ Ô´¥·£¥É¨Î¥¸±µ£µ ¸¶¥±É·  ªÉµ·³µ§-
´ÒÌª £²Õµ´µ¢ ¢ Š•„-¸·¥¤¥ Ö¢²Ö¥É¸Ö Ì · ±É¥·´µ¥ ÊÏ¨·¥´¨¥ ±µ´Ê¸  ¨§²ÊÎ¥´¨Ö
(θr >∼

√
m0/E), ¸¢Ö§ ´´µ¥ ¸ ¤¥¸É·Ê±É¨¢´µ° ¨´É¥·Ë¥·¥´Í¨¥° ³¥¦¤Ê · §²¨Î-

´Ò³¨  ³¶²¨ÉÊ¤ ³¨ · ¸¸¥Ö´¨Ö ¸ ÊÎ¥Éµ³ ¤¨ £· ³³, ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¶¥·¥· ¸-
¸¥Ö´¨Õ ªÉµ·³µ§´ÒÌª £²Õµ´µ¢ ¢ ³ É¥·¨¨ (Š•„- ´ ²µ£ ÔËË¥±É  ‹ ´¤ Ê Å �µ-
³¥· ´ÎÊ±  Å Œ¨£¤ ²  ¢ Š�„ [64]). ‚ Éµ ¦¥ ¢·¥³Ö ªÉ¥·³ ²Ó´Ò¥ª Î ¸É¨ÍÒ,
Ê¶·Ê£µ ¶·µ¢§ ¨³µ¤¥°¸É¢µ¢ ¢Ï¨¥ ¸ ¦¥¸É±¨³ ¶ ·Éµ´µ³, ²¥ÉÖÉ ¶·¥¨³ÊÐ¥¸É¢¥´´µ
¢ ´ ¶· ¢²¥´¨¨, µ·Éµ£µ´ ²Ó´µ³ ´ ¶· ¢²¥´¨Õ ¤¢¨¦¥´¨Ö ¸É·Ê¨, ¶µÔÉµ³Ê ¡µ²Ó-
Ï Ö Î ¸ÉÓ ¸Éµ²±´µ¢¨É¥²Ó´ÒÌ ¶µÉ¥·Ó, ¢ µÉ²¨Î¨¥ µÉ · ¤¨ Í¨µ´´ÒÌ, Ö¢²Ö¥É¸Ö
ª´¥¢µ¸¸É ´µ¢¨³µ°ª ¸ Ô±¸¶¥·¨³¥´É ²Ó´µ° ÉµÎ±¨ §·¥´¨Ö.

�É³¥É¨³, ÎÉµ ´¥¶µ¸·¥¤¸É¢¥´´µ¥ ¨§³¥·¥´¨¥ Ô´¥·£¥É¨Î¥¸±¨Ì ¶µÉ¥·Ó ¦¥¸É-
±¨Ì ¶ ·Éµ´µ¢ ¢ Ô±¸¶¥·¨³¥´É¥ ³µ£²µ ¡Ò ¤ ÉÓ ¢ ¦´ÊÕ ¨´Ëµ·³ Í¨Õ µ ³¥Ì ´¨§³¥
³´µ£µ±· É´µ£µ · ¸¸¥Ö´¨Ö Í¢¥Éµ§ ·Ö¦¥´´µ£µ µ¡Ñ¥±É  ¢ Š•„-¸·¥¤¥. ‚ ¸¢Ö§¨ ¸
ÔÉ¨³ ´¥¸µ³´¥´´Ò° ¨´É¥·¥¸ ¶·¥¤¸É ¢²Ö¥É ¨¸¸²¥¤µ¢ ´¨¥ ´¥ Éµ²Ó±µ ¤¢ÊÌ- ¨ ³µ-
´µ¸É·Ê°´ÒÌ ¸µ¡ÒÉ¨°, ´µ ¨ ¸µ¡ÒÉ¨°, £¤¥ ¶ ·Éµ´´ Ö ¸É·ÊÖ ·µ¦¤ ¥É¸Ö ¢³¥¸É¥ ¸
ª´¥¶µ¤ ¢²Ö¥³µ°ª Î ¸É¨Í¥°, ±µÉµ· Ö, ´¥ ¨¸¶ÒÉÒ¢ Ö ¸¨²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö,
³µ¦¥É ¶µÎÉ¨ ¸¢µ¡µ¤´µ ¶µ±¨¤ ÉÓ ¶²µÉ´ÊÕ ³ É¥·¨Õ ´  ¶·µÉÖ¦¥´¨¨ ¢¸¥Ì ÔÉ ¶µ¢
¥¥ Ô¢µ²ÕÍ¨¨, ± ±, ´ ¶·¨³¥·, ¦¥¸É±¨° ËµÉµ´ [219] (¶·µÍ¥¸¸ É¨¶  q+g → q+γ
¨²¨ q + q → g + γ) ¨²¨ Z0-¡µ§µ´ [220] (q + g → q + Z → q + µ+ + µ− ¨²¨
q + q → g + Z → g + µ+ + µ−). ª�µ³¥Î¥´´ Öª É ±¨³ µ¡· §µ³ ¶ ·Éµ´´ Ö
¸É·ÊÖ ¨¸¶ÒÉÒ¢ ¥É ¶¥·¥· ¸¸¥Ö´¨¥ ¢ ¶²µÉ´µ° ³ É¥·¨¨, ¢ Éµ ¢·¥³Ö ± ± ²¥ÉÖ-
Ð Ö ¢ ¶·µÉ¨¢µ¶µ²µ¦´µ³ ´ ¶· ¢²¥´¨¨ ª´¥¶µ¤ ¢²Ö¥³ Öª Î ¸É¨Í  ·¥£¨¸É·¨·Ê-
¥É¸Ö ¸ Ô´¥·£¨¥°, ¡²¨§±µ° ± ´ Î ²Ó´µ° Ô´¥·£¨¨ ¸É·Ê¨. ‡ ³¥É¨³, µ¤´ ±µ, ÎÉµ
³ ²µ¥ ¸¥Î¥´¨¥ É ±¨Ì ¶·µÍ¥¸¸µ¢ (¶µ ¸· ¢´¥´¨Õ ¸ ¸¥Î¥´¨¥³ ¦¥¸É±µ£µ ¶ ·Éµ´-
¶ ·Éµ´´µ£µ · ¸¸¥Ö´¨Ö, É¨¶  gg (gq, qq)→ gg (gq, qq) ¨ ¤·.), µ¶·¥¤¥²ÖÕÐ¥¥¸Ö
³ ²µ¸ÉÓÕ ±µ´¸É ´ÉÒ Ô²¥±É·µ³ £´¨É´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö, ³µ¦¥É § É·Ê¤´¨ÉÓ
§ ¤ ÎÊ ¶µ²ÊÎ¥´¨Ö ¸É É¨¸É¨±¨, ´¥µ¡Ìµ¤¨³µ° ¤²Ö ¸¨¸É¥³ É¨Î¥¸±µ£µ  ´ ²¨§  ¨
µ¤´µ§´ Î´µ° ¨´É¥·¶·¥É Í¨¨ ¤ ´´ÒÌ.

‚ ¦´µ µÉ³¥É¨ÉÓ, ÎÉµ ¢ ¸²ÊÎ ¥  ¤·µ´- ¤·µ´´ÒÌ ¸µÊ¤ ·¥´¨° Éµ²Ó±µ ¦¥¸É-
±¨¥ ¶ ·Éµ´-¶ ·Éµ´´Ò¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ¸ ¶¥·¥¤ Î¥° ¨³¶Ê²Ó¸  ³´µ£µ ¡µ²ÓÏ¥
³ ¸ÏÉ ¡´µ£µ ¶ · ³¥É·  Š•„ Λ ' 200 ŒÔ‚ ³µ£ÊÉ ¡ÒÉÓ · ¸¸³µÉ·¥´Ò ¢ · ³-
± Ì É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° Š•„, ¢ Éµ ¢·¥³Ö ± ± ³Ö£±¨¥ ´¥¶¥·ÉÊ·¡ É¨¢´Ò¥ ¢§ ¨-
³µ¤¥°¸É¢¨Ö µ¡ÒÎ´µ µ¶¨¸Ò¢ ÕÉ¸Ö ¸ ¶µ³µÐÓÕ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨Ì ¸É·Ê´´ÒÌ
³µ¤¥²¥°. �¤´ ±µ ¢ ¸¢¥·Ì¶²µÉ´µ° ±¢ ·±-£²Õµ´´µ° ¸¨¸É¥³¥ (n1/3 � Λ, £¤¥
n Å ¶²µÉ´µ¸ÉÓ Î¨¸²  Î ¸É¨Í), ¢ ±µÉµ·µ° ¢ ¸¨²Ê ±µ²²¥±É¨¢´ÒÌ ÔËË¥±Éµ¢
Ô±· ´¨·Ê¥É¸Ö Í¢¥Éµ¢µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥, ¶ ·Éµ´Ò ¶µ² £ ÕÉ¸Ö  ¸¨³¶ÉµÉ¨Î¥¸±¨
¸¢µ¡µ¤´Ò³¨, ÎÉµ ¶µ§¢µ²Ö¥É · ¸¸³µÉ·¥ÉÓ § ¤ ÎÊ µ · ¸¸¥Ö´¨¨ ¦¥¸É±µ£µ ¶ ·Éµ´ 
¢ Šƒ� ¢ · ³± Ì É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° Š•„ [209, 210]. �·¨ ÔÉµ³ ¤¥¡ ¥¢¸± Ö
Ô±· ´¨·ÊÕÐ Ö ³ ¸¸  µD Ö¢²Ö¥É¸Ö ¥¸É¥¸É¢¥´´Ò³ ¶ · ³¥É·µ³, ·¥£Ê²Ö·¨§ÊÕÐ¨³
¸¥Î¥´¨¥ ¶ ·Éµ´-¶ ·Éµ´´µ£µ · ¸¸¥Ö´¨Ö.
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5.2. Œµ¤¥²Ó´Ò° ÊÎ¥É ¶µÉ¥·Ó Ô´¥·£¨¨ ¦¥¸É±µ° ¶ ·Éµ´´µ° ¸É·Ê¨ ¢ · ¸-
Ï¨·ÖÕÐ¥°¸Ö ¶²µÉ´µ° ³ É¥·¨¨. ‚ ´ ¸ÉµÖÐ¥³ · §¤¥²¥ ³Ò · ¸¸³µÉ·¨³ ¶·µ-
¸ÉÊÕ ±¨´¥É¨Î¥¸±ÊÕ ³µ¤¥²Ó [197, 202, 203, 216] ÊÎ¥É  Ô´¥·£¥É¨Î¥¸±¨Ì ¶µÉ¥·Ó
¦¥¸É±µ° ¶ ·Éµ´´µ° ¸É·Ê¨ ¢ Í¨²¨´¤·¨Î¥¸±¨-¸¨³³¥É·¨Î´µ° · ¸Ï¨·ÖÕÐ¥°¸Ö
¶²µÉ´µ° ³ É¥·¨¨. ˆ§³¥´¥´¨¥ 4-¨³¶Ê²Ó¸  ¸É·Ê¨ ¢ ·¥§Ê²ÓÉ É¥ ¥¥ ³´µ£µ±· É-
´µ£µ · ¸¸¥Ö´¨Ö ´  ¤¢¨¦ÊÐ¨Ì¸Ö ¸ É ±µ° ¦¥ ¶·µ¤µ²Ó´µ° ¡Ò¸É·µÉµ° ±µ´¸É¨-
ÉÊ¥´É Ì ¸·¥¤Ò ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ·¥§Ê²ÓÉ É Ê¸·¥¤´¥´¨Ö ¶µ ¢¸¥³ ¢µ§³µ¦´Ò³
¢¥·Ï¨´ ³ ·µ¦¤¥´¨Ö ¸É·Ê¨ ¨ ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´µ° Ô¢µ²ÕÍ¨¨ ³ É¥·¨¨.
‘·¥¤´¥¥ Î¨¸²µ · ¸¸¥Ö´¨° < Nrsc > ¦¥¸É±µ£µ ¶ ·Éµ´  ¸É·Ê¨, µ¡· §µ¢ ´´µ°
¢ Í¥´É· ²Ó´µ³ AA-¸µÊ¤ ·¥´¨¨ ¢ µ¡² ¸É¨ ¡Ò¸É·µÉ y ≈ 0, ¢ÒÎ¨¸²Ö¥É¸Ö ¶µ
Ëµ·³Ê²¥

< Nrsc >=

2π∫
0

dϕ

2π

RA∫
0

dR · PA(R)

τL∫
τ0

dτ
∑
b

σab(τ) · nb(τ), (34)

£¤¥ nb Å ¶²µÉ´µ¸ÉÓ b-£µ ¸µ·É  ±µ´¸É¨ÉÊ¥´Éµ¢ ¸·¥¤Ò, σab Å ¸¥Î¥´¨¥ ¢§ ¨³µ-
¤¥°¸É¢¨Ö ¶ ·Éµ´  ¸É·Ê¨ a ¸ ±µ´¸É¨ÉÊ¥´Éµ³ b, τ0 ¨ τL (> τ0) Å ¸µ¡¸É¢¥´´Ò¥
¢·¥³¥´  Ëµ·³¨·µ¢ ´¨Ö ¸·¥¤Ò ¨ ¢ÒÌµ¤  ¸É·Ê¨ ¨§ ¸·¥¤Ò ¸µµÉ¢¥É¸É¢¥´´µ, R Å
· ¸¸ÉµÖ´¨¥ µÉ µ¸¨ ¸Éµ²±´µ¢¥´¨Ö Ö¤¥· z ¤µ ¢¥·Ï¨´Ò ·µ¦¤¥´¨Ö ¸É·Ê¨, ϕ Å  §¨-
³ÊÉ ²Ó´Ò° Ê£µ², µ¶·¥¤¥²ÖÕÐ¨° ´ ¶· ¢²¥´¨¥ ¤¢¨¦¥´¨Ö ¸É·Ê¨, RA Å · ¤¨Ê¸
¸É ²±¨¢ ÕÐ¥£µ¸Ö Ö¤·  (¸³. ·¨¸.10). ’ ± ± ± ¢ ´ Î ²Ó´µ³ ¦¥¸É±µ³ ¶ ·Éµ´-
¶ ·Éµ´´µ³ · ¸¸¥Ö´¨¨ ÊÎ ¸É¢ÊÕÉ ¤¢  ´Ê±²µ´ , Éµ · ¸¶·¥¤¥²¥´¨¥ ¶µ ¢¥·Ï¨´¥
·µ¦¤¥´¨Ö ¶ ·Ò ¸É·Ê° PA(R) ∝ T 2

A(R), £¤¥ TA(b) = A
∫
dzρA(b, z) Å ËÊ´±-

Í¨Ö Ö¤¥·´µ° Éµ²Ð¨´Ò. ‚ ¸²ÊÎ ¥ ¨§µÉ·µ¶´µ£µ · ¸¶·¥¤¥²¥´¨Ö ¶²µÉ´µ¸É¨ ´Ê-
±²µ´µ¢ ¢ Ö¤·¥, ÎÉµ ³µ¦¥É ¸²Ê¦¨ÉÓ Ìµ·µÏ¨³ ¶·¨¡²¨¦¥´¨¥³ ¤²Ö Í¥´É· ²Ó´ÒÌ
¸µÊ¤ ·¥´¨° (¶·µË¨²Ó ¢§ ¨³µ¤¥°¸É¢¨Ö σAApr (| b |� RA) ≈ 1), ¶µ²ÊÎ¨³

PA(R) =
3

2

1

RA

(
1− R2

R2
A

)
, R ≤ RA. (35)

…¸²¨ ³Ò ¶·¥´¥¡·¥£ ¥³ ¶µ¶¥·¥Î´Ò³ · ¸Ï¨·¥´¨¥³ ¸·¥¤Ò ´  · ´´¨Ì ¸É ¤¨ÖÌ
Ô¢µ²ÕÍ¨¨, Éµ ¢·¥³Ö ¢ÒÌµ¤  τL ¸É·Ê¨ ¨§ ¸·¥¤Ò

τL =
√
R2
A −R2 sin2 ϕ−R cosϕ. (36)

‚ ± Î¥¸É¢¥ ³¥Éµ¤  ·¥Ï¥´¨Ö, ¶µ§¢µ²ÖÕÐ¥£µ ¶µ²ÊÎ ÉÓ · ¸¶·¥¤¥²¥´¨Ö ¶µ
²Õ¡Ò³ ±¨´¥³ É¨Î¥¸±¨³ Ì · ±É¥·¨¸É¨± ³ ¸É·Ê° (¨ ¶·¨ ´¥µ¡Ìµ¤¨³µ¸É¨ ÊÎ¨-
ÉÒ¢ ÉÓ ÔËË¥±ÉÒ  ¤·µ´¨§ Í¨¨, µ¸µ¡¥´´µ¸É¨ ± ²µ·¨³¥É·¨¨ ¨  ²£µ·¨É³  ¶µ¨¸± 
¸É·Ê°, ÎÉµ ¢ ¦´µ ¶·¨ ¨§ÊÎ¥´¨¨  ¤·µ´´ÒÌ ¸É·Ê°, ´ ¡²Õ¤ ¥³ÒÌ ¢ ·¥ ²Ó´µ³ Ô±¸-
¶¥·¨³¥´É¥), Ê¤µ¡´µ ¨¸¶µ²Ó§µ¢ ÉÓ Î¨¸²¥´´µ¥ ³µ¤¥²¨·µ¢ ´¨¥ ¸¢µ¡µ¤´µ£µ ¶·µ-
¡¥£  ¦¥¸É±µ£µ ¶ ·Éµ´  ¢ ¸·¥¤¥ ¢ · ³± Ì ²¨´¥°´µ° ±¨´¥É¨Î¥¸±µ° É¥µ·¨¨, ±µ£¤ 
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¨´É¥·¢ ² ³¥¦¤Ê ¤¢Ê³Ö ªÊ¸¶¥Ï´Ò³¨ª ¶¥·¥· ¸¸¥Ö´¨Ö³¨ li = τi+1 − τi µ¶·¥¤¥-
²Ö¥É¸Ö ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¶²µÉ´µ¸ÉÓÕ ¢¥·µÖÉ´µ¸É¨:

dP

dli
= λ−1(τi+1) · exp (−

li∫
0

λ−1(τi + s)ds), (37)

£¤¥ µ¡· É´ Ö ¸·¥¤´ÖÖ ¤²¨´  ¸¢µ¡µ¤´µ£µ ¶·µ¡¥£  λ−1
a (τ) =

∑
b

σab(τ)nb(τ).

…¸²¨ ¤²¨´  ¸¢µ¡µ¤´µ£µ ¶·µ¡¥£  §´ Î¨É¥²Ó´µ ¶·¥¢ÒÏ ¥É ¤¥¡ ¥¢¸±¨° · ¤¨Ê¸
Í¢¥Éµ¢µ° Ô±· ´¨·µ¢±¨ µ−1

D ¢ ¶² §³¥ λ � µ−1
D , Éµ · ¸¸¥Ö´¨Ö ³µ¦´µ · ¸¸³ -

É·¨¢ ÉÓ ± ± ´¥§ ¢¨¸¨³Ò¥, ¨ ÔËË¥±É¨¢´µ¥ Í¢¥Éµ¢µ¥ ¶µ²¥ ³µ¦´µ  ¶¶·µ±¸¨³¨-
·µ¢ ÉÓ ¸É É¨Î¥¸±¨³ ¤¥¡ ¥¢¸±¨³ Ô±· ´¨·ÊÕÐ¨³ ¶µÉ¥´Í¨ ²µ³ [210]. ‚ ÔÉµ³
¸²ÊÎ ¥ ¤µ³¨´¨·ÊÕÐ¨° ¢±² ¤ ¢ ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ · ¸¸¥Ö´¨Ö ¶ ·Éµ´ 
¸É·Ê¨ ¸ Ô´¥·£¨¥° E ´  É¥·³ ²Ó´ÒÌ ¶ ·Éµ´ Ì ¸ Ô´¥·£¨¥° m0 ∼ 3T ¨³¥¥É ¢¨¤

dσab

dt
∼= Cab

2πα2
s(t)

t2
, (38)

£¤¥ Cab = 9/4, 1, 4/9 ¤²Ö gg-, gq- ¨ qq-· ¸¸¥Ö´¨° ¸µµÉ¢¥É¸É¢¥´´µ, t Å ±¢ ¤· É
¶¥·¥¤ ´´µ£µ 4-¨³¶Ê²Ó¸ , αs(t) Å ¡¥£ÊÐ Ö ±µ´¸É ´É  ¸¢Ö§¨ Š•„:

αs =
12π

(33− 2Nf) ln (t/Λ2)
(39)

¤²Ö Nf  ±É¨¢´ÒÌ ±¢ ·±µ¢ÒÌ  ·µ³ Éµ¢, ¨ Λ ' 200 ŒÔ‚ Å ³ ¸ÏÉ ¡´Ò° ¶ · -
³¥É· Š•„. �·¨ ÔÉµ³ ¨´É¥£· ²Ó´µ¥ ¸¥Î¥´¨¥ ¶ ·Éµ´-¶ ·Éµ´´µ£µ · ¸¸¥Ö´¨Ö

σab =

m0(τ)E/2∫
µ2
D(τ)

dt
dσab

dt
(40)

·¥£Ê²Ö·¨§¨·Ê¥É¸Ö ±¢ ¤· Éµ³ ¤¥¡ ¥¢¸±µ° Ô±· ´¨·ÊÕÐ¥° ³ ¸¸Ò, ±µÉµ· Ö ³µ¦¥É
¡ÒÉÓ µÍ¥´¥´  ¤²Ö Šƒ� ¢ ´¨§Ï¥³ ¶µ·Ö¤±¥ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° Š•„ [221]:

µ2
D
∼= 4πα∗sT

2(1 +Nf/6) (41)

c É¥·³ ²Ó´µ° ±µ´¸É ´Éµ° ¸¢Ö§¨ α∗s = αs(16T 2) (20), ÎÉµ ¤µ¢µ²Ó´µ ¡²¨§±µ ±
·¥§Ê²ÓÉ ÉÊ ·¥Ï¥ÉµÎ´ÒÌ ¢ÒÎ¨¸²¥´¨° [222] µD ' 2T ¤²Ö Nf = 0 ¢ ¢Ò¸µ±µÉ¥³-
¶¥· ÉÊ·´µ° µ¡² ¸É¨ T � Tc.

‘·¥¤´¨¥ Ô´¥·£¥É¨Î¥¸±¨¥ ¶µÉ¥·¨ ¶ ·Éµ´  ¸É·Ê¨ ¢ · ¸Ï¨·ÖÕÐ¥°¸Ö Í¨²¨´¤-
·¨Î¥¸±¨-¸¨³³¥É·¨Î´µ° ¶²µÉ´µ° ³ É¥·¨¨ ³µ£ÊÉ ¡ÒÉÓ ¢ÒÎ¨¸²¥´Ò ± ± ¸Ê³³ 
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¢±² ¤µ¢ ¸Éµ²±´µ¢¨É¥²Ó´ÒÌ ¨ · ¤¨ Í¨µ´´ÒÌ ¶µÉ¥·Ó (¸³. ·¨¸.11):

∆Etot =

2π∫
0

dϕ

2π

RA∫
0

dR · PA(R) ·∆E(R,ϕ), (42)

∆E(R,ϕ) =

τL∫
τ0

dτ

(∑
b

σab(τ) · nb(τ) · ν(τ) +
dE

dx

rad

(τ)

)
, (43)

£¤¥ É¥·³ ²Ó´µ-Ê¸·¥¤´¥´´ Ö ¶¥·¥¤ Î  Ô´¥·£¨¨ ¶ ·Éµ´  ¸É·Ê¨ ±µ´¸É¨ÉÊ¥´ÉÊ ¸·¥-
¤Ò ¸ Ô´¥·£¨¥° m0 ¢ ·¥§Ê²ÓÉ É¥ µÉ¤¥²Ó´µ£µ Ê¶·Ê£µ£µ ¶¥·¥· ¸¸¥Ö´¨Ö ν(τ) ¶·¨
E � m0 ∼ 3T µÍ¥´¨¢ ¥É¸Ö∗ ± ±

ν(τ) =<
t

2m0
>' 1

4T (τ)σab(τ)

3T (τ)E/2∫
µ2
D(τ)

dt
dσab

dt
t. (44)

�´ ²µ£¨Î´Ò¥ ¢Ò· ¦¥´¨Ö ³µ£ÊÉ ¡ÒÉÓ § ¶¨¸ ´Ò ¤²Ö ²Õ¡µ° Ê¸·¥¤´Ö¥³µ° Ì · ±-
É¥·¨¸É¨±¨ ¸É·Ê¨ (± ±, ´ ¶·¨³¥·, ´¥±µ³¶² ´ ·´µ¸ÉÓ ¨²¨ Ê£µ² · ¸¸¥Ö´¨Ö), ¤²Ö
Î¨¸²¥´´µ£µ ¢ÒÎ¨¸²¥´¨Ö ±µÉµ·µ° ´¥µ¡Ìµ¤¨³µ § ¤ ÉÓ ¨§³¥´¥´¨¥ ÔÉµ° Ì · ±-
É¥·¨¸É¨±¨ §  ¨´¤¨¢¨¤Ê ²Ó´Ò°  ±É ¶¥·¥· ¸¸¥Ö´¨Ö ¨ Ê· ¢´¥´¨Ö, µ¶¨¸Ò¢ ÕÐ¨¥
¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´ÊÕ Ô¢µ²ÕÍ¨Õ ¸·¥¤Ò.

‡ ³¥É¨³, ÎÉµ ¤²Ö ¤µ¸É ÉµÎ´µ ¢Ò¸µ±¨Ì ´ Î ²Ó´ÒÌ É¥³¶¥· ÉÊ· T0 � Tc
³µ¦´µ ¶·¥´¥¡·¥ÎÓ ¢²¨Ö´¨¥³ ¶µ¶¥·¥Î´µ£µ · ¸Ï¨·¥´¨Ö ³ É¥·¨¨ ´  ¨´É¥´-
¸¨¢´µ¸ÉÓ ¶¥·¥· ¸¸¥Ö´¨Ö ¶ ·Éµ´µ¢ ¸É·Ê¨ [203] ¨ · ¸¸³ É·¨¢ ÉÓ µ¤´µ³¥·´µ¥
¡Ê¸É-¨´¢ ·¨ ´É´µ¥ ¤¢¨¦¥´¨¥ ±¢ ·±-£²Õµ´´µ° ¦¨¤±µ¸É¨. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¸É·ÊÖ
¶µ±¨¤ ¥É µ¡² ¸ÉÓ, § ´¨³ ¥³ÊÕ ¶²µÉ´µ° ³ É¥·¨¥°, ¶¥·¥¤ ´ Î ²µ³ ¸³¥Ï ´´µ°
Ë §Ò (τL <∼ τp), ¨ ¢Ò¸µ±µÉ¥³¶¥· ÉÊ·´µ¥ ¶·¨¡²¨¦¥´¨¥ ¶·¥¤¸É ¢²Ö¥É¸Ö ¶·¨³¥-
´¨³Ò³. ‚ ¸Í¥´ ·¨¨ ¸ ÊÎ¥Éµ³ ¶µ¶¥·¥Î´µ£µ · ¸Ï¨·¥´¨Ö, Ê¸±µ·ÖÕÐ¥£µ µ¸ÉÒ¢ -
´¨¥ £µ·ÖÎ¥° ³ É¥·¨¨, ¢ ¶·¨´Í¨¶¥, ¢µ§³µ¦´  ¸¨ÉÊ Í¨Ö, ±µ£¤  ¸É·ÊÖ ¶·µÌµ¤¨É
Î¥·¥§ ¸³¥Ï ´´ÊÕ Ë §Ê, ´µ ¨´É¥´¸¨¢´µ¸ÉÓ ¶¥·¥· ¸¸¥Ö´¨Ö ¶ ·Éµ´µ¢ ¸É·Ê¨ ¢
¸·¥¤¥ Ö¢²Ö¥É¸Ö ¸¨²Ó´µ ¢µ§· ¸É ÕÐ¥° ËÊ´±Í¨¥° É¥³¶¥· ÉÊ·Ò T ¨ µ¶·¥¤¥²Ö-
¥É¸Ö, £² ¢´Ò³ µ¡· §µ³, ¸ ³Ò³¨ · ´´¨³¨ ¸É ¤¨Ö³¨ Ô¢µ²ÕÍ¨¨. ‚²¨Ö´¨¥ ´  ´¥¥
¸³¥Ï ´´µ° Ë §Ò ¶·¨ T = Tc (¨ É¥³ ¡µ²¥¥ Ë §Ò  ¤·µ´´µ£µ £ § ) ¶µ ¸· ¢´¥´¨Õ
¸ ª£µ·ÖÎ¥°ª Šƒ� ¶·¥¤¸É ¢²Ö¥É¸Ö ´¥§´ Î¨É¥²Ó´Ò³.

‚ÒÎ¨¸²¥´´µ¥ ¢ · ¡µÉ¥ [202] · ¸¶·¥¤¥²¥´¨¥ ¸Ê³³ ·´ÒÌ ¸Éµ²±´µ¢¨É¥²Ó´ÒÌ
¶µÉ¥·Ó Ô´¥·£¨¨ ¶ ·Ò gg-¸É·Ê° ¸ ´ Î ²Ó´µ° Ô´¥·£¨¥° Ejet1 = Ejet2 = 100 ƒÔ‚,

∗ŒÒ §¤¥¸Ó ¤²Ö ¶·µ¸ÉµÉÒ ´¥ · ¸¸³ É·¨¢ ¥³ ¢µ§³µ¦´µ¸ÉÓ ¸Éµ²±´µ¢¨É¥²Ó´ÒÌ ¶µÉ¥·Ó Ô´¥·£¨¨
¢ ·¥§Ê²ÓÉ É¥ ³Ö£±µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¶ ·Éµ´µ¢ ¸É·Ê¨ ¸ ±µ²²¥±É¨¢´Ò³¨ ³µ¤ ³¨ Šƒ� (¶µ²Ö·¨-
§ Í¨Ö ¶² §³Ò) [206, 207], ¢±²ÕÎ¥´¨¥ ±µÉµ·µ£µ ´¥ ¢²¨Ö¥É ´  ± Î¥¸É¢¥´´Ò¥ ¢Ò¢µ¤Ò ¶·µ¢µ¤¨³µ£µ
¨¸¸²¥¤µ¢ ´¨Ö.
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�¨¸. 12. � ¸¶·¥¤¥²¥´¨¥ ¸Ê³³ ·´ÒÌ ¸Éµ²±-
´µ¢¨É¥²Ó´ÒÌ Ô´¥·£¥É¨Î¥¸±¨Ì ¶µÉ¥·Ó ¶ ·Ò
gg-¸É·Ê° ¸ ´ Î ²Ó´µ° Ô´¥·£¨¥° Ejet1 =
= Ejet2 = 100 ƒÔ‚ ¶·¨ · §²¨Î´ÒÌ §´ -
Î¥´¨ÖÌ ±µÔËË¨Í¨¥´É  ¢Ö§±µ¸É¨ Cη ¢ ¶·µ-
¤µ²Ó´µ · ¸Ï¨·ÖÕÐ¥°¸Ö Šƒ�, T0 = 1 ƒÔ‚
[202]: Cη = 0 (¸¶²µÏ´ Ö ²¨´¨Ö), 0,06
(¶Ê´±É¨·´ Ö), 0,34 (ÏÉ·¨Ìµ¢ Ö)

µ¡· §µ¢ ´´ÒÌ ¢ Í¥´É· ²Ó´µ° µ¡-
² ¸É¨ ¡Ò¸É·µÉ y1 = y2 = 0
¢ ¸µÊ¤ ·¥´¨ÖÌ PbÅPb (RA '
' 1, 2 · (207)1/3 Ë³), ¢ ¢Ö§±µ°
¶·µ¤µ²Ó´µ · ¸Ï¨·ÖÕÐ¥°¸Ö ±¢ ·±-
£²Õµ´´µ° ¦¨¤±µ¸É¨ ¤²Ö · §²¨Î-
´ÒÌ §´ Î¥´¨° ¶ · ³¥É·  ¢Ö§±µ¸É¨
Cη ¶·¥¤¸É ¢²¥´µ ´  ·¨¸.12. �·¨
ÔÉµ³ ´ Î ²Ó´Ò¥ Ê¸²µ¢¨Ö Ëµ·³¨·µ-
¢ ´¨Ö £²Õµ´´µ-¨§¡ÒÉµÎ´µ° ³ É¥·¨¨
(Nf ∼ 0) ¢ ¸Éµ²±´µ¢¥´¨ÖÌ ÉÖ¦¥-
²ÒÌ ¨µ´µ¢ (PbÅPb) ¶·¨ Ô´¥·£¨¨
LHC (

√
s ' 6A ’Ô‚) ¡Ò²¨ § ¤ ´Ò,

¤²Ö µ¶·¥¤¥²¥´´µ¸É¨, ¢ ¸µµÉ¢¥É¸É¢¨¨
¸ ´¥¤ ¢´¨³¨ ¶¥·ÉÊ·¡ É¨¢´Ò³¨ µÍ¥´-
± ³¨, ¸¤¥² ´´Ò³¨ ¢ · ¡µÉ¥ [55] ¨
µ¸´µ¢ ´´Ò³¨ ´  ¨¸¶µ²Ó§µ¢ ´¨¨ ´µ-
¢ÒÌ ¸É·Ê±ÉÊ·´ÒÌ ËÊ´±Í¨° ¨§ Ô±¸¶¥-
·¨³¥´Éµ¢ ¶µ ep-· ¸¸¥Ö´¨Õ ´  Ê¸±µ-
·¨É¥²¥ HERA [223, 224]: τ0 ∼
∼ 0, 1 Ë³/c, T0 ∼ 1 ƒÔ‚∗. ‘Éµ²±´µ-
¢¨É¥²Ó´Ò¥ ¶µÉ¥·¨ ¸±² ¤Ò¢ ÕÉ¸Ö ´¥-
±µ£¥·¥´É´µ ¢ ·¥§Ê²ÓÉ É¥ ³´µ£¨Ì ¥¤¨´¨Î´ÒÌ  ±Éµ¢ · ¸¸¥Ö´¨Ö ´  ±µ´¸É¨ÉÊ¥´É Ì
¶²µÉ´µ° ³ É¥·¨¨ ¨ ¶· ±É¨Î¥¸±¨ ´¥ § ¢¨¸ÖÉ µÉ ´ Î ²Ó´µ° Ô´¥·£¨¨ ¸É·Ê¨ Ejet

¶·¨ Ejet � T (¸³. Ê·.(44)), µ¶·¥¤¥²ÖÖ¸Ó ¸¢µ°¸É¢ ³¨ ¸·¥¤Ò. � ²¨Î¨¥ ¢Ö§±µ¸É¨
¶·¨¢µ¤¨É ± §´ Î¨É¥²Ó´µ³Ê § ³¥¤²¥´¨Õ µ¸ÉÒ¢ ´¨Ö Šƒ�, ¸É·ÊÖ ¢ ÔÉµ³ ¸²ÊÎ ¥
¶·µ¢µ¤¨É ¡µ²ÓÏ¥ ¢·¥³¥´¨ ¢ ¸ ³ÒÌ £µ·ÖÎ¨Ì ¨ ¶²µÉ´ÒÌ µ¡² ¸ÉÖÌ ¸·¥¤Ò, ¨ ¨´-
É¥´¸¨¢´µ¸ÉÓ ¶¥·¥· ¸¸¥Ö´¨Ö (±µÉµ· Ö Ö¢²Ö¥É¸Ö ¸¨²Ó´µ ¢µ§· ¸É ÕÐ¥° ËÊ´±Í¨¥°
É¥³¶¥· ÉÊ·Ò) · ¸É¥É ¸ Ê¢¥²¨Î¥´¨¥³ ±µÔËË¨Í¨¥´É  ¢Ö§±µ¸É¨.

�µ²¥¥ ¸²µ¦´µ° ¶·µ¡²¥³µ° Ö¢²Ö¥É¸Ö ±µ··¥±É´Ò° ÊÎ¥É · ¤¨ Í¨µ´´ÒÌ ¶µ-
É¥·Ó ¸É·Ê¨, ±µÉµ·Ò¥ ¸ÊÐ¥¸É¢¥´´µ § ¢¨¸ÖÉ µÉ ¥¥ Ê£²µ¢µ£µ · §³¥· . ‚ · ¡µ-
É Ì [213,214] ¡Ò²µ Ê± § ´µ ´  ¢µ§³µ¦´µ¸ÉÓ ¸ÊÐ¥¸É¢µ¢ ´¨Ö É·¥Ì  ¸¨³¶ÉµÉ¨Î¥¸-
±¨Ì ·¥¦¨³µ¢ · ¤¨ Í¨µ´´ÒÌ ¶µÉ¥·Ó ¢ ¶·¥¤¥²¥ E → ∞: ·¥¦¨³ �¥É¥ Å ƒ °É-
²¥·  ´¥§ ¢¨¸¨³ÒÌ ¨§²ÊÎ¥´¨° (dE/dx ∝ µ2

b ¶·¨ τf � λ), ·¥¦¨³ ‹ ´¤ Ê Å
�µ³¥· ´ÎÊ±  ±µ£¥·¥´É´µ£µ ¶µ¤ ¢²¥´¨Ö (dE/dx ∝

√
E ¶·¨ λ � τf � τL)

¨ Ë ±Éµ·¨§ Í¨µ´´Ò° ·¥¦¨³ (dE/dx ∝ E ¸ ÉµÎ´µ¸ÉÓÕ ¤µ ²µ£ ·¨Ë³¨Î¥-

∗‘²¥¤Ê¥É ¨³¥ÉÓ ¢ ¢¨¤Ê, ÎÉµ ÔÉ¨ µÍ¥´±¨ Ö¢²ÖÕÉ¸Ö ¤µ¢µ²Ó´µ ¶·¨¡²¨¦¥´´Ò³¨ ¨ ³µ¤¥²Ó´µ-
§ ¢¨¸¨³Ò³¨. ‚ Î ¸É´µ¸É¨, ÊÎ¥É ¢Ò¸Ï¨Ì ¶µ·Ö¤±µ¢ ¶µ αs ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ´ Î ²Ó´µ° ¶²µÉ´µ¸É¨
Ô´¥·£¨¨ ¸¨¸É¥³Ò ³¨´¨¸É·Ê°, ÔËË¥±É Ö¤¥·´µ° Ô±· ´¨·µ¢±¨ ¨ ´¥µ¶·¥¤¥²¥´´µ¸É¨ ¸É·Ê±ÉÊ·´ÒÌ
ËÊ´±Í¨° ¢ µ¡² ¸É¨ ³ ²ÒÌ ¡Ó¥·±¥´µ¢¸±¨Ì x ³µ£ÊÉ ¶·¨¢µ¤¨ÉÓ ± ¸ÊÐ¥¸É¢¥´´Ò³ ¢ ·¨ Í¨Ö³ ´ Î ²Ó-
´µ° É¥³¶¥· ÉÊ·Ò T0.
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¸±µ£µ ³´µ¦¨É¥²Ö lnE ¶·¨ τf � τL). ‚µ§³µ¦´µ¸ÉÓ ·¥ ²¨§ Í¨¨ ± ±µ£µ-²¨¡µ
¨§  ¸¨³¶ÉµÉ¨Î¥¸±¨Ì ·¥¦¨³µ¢ § ¢¨¸¨É µÉ Î ¸ÉµÉÒ ¨§²ÊÎ ¥³µ£µ £²Õµ´  ¨ µÉ
¸¢µ°¸É¢ ¸·¥¤Ò. Šµ²¨Î¥¸É¢¥´´µ¥ ¨¸¸²¥¤µ¢ ´¨¥ Ê£²µ¢µ£µ · ¸¶·¥¤¥²¥´¨Ö Î ¸-
É¨Í ¢´ÊÉ·¨ ¸É·Ê¨ µ¸²µ¦´Ö¥É¸Ö É¥³, ÎÉµ ´ ¶· ¢²¥´¨¥ ¤¢¨¦¥´¨Ö ¨§²ÊÎ¥´´µ£µ
£²Õµ´  Ö¢²Ö¥É¸Ö ¶²µÌµ µ¶·¥¤¥²Ö¥³µ° ¢¥²¨Î¨´µ° ¢¸²¥¤¸É¢¨¥ ±µ£¥·¥´É´ÒÌ ÔË-
Ë¥±Éµ¢ ¢ Š•„-¸·¥¤¥ [213]. Š Î¥¸É¢¥´´Ò°  ´ ²¨§ ¶µ± §Ò¢ ¥É [216], ÎÉµ · ¤¨ -
Í¨µ´´Ò¥ ¶µÉ¥·¨ µÎ¥´Ó ªÊ§±¨Ìª ¸É·Ê° ¸² ¡µ § ¢¨¸ÖÉ µÉ ¸¢µ°¸É¢ ¸·¥¤Ò, µ¶·¥¤¥-
²ÖÕÉ¸Ö, £² ¢´Ò³ µ¡· §µ³, ´ Î ²Ó´µ° Ô´¥·£¨¥° ¸É·Ê¨ ¨ ³µ£ÊÉ ¡ÒÉÓ §´ Î¨É¥²Ó-
´Ò³¨ ¶µ ¸· ¢´¥´¨Õ ¸µ ¸Éµ²±´µ¢¨É¥²Ó´Ò³¨ ¶µÉ¥·Ö³¨: ∆Erad(∆θjet → 0) ∼
∼ Ejet � ∆Ecol. �·¨ ÔÉµ³ · ¤¨ Í¨µ´´Ò¥ ¶µÉ¥·¨ ¸É·Ê¨ ¡Ò¸É·µ ¶ ¤ ÕÉ ¸
Ê¢¥²¨Î¥´¨¥³ ¥¥ Ê£²µ¢µ£µ · §³¥·  ¨ ¸É ´µ¢ÖÉ¸Ö ¸· ¢´¨³Ò³¨ ¸µ ¸Éµ²±´µ¢¨-
É¥²Ó´Ò³¨ ¶µÉ¥·Ö³¨ ¶·¨ ∆θjet & 5− 10◦.

ª˜¨·µ±µÊ£²µ¢Ò¥ª ¶µÉ¥·¨ Ô´¥·£¨¨ ³µ£ÊÉ ¶·¨¢µ¤¨ÉÓ ± ¸ÊÐ¥¸É¢¥´´µ³Ê ¶µ-
¤ ¢²¥´¨Õ ¢ÒÌµ¤  ¶ · ¦¥¸É±¨Ì ¸É·Ê° ¸ ¶µ¶¥·¥Î´Ò³¨ ¨³¶Ê²Ó¸ ³¨ ¡µ²ÓÏ¥ ¶µ-
·µ£µ¢µ£µ §´ Î¥´¨Ö pcut, Rdijet(pT1, pT2 > pcut), ¨ ¶µ¢ÒÏ¥´´µ³Ê µÉ´µÏ¥´¨Õ
¢ÒÌµ¤  ³µ´µ¸É·Ê° Rmono(pT1 > pcut, pT2 < pcut) ± ¶ · ³ ¸É·Ê° ¢ Í¥´É· ²Ó-
´ÒÌ AA-¸Éµ²±´µ¢¥´¨ÖÌ:

Rdijet
AA (pT1, pT2 > pcut, y = 0) =

=

∫
dy1

∫
dy2

∫
pcut

dpT1

∫
pcut

dpT2

∑
i,j

(
dNdijet

ij

dy1dy2dpT1dpT2
)AA, (45)

Rmono
AA (pT1 > pcut, pT2 < pcut, y = 0) =

=

∫
dy1

∫
dy2

∫
pcut

dpT1

∫ pcut

dpT2

∑
i,j

(
dNdijet

ij

dy1dy2dpT1dpT2
)AA, (46)

£¤¥ Î¨¸²µ ¶ · ¸É·Ê° É¨¶  ij ¸ ¨³¶Ê²Ó¸ ³¨ pT1, pT2, µ¡· §µ¢ ´´ÒÌ ¢ ´ Î ²Ó´ÒÌ
¦¥¸É±¨Ì ¶·µÍ¥¸¸ Ì · ¸¸¥Ö´¨Ö, µ¶·¥¤¥²Ö¥É¸Ö ± ±

dNdijet
ij

dy1dy2dpT1dpT2
= TAA(0)

2π∫
0

dϕ

2π

RA∫
0

dR · PA(R)

∫
dp2
T

dσij

dp2
T

δ(pT1 − pT+

+∆Ei(ϕ,R)) δ(pT2 − pT + ∆Ej(π − ϕ,R)), (47)

TAA(b) =
∫
d2sTA(s)TA(b − s) Å ¸É ´¤ ·É´ Ö ËÊ´±Í¨Ö Ö¤¥·´µ£µ ¶¥·¥±·Ò-

É¨Ö ¸ ´Ê²¥¢Ò³ ¶·¨Í¥²Ó´Ò³ ¶ · ³¥É·µ³ b = 0, dσij/dp2
T Å ¤¨ËË¥·¥´Í¨ ²Ó-

´µ¥ ¸¥Î¥´¨¥ ´ Î ²Ó´µ£µ ¶ ·Éµ´-¶ ·Éµ´´µ£µ · ¸¸¥Ö´¨Ö ¢ µÉ¤¥²Ó´µ³ ´Ê±²µ´-
´Ê±²µ´´µ³ ¢§ ¨³µ¤¥°¸É¢¨¨.
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‡ ³¥É¨³, ÎÉµ ¤²Ö Éµ£µ, ÎÉµ¡Ò ¨§¡¥¦ ÉÓ µÏ¨¡µ±, ¸¢Ö§ ´´ÒÌ ¸ ´µ·³¨·µ¢-
±µ° ¸¢¥É¨³µ¸É¨ ±µ²² °¤¥·  ¤²Ö · §´ÒÌ Ö¤¥·, Ô±¸¶¥·¨³¥´É ²Ó´µ¥ µ¶·¥¤¥²¥´¨¥
Ë ±Éµ·  ¶µ¤ ¢²¥´¨Ö ¶ · ¸É·Ê° ³µ¦¥É ¡ÒÉÓ ¶·µ¨§¢¥¤¥´µ µÉ´µ¸¨É¥²Ó´µ ¨§¢¥¸É-
´µ£µ ¸¥Î¥´¨Ö ± ±µ£µ-²¨¡µ ª´¥¶µ¤ ¢²Ö¥³µ£µª ¶·µÍ¥¸¸  (±µÉµ·µ¥ ¶·µ¶µ·Í¨µ-
´ ²Ó´µ Î¨¸²Ê ¡¨´ ·´ÒÌ ´Ê±²µ´-´Ê±²µ´´ÒÌ ¸µÊ¤ ·¥´¨° ¢ Ö¤·µ-Ö¤¥·´µ³ ¢§ ¨-
³µ¤¥°¸É¢¨¨), ± ±, ´ ¶·¨³¥·, ·µ¦¤¥´¨¥ ¦¥¸É±¨Ì ³Õµ´´ÒÌ ¶ · „·¥²²aÅŸ´ 
(qq → µ+µ−) ¨²¨ Z0(→ µ+µ−) ¡µ§µ´ :

Rdijet
AA /Rdijet

pp =
(
σdijet
AA /σdijet

pp

)
/
(
σDY,ZAA /σDY,Zpp

)
, (48)

¢ Éµ ¢·¥³Ö ± ± µ¶·¥¤¥²¥´¨¥ µÉ´µÏ¥´¨Ö Rmono/Rdijet ´¥ É·¥¡Ê¥É ± ±µ°-²¨¡µ
¢´¥Ï´¥° ´µ·³¨·µ¢±¨.

5.3. �·¨·µ¤   ¤·µ´´ÒÌ ¸É·Ê° ¢ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¸µÊ¤ ·¥´¨ÖÌ Ö¤¥·
¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¶¥·¸¶¥±É¨¢Ò. � ¶µ³´¨³, ÎÉµ ¸ Ô±¸¶¥·¨³¥´É ²Ó´µ°
ÉµÎ±¨ §·¥´¨Ö ¸É·ÊÖ (jet) µ¶·¥¤¥²Ö¥É¸Ö ± ± ¸µ¢µ±Ê¶´µ¸ÉÓ ²¥ÉÖÐ¨Ì ¢ Ê§±µ³ ±µ-
´Ê¸¥ Ê£²µ¢ Î ¸É¨Í (¶·¥¨³ÊÐ¥¸É¢¥´´µ  ¤·µ´µ¢), ¶µ¶¥·¥Î´Ò° ¨³¶Ê²Ó¸ K⊥i µÉ-
´µ¸¨É¥²Ó´µ µ¸¨ ¸É·Ê¨ ±µÉµ·ÒÌ ³´µ£µ ³¥´ÓÏ¥ ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ ¶·µ¤µ²Ó´µ£µ
¨³¶Ê²Ó¸  KLi, K⊥i � KLi. �É¡µ· ¸É·Ê°´ÒÌ ¸µ¡ÒÉ¨°, ± ± ¶· ¢¨²µ, µ¸´µ¢ ´
¶·¥¦¤¥ ¢¸¥£µ ´  É·¥¡µ¢ ´¨¨, ÎÉµ¡Ò ¶µ¶¥·¥Î´ Ö Ô´¥·£¨Ö ±² ¸É¥·  (¸µ¢µ±Ê¶-
´µ¸É¨ ¸¥£³¥´Éµ¢ ± ²µ·¨³¥É· ) Ejet =

∑
i

Ei sin θi ¡Ò²  ¡µ²ÓÏ¥ ´¥±µÉµ·µ£µ

¶µ·µ£  (¸Ê³³  ¡¥·¥É¸Ö ¶µ ²µ± ²Ó´µ³Ê ¢Ò¤¥²¥´¨Õ Ô´¥·£¨¨ ¢ ÖÎ¥°± Ì ± ²µ·¨-
³¥É·  i, ¨ θi Å ¶µ²Ö·´Ò° Ê£µ², µÉ¸Î¨ÉÒ¢ ¥³Ò° µÉ ´ ¶· ¢²¥´¨Ö ¶ÊÎ± ). ‘É·Ê¨
µ¶·¥¤¥²ÖÕÉ¸Ö ¢ ·¥§Ê²ÓÉ É¥ ±µ³¡¨´ Í¨¨ ¸¨£´ ²µ¢ µÉ ¸µ¸¥¤´¨Ì ÖÎ¥¥± ± ²µ·¨-
³¥É· , ´ Î¨´ ÕÐ¨Ì¸Ö ¸ ÖÎ¥°±¨ ¸ ´ ¨¡µ²ÓÏ¥° ¶µ¶¥·¥Î´µ° Ô´¥·£¨¥° ¨ µÉ¤¥-
²¥´´ÒÌ µÉ ´¥¥ · ¸¸ÉµÖ´¨¥³ R =

√
(∆η2 + ∆ϕ2), ³¥´ÓÏ¨³, Î¥³ · ¤¨Ê¸ ¸É·Ê¨

Å ¶ · ³¥É· Rjet [225]. ‡ ³¥É¨³, ÎÉµ ¢ [226] ¡Ò² · ¸¸³µÉ·¥´ ¡µ²¥¥ µ¡Ð¨°
¨´¢ ·¨ ´É´Ò° ³¥Éµ¤ ¢Ò¤¥²¥´¨Ö ¸É·Ê°´ÒÌ ¸µ¡ÒÉ¨° ¢ ¶·µ¸É· ´¸É¢¥ µÉ´µ¸¨-
É¥²Ó´ÒÌ Î¥ÉÒ·¥Ì³¥·´ÒÌ ¸±µ·µ¸É¥° ui = pi/mi (pi ¨ mi Å ¸µµÉ¢¥É¸É¢¥´´µ
4-¨³¶Ê²Ó¸ i-° Î ¸É¨ÍÒ ¨ ¥¥ ³ ¸¸ ), ±µÉµ·Ò°, µ¤´ ±µ, ¥Ð¥ ´¥ ¨¸¶µ²Ó§µ¢ ²¸Ö
¶·¨  ´ ²¨§¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¢ ±µ²² °¤¥·´ÒÌ Ô±¸¶¥·¨³¥´É Ì.

ˆ¸¶µ²Ó§µ¢ ´¨¥ Ì · ±É¥·¨¸É¨± ¸É·Ê° ¤²Ö ¨§ÊÎ¥´¨Ö Ê¸²µ¢¨° Ëµ·³¨·µ¢ -
´¨Ö ¸¢¥·Ì¶²µÉ´µ° ³ É¥·¨¨ ¢ ·¥ ²Ó´µ³ Ô±¸¶¥·¨³¥´É¥ ¶µ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É-
¸±¨³ ¸Éµ²±´µ¢¥´¨Ö³ ÉÖ¦¥²ÒÌ Ö¤¥· ¸¨²Ó´µ § É·Ê¤´¥´µ Ëµ´µ³ ª²µ¦´ÒÌª ¸É·Ê°
Å ¸É É¨¸É¨Î¥¸±¨Ì Ë²Ê±ÉÊ Í¨° ¶µÉµ±  ¶µ¶¥·¥Î´µ° Ô´¥·£¨¨, µ¡Ê¸²µ¢²¥´´ÒÌ
µ£·µ³´µ° ³´µ¦¥¸É¢¥´´µ¸ÉÓÕ ¢Éµ·¨Î´ÒÌ Î ¸É¨Í ¢ ¸µ¡ÒÉ¨¨ (¶·¥¤¸± § ´¨Ö · §-
²¨Î´ÒÌ ³µ¤¥²¥° Œµ´É¥-Š ·²µ ¸µ¸É ¢²ÖÕÉ µÉ 3000 ¤µ 8000 § ·Ö¦¥´´ÒÌ Î ¸É¨Í
´  ¥¤¨´¨ÍÊ ¡Ò¸É·µÉÒ ¢ Í¥´É· ²Ó´ÒÌ ¸µÊ¤ ·¥´¨ÖÌ PbÅPb ¤²Ö Ô´¥·£¨¨ LHC√
s = 6A ’Ô‚). ‚¸¥ ÖÎ¥°±¨ ± ²µ·¨³¥É·  § ¶µ²´¥´Ò ¢ ÔÉµ³ ¸²ÊÎ ¥ (· §³¥·

ÖÎ¥°±¨ ¢ ¶·µ¸É· ´¸É¢¥ η Å φ ¶µ·Ö¤±  ∆η×∆φ ∼ 0, 1× 0, 1), ¨ µÉ±²¨± ± ²µ-
·¨³¥É·  ´  ¶µÉµ± ¶µ¶¥·¥Î´µ° Ô´¥·£¨¨ ¡µ²ÓÏµ£µ Î¨¸²  ªÉ¥·³ ²Ó´ÒÌª Î ¸É¨Í,
¶µ¶ ¤ ÕÐ¨Ì ¢ ¤ ´´ÊÕ ÖÎ¥°±Ê, ³µ¦¥É ¨³¨É¨·µ¢ ÉÓ ¸¨£´ ² µÉ µ¤´µ° Î ¸É¨ÍÒ
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¸ ¡µ²ÓÏ¨³ pT . ‚ É ±¨Ì Ê¸²µ¢¨ÖÌ ¢µ¶·µ¸ µ¡ ¨¤¥´É¨Ë¨± Í¨¨ ª¨¸É¨´´ÒÌª
Š•„-¸É·Ê° µÉ ¦¥¸É±µ£µ ¶ ·Éµ´-¶ ·Éµ´´µ£µ · ¸¸¥Ö´¨Ö ¶·¨µ¡·¥É ¥É µ¸µ¡ÊÕ
 ±ÉÊ ²Ó´µ¸ÉÓ ¤²Ö Ë¨§¨Î¥¸±µ° ¶·µ£· ³³Ò ¶µ ¸Éµ²±´µ¢¥´¨Ö³ ÉÖ¦¥²ÒÌ ¨µ´µ¢
´  ±µ²² °¤¥· Ì.

‚Ò¤¥²¥´¨¥ ¢ Ô±¸¶¥·¨³¥´É¥ ¸É·Ê° ¸ µÎ¥´Ó ¡µ²ÓÏ¨³¨ ¶µ¶¥·¥Î´Ò³¨ ¨³-
¶Ê²Ó¸ ³¨ ¶·¨¢µ¤¨É ± ³ ²µ° ¢¥·µÖÉ´µ¸É¨ É ±¨Ì ¸µ¡ÒÉ¨° (¶·¨¡²¨¦¥´´µ σhard

∝ 1/p2
T min). �¤´ ±µ ¨§-§  ¸¨²Ó´µ£µ Ê¶µ·Ö¤µÎ¥´¨Ö ¨³¶Ê²Ó¸µ¢ Î ¸É¨Í ¢´Ê-

É·¨ ¦¥¸É±µ° Š•„-¸É·Ê¨ É ±¨¥ ¸É·Ê¨ ³µ¦´µ µÉ²¨Î¨ÉÓ µÉ ªÉ¥·³ ²Ó´ÒÌª ¸² -
¡µ±µ··¥²¨·µ¢ ´´ÒÌ ¸É·Ê° ¶·¨ ³¥´ÓÏ¨Ì §´ Î¥´¨ÖÌ ¶ · ³¥É·  µ¡·¥§ ´¨Ö ¶µ
¶µ¶¥·¥Î´µ³Ê ¨³¶Ê²Ó¸Ê, ¨ ÔÉ¨³ µ¡¸ÉµÖÉ¥²Ó¸É¢µ³ ³µ¦´µ ¢µ¸¶µ²Ó§µ¢ ÉÓ¸Ö ¤²Ö
µ¶É¨³¨§ Í¨¨  ²£µ·¨É³  ¶µ¨¸±  ¸É·Ê° ¢ Ö¤·µ-Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ. ’ ±,
¢ · ¡µÉ¥ [227] ´  µ¸´µ¢¥ ¸· ¢´¨É¥²Ó´µ£µ  ´ ²¨§  ¸¢µ°¸É¢ ¦¥¸É±¨Ì Š•„-¸É·Ê°
¨ ª²µ¦´ÒÌª ¸É É¨¸É¨Î¥¸±¨Ì ¸É·Ê° ¡Ò²µ Ê± § ´µ ´  ¸ÊÐ¥¸É¢¥´´Ò¥ · §²¨Î¨Ö ¢
¨Ì ¢´ÊÉ·¥´´¥° ¸É·Ê±ÉÊ·¥:

1) · §´ Ö § ¢¨¸¨³µ¸ÉÓ ³´µ¦¥¸É¢¥´´µ¸É¨ Î ¸É¨Í ¢ ¸É·Ê¥ < n > µÉ Ô´¥·£¨¨
¸É·Ê¨ Ejet:

< n >QCD∝ exp

√
2Nc
πb

ln
E2

jet

Λ2 , (49)

< n >T∝
(
Ejet

T

)3

(1 − cos θ0); (50)

2) · §´ Ö § ¢¨¸¨³µ¸ÉÓ ¶µ²µ¦¥´¨Ö ³ ±¸¨³Ê³  ¢ · ¸¶·¥¤¥²¥´¨¨ ¶µ ¤µ²¨
Ê´µ¸¨³µ£µ Î ¸É¨Í¥° ¸É·Ê¨ ¶·µ¤µ²Ó´µ£µ ¨³¶Ê²Ó¸  z µÉ Ô´¥·£¨¨ ¸É·Ê¨ Ejet:

zmax QCD '
√

Q0

2Ejet
, (51)

zmax T ∝
(

T

Ejet

)3

(1− cos θ0)−1; (52)

3) · §´ Ö ¤¨¸¶¥·¸¨Ö · ¸¶·¥¤¥²¥´¨Ö ¶µ ³´µ¦¥¸É¢¥´´µ¸É¨ Î ¸É¨Í ¢ ¸É·Ê¥,
D =

√
(< n(n− 1)− < n >2)/ < n >2,

Dg =
1√
3
, Dq =

√
3

2
, E2

jet � Q2
0 (53)

DT ∝

√(
T

Ejet

)3

(1− cos θ0)−1, (54)

(¨´¤¥±¸Ò g ¨ q µÉ´µ¸ÖÉ¸Ö, ¸µµÉ¢¥É¸É¢¥´´µ, ± £²Õµ´´µ° ¨ ±¢ ·±µ¢µ° ¸É·ÊÖ³);
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4) · §´ Ö § ¢¨¸¨³µ¸ÉÓ ¸·¥¤´¥£µ ¶µ¶¥·¥Î´µ£µ ¨³¶Ê²Ó¸  < K⊥ > µÉ Ô´¥·-
£¨¨ ¸É·Ê¨ Ejet:

< K2
⊥ >QCD∝

E2
jet

ln
E2

jet

Λ2

, (55)

< K2
⊥ >T∝ E2

jet, (56)

£¤¥ T Å É¥³¶¥· ÉÊ·  ¸¨¸É¥³Ò, θ0 Å Ê£²µ¢µ° · §³¥· ¸É·Ê¨, Λ ' 200 ŒÔ‚,
Q2

0 ' 1 ƒÔ‚2, Nc = 3, b = (11Nc − 2Nf)/12π.
�·¨ ÔÉµ³ µÉ²¨Î¨É¥²Ó´Ò¥ µ¸µ¡¥´´µ¸É¨ ªÉ¥·³ ²Ó´ÒÌª ¨ Š•„-¸É·Ê° ¤µ²¦´Ò

¶·µÖ¢²ÖÉÓ¸Ö ¢ ¸¢µ°¸É¢ Ì ·¥£¨¸É·¨·Ê¥³ÒÌ  ¤·µ´´ÒÌ ¸É·Ê° ¢ Ê¸²µ¢¨ÖÌ ·¥ ²Ó-
´µ£µ Ô±¸¶¥·¨³¥´É . ‚ Î ¸É´µ¸É¨, ¢ · ¡µÉ¥ [227] ¡Ò²µ ¶·µ¢¥¤¥´µ ³µ¤¥²¨-
·µ¢ ´¨¥ ·µ¦¤¥´¨Ö ¨ ¤¥É¥±É¨·µ¢ ´¨Ö ¸É·Ê° ¢ Ê¸²µ¢¨ÖÌ ¶·µ¥±É¨·Ê¥³µ£µ Ô±¸-
¶¥·¨³¥´É  CMS ´  ±µ²² °¤¥·¥ LHC [193], ÊÎ¨ÉÒ¢ ÕÐ¥¥ ³ £´¨É´µ¥ ¶µ²¥
B = 4 ’², Ô´¥·£¥É¨Î¥¸±µ¥ · §·¥Ï¥´¨¥, £· ´Ê²ÖÍ¨Õ ¨ £¥µ³¥É·¨Î¥¸±¨¥ · §-
³¥·Ò  ¤·µ´´µ£µ ± ²µ·¨³¥É· , Í¥´É· ²Ó´ÊÕ µ¡² ¸ÉÓ ¡Ò¸É·µÉ | η |< 1, 5,
  É ±¦¥ µ¶¨¸ ´¨¥ ªÉ¥·³ ²Ó´µ£µª Ëµ´  ¢ Í¥´É· ²Ó´ÒÌ ¸µÊ¤ ·¥´¨ÖÌ PbÅPb
¢ · ³± Ì £¨¤·µ¤¨´ ³¨Î¥¸±µ° ³µ¤¥²¨ (¸·¥¤´¨° ¶µ¶¥·¥Î´Ò° ¨³¶Ê²Ó¸ ªÉ¥·-
³ ²Ó´ÒÌª  ¤·µ´µ¢ ¢ ÔÉµ³ ¸²ÊÎ ¥ · ¢¥´ < pπT >= 0, 5 ƒÔ‚ ¤²Ö ¶¨µ´µ¢ ¨
< pKT >= 0, 7 ƒÔ‚ ¤²Ö ± µ´µ¢, ÎÉµ ¤µ¢µ²Ó´µ ¡²¨§±µ ± ¶·¥¤¸± § ´¨Ö³ ¶ ·-
Éµ´´µ° ± ¸± ¤´µ° ³µ¤¥²¨ (PCM) [57] ¤²Ö Í¥´É· ²Ó´ÒÌ ¸µÊ¤ ·¥´¨° ¸ ³ÒÌ
ÉÖ¦¥²ÒÌ Ö¤¥·, A ∼ 200, ¶·¨ Ô´¥·£¨¨ LHC; ¶·¨ ÔÉµ³ ± µ´Ò ¶µ² £ ²¨¸Ó ªÉ¥·-
³ ²Ó´µª ¶µ¤ ¢²¥´´Ò³¨ ¢¸²¥¤¸É¢¨¥ ¨Ì ¡µ²¥¥ ÉÖ¦¥²µ° ³ ¸¸Ò, K±/π± ' 0, 2).
‡ ³¥É¨³, ÎÉµ É·¨££¥·µ³ ¤²Ö Í¥´É· ²Ó´ÒÌ ¸µ¡ÒÉ¨° ³µ¦¥É ¸²Ê¦¨ÉÓ µÉ¡µ· ¸µ¡Ò-
É¨° ¸ ³ ±¸¨³ ²Ó´Ò³ ¢Ò¤¥²¥´¨¥³ ¶µ¶¥·¥Î´µ° Ô´¥·£¨¨ ¢ Í¥´É· ²Ó´µ° ¡ ··¥²-
Î ¸É¨ ± ²µ·¨³¥É·µ¢ CMS, Ê¢¥²¨Î¥´¨¥ ±µÉµ·µ° ±µ··¥²¨·µ¢ ´µ ¸ Ê³¥´ÓÏ¥´¨¥³
¶ · ³¥É·  Ê¤ ·  b.

‘µ¡ÒÉ¨Ö ³µ¤¥²¨·µ¢ ²¨¸Ó ± ± ¸Ê¶¥·¶µ§¨Í¨Ö ªÉ¥·³ ²Ó´µ£µª ¸µ¡ÒÉ¨Ö ¨
¦¥¸É±µ£µ ¶ ·Éµ´-¶ ·Éµ´´µ£µ · ¸¸¥Ö´¨Ö, £¥´¥·¨·Ê¥³µ£µ ¸ ¶µ³µÐÓÕ ³µ¤¥²¨
Œµ´É¥-Š ·²µ  ¤·µ´- ¤·µ´´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° PYTHIA [228] (¸ ÊÎ¥Éµ³ · §-
¢¨É¨Ö ´ Î ²Ó´µ£µ ¦¥¸É±µ£µ Š•„-²¨¢´Ö ¨  ¤·µ´¨§ Í¨¨ ¸É·Ê° ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸
²Ê´¤µ¢¸±µ° ¸É·Ê´´µ° ³µ¤¥²ÓÕ). �·¨ ÔÉµ³ Î¨¸²µ ´ Î ²Ó´ÒÌ ¦¥¸É±¨Ì ¶ ·Éµ´-
¶ ·Éµ´´ÒÌ · ¸¸¥Ö´¨° ¸ Ô´¥·£¨¥° ET (hard) > ET ¢ Í¥´É· ²Ó´µ³ Ö¤·µ-Ö¤¥·´µ³
¸Éµ²±´µ¢¥´¨¨ ¢Ò· ¦ ¥É¸Ö Î¥·¥§ ¸µµÉ¢¥É¸É¢ÊÕÐ¥¥ ´Ê±²µ´-´Ê±²µ´´µ¥ ¸¥Î¥´¨¥
σjet
pp (ET ,

√
s = 6 ’Ô‚) (¢ÒÎ¨¸²Ö¥³µ¥ ¢ ¶¥·ÉÊ·¡ É¨¢´µ° Š•„ ¸ ¶µ³µÐÓÕ

PYTHIA) ¢ · ³± Ì ³µ¤¥²¨ ´¥§ ¢¨¸¨³ÒÌ ¡¨´ ·´ÒÌ ¸Ê¡¸Éµ²±´µ¢¥´¨° ± ±

N jet
AA = σjet

AA/σ
in
AA(c) ' A2σjet

pp /πR
2
A, (57)

£¤¥ RA ' 1, 2A1/3 Ë³ Å · ¤¨Ê¸ Ö¤·  ¨ σin
AA(c) Å ´¥Ê¶·Ê£µ¥ ¸¥Î¥´¨¥ Í¥´É-

· ²Ó´µ£µ AA-¢§ ¨³µ¤¥°¸É¢¨Ö.
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�·µ¨§¢µ¤¨² ¸Ó ¢Ò¡µ·±  ¸É·Ê° ¸ Ê£²µ¢Ò³ · §³¥·µ³ ±µ´Ê¸  Rjet = 0, 5;
¶·¨ ÔÉµ³ ¥¸²¨ ¢ ¸µ¡ÒÉ¨¨ ´ ¡²Õ¤ ²µ¸Ó ¡µ²¥¥ ¤¢ÊÌ ¸É·Ê°, Éµ ¨¤¥´É¨Ë¨± Í¨Ö
¶ ·Ò ¸É·Ê° ¶·µ¨¸Ìµ¤¨²  ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ µÉ¡µ·µ³:
1) ±² ¸É¥·  ¸ ³ ±¸¨³ ²Ó´µ° ¶µ¶¥·¥Î´µ° Ô´¥·£¨¥°,
2) ±² ¸É¥·  ¸ ³ ±¸¨³ ²Ó´µ° ¶·µ¥±Í¨¥° ¶µ¶¥·¥Î´µ£µ ¨³¶Ê²Ó¸  ´  ´ ¶· ¢²¥-
´¨¥, ¶·µÉ¨¢µ¶µ²µ¦´µ¥ ¶µ¶¥·¥Î´µ³Ê ¨³¶Ê²Ó¸Ê ¶¥·¢µ£µ ±² ¸É¥· , É.¥.

ET (jet1) = max
i = 1, n

(ETi),

ET (jet2) = max
i = 2, n

(ETi · cos(φ1 + φi − π)). (58)

�¨¸. 13. ˆ´É¥£· ²Ó´Ò¥ ¢¥·µÖÉ´µ-
¸É¨ ¢ÒÌµ¤  ¶ ·Ò ¸É·Ê° ¢ ªÉ¥·-
³ ²Ó´ÒÌª ¸µ¡ÒÉ¨ÖÌ PbÅPb ¢
¡ ··¥²-Î ¸É¨ CMS (ÉµÎ±¨), ÏÉ·¨-
Ìµ¢Ò¥ ²¨´¨¨ ¶·¥¤¸É ¢²ÖÕÉ  ¶-
¶·µ±¸¨³ Í¨Õ ËÊ´±Í¨¥° ƒ Ê¸¸ .
‘¶²µÏ´ Ö ±·¨¢ Ö Å ¢¥·µÖÉ´µ¸ÉÓ
·µ¦¤¥´¨Ö ¶ ·Ò ¦¥¸É±¨Ì Š•„-
¸É·Ê° ¸ ¶·µ¤µ²Ó´Ò³¨ ¡Ò¸É·µÉ ³¨
| yjet1,2 |< 1, 5 ¢ ¸µÊ¤ ·¥´¨ÖÌ PbÅ
Pb, Ejet1,2 > ET [227]: 1 Å
dN±/dy = 8000, 2 Å dN±/dy =
= 3000

�  ·¨¸.13 ¶·¥¤¸É ¢²¥´Ò ¨´É¥£· ²Ó´Ò¥
¢¥·µÖÉ´µ¸É¨ ¢ÒÌµ¤  ¶ ·Ò ¸É·Ê° ¢ ªÉ¥·³ ²Ó-
´ÒÌª ¸µ¡ÒÉ¨ÖÌ PbÅPb ¢ ¡ ··¥²-Î ¸É¨ CMS
¨ ·µ¦¤¥´¨Ö ¶ ·Ò ¦¥¸É±¨Ì Š•„-¸É·Ê° ¸
¶·µ¤µ²Ó´Ò³¨ ¡Ò¸É·µÉ ³¨ | yjet1,2 |< 1, 5
¢ ¸µÊ¤ ·¥´¨ÖÌ PbÅPb ¶·¨ Ô´¥·£¨¨ LHC.
‘ÊÐ¥¸É¢¥´´µ¥ · §²¨Î¨¥ ¢ Ëµ·³¥ Ô´¥·£¥É¨-
Î¥¸±µ£µ ¸¶¥±É·  ªÉ¥·³ ²Ó´ÒÌª (Ìµ·µÏµ  ¶-
¶·µ±¸¨³¨·Ê¥É¸Ö ËÊ´±Í¨¥° ƒ Ê¸¸ ) ¨ Š•„-
¸É·Ê° (¸É¥¶¥´´ Ö ET -§ ¢¨¸¨³µ¸ÉÓ) ¶µ§¢µ-
²Ö¥É ª· ¸¶µ§´ ¢ ÉÓª ¦¥¸É±¨¥ ¤¢ÊÌ¸É·Ê°´Ò¥
¸µ¡ÒÉ¨Ö ¢ ¸²ÊÎ ¥, ±µ£¤  Ô´¥·£¥É¨Î¥¸±¨¥ ¶µ-
É¥·¨ ¶ ·Éµ´µ¢ ¸É·Ê¨ ¢ ¸·¥¤¥ ´¥ ÊÎ¨ÉÒ¢ ÕÉ-
¸Ö, ´ Î¨´ Ö ¸ ³¨´¨³ ²Ó´µ° Ô´¥·£¨¨ ¸É·Ê¨
Emin

jet ∼ 100 ƒÔ‚ ¤²Ö dN±/dy = 8000

¨ Emin
jet ∼ 85 ƒÔ‚ ¤²Ö dN±/dy = 3000.

’µ¶µ²µ£¨Ö É¨¶¨Î´µ£µ ª¦¥¸É±µ£µª ¸µ¡ÒÉ¨Ö
PbÅPb (dN±/dy = 8000) ¸ ET (hard) =
= 100 ƒÔ‚ ¢ ¶·µ¸É· ´¸É¢¥ η Å ϕ ± ²µ·¨-
³¥É·  CMS ¶µ± § ´  ´  ·¨¸.14 (¶µ ¢¥·É¨-
± ²Ó´µ° Ï± ²¥ µÉ²µ¦¥´  ¶µ¶¥·¥Î´ Ö Ô´¥·-
£¨Ö ÖÎ¥°±¨). �É¡µ· Éµ²Ó±µ µ¤¨´µÎ´ÒÌ ¸É·Ê°
(³µ´µ¸É·Ê°) ¨²¨ ¢²¨Ö´¨¥ ¶µÉ¥·Ó Ô´¥·£¨¨
¦¥¸É±¨Ì ¶ ·Éµ´µ¢ ¸É·Ê¨ ¢ ¸·¥¤¥ ´  ¢ÒÌµ¤
¶ · ¸É·Ê° ³µ¦¥É ¶·¨¢µ¤¨ÉÓ ± § ³¥É´µ³Ê
¶µ¢ÒÏ¥´¨Õ Ô´¥·£¥É¨Î¥¸±µ£µ ¶µ·µ£  ª· ¸¶µ-

§´ ¢ ´¨Öª Š•„-¸É·Ê°, ´µ ÔËË¥±É¨¢´µ¥ · §¤¥²¥´¨¥ ªÉ¥·³ ²Ó´ÒÌª ¨ ¦¥¸É±¨Ì
¸É·Ê° ¢¸¥ ¦¥ µ¸É ¥É¸Ö ¢µ§³µ¦´Ò³ ¶·¨ ¶µ·µ£¥ Emin

jet ∼ 100 ƒÔ‚ ¢ ¸²ÊÎ ¥ ¨¸-
¶µ²Ó§µ¢ ´¨Ö ¤µ¶µ²´¨É¥²Ó´µ£µ ±·¨É¥·¨Ö, µ¶·¥¤¥²Ö¥³µ£µ · §´µ° § ¢¨¸¨³µ¸ÉÓÕ
¸·¥¤´¥£µ ¶µ¶¥·¥Î´µ£µ ¨³¶Ê²Ó¸  Î ¸É¨ÍÒ ¢ ¸É·Ê¥ µÉ Ô´¥·£¨¨ Ejet. ‚ Î ¸É´µ¸É¨,
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�¨¸. 14. ’µ¶µ²µ£¨Ö É¨¶¨Î´µ£µ ª¦¥¸É±µ£µª ¸µ¡ÒÉ¨Ö PbÅPb ¸ ET (hard) = 100 ƒÔ‚ ( )
¨ Ëµ·³  ¶ ·Ò ¸É·Ê° ¶µ¸²¥ Ê¤ ²¥´¨Ö ªÉ¥·³ ²Ó´µ£µª Ëµ´  (¡) ¢ ¶·µ¸É· ´¸É-
¢e ηÅϕ ± ²µ·¨³¥É·  CMS, ¶µ ¢¥·É¨± ²Ó´µ° Ï± ²¥ oÉ²µ¦¥´  ¶µ¶¥·¥Î´ Ö Ô´¥·£¨Ö
ÖÎ¥°±¨, dN±/dy = 8000

¥¸²¨ ³Ò ¢¢¥¤¥³ ¸·¥¤´¥¢§¢¥Ï¥´´Ò° · ¤¨Ê¸ ¸É·Ê¨ < R > ± ±

< R >=
∑
i

Ri0 · Ei/Ejet, Ejet =
∑
i

Ei, (59)

£¤¥ Ri0 Å · ¸¸ÉµÖ´¨¥ ³¥¦¤Ê ÖÎ¥°±µ° ¸É·Ê¨ i ¨ Í¥´É·µ³ ¸É·Ê¨ ¢ ¶·µ¸É· ´-
¸É¢¥ η Å ϕ, Éµ µÉ¡µ· ¸É·Ê° ¸ < R > /Rjet <∼ 0, 5 ¶·¨¢¥¤¥É ± Ê¤ ²¥´¨Õ
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�¨¸. 15. ‘·¥¤´¥¢§¢¥Ï¥´´Ò° · ¤¨Ê¸ ¦¥¸É±µ° (£¨¸Éµ£· ³³Ò) ¨ ªÉ¥·³ ²Ó´µ°ª (ÉµÎ±¨)
¸É·Ê¨ < R > (59) ± ± ËÊ´±Í¨Ö ¶µ¶¥·¥Î´µ° Ô´¥·£¨¨ Ejet, dN

±/dy = 8000 [227]

ª²µ¦´ÒÌª ¸É·Ê° ¸ Ejet >∼ 100 ƒÔ‚ (¸³. ·¨¸.15, dN±/dy = 8000). �ËË¥±É
¶¥·¥· ¸¸¥Ö´¨Ö ¶ ·Éµ´µ¢ ¢ ¸·¥¤¥ ¶·¨¢µ¤¨É ± ´¥±µÉµ·µ³Ê ªÊÏ¨·¥´¨Õª ¸É·Ê¨,
´µ µ¸´µ¢´µ° ¢±² ¤ ¢ ¸Ê³³ ·´Ò° ¶µ¶¥·¥Î´Ò° ¨³¶Ê²Ó¸ µÉ´µ¸¨É¥²Ó´µ µ¸¨ ¸É·Ê¨
¤ ¥É ´ Î ²Ó´Ò° ¦¥¸É±¨° Š•„-²¨¢¥´Ó, ¨ ¢Ò¢µ¤ µ · §²¨Î´µ° ¢´ÊÉ·¥´´¥° ¸É·Ê±-
ÉÊ·¥ ªÉ¥·³ ²Ó´ÒÌª ¨ Š•„-¸É·Ê° ¨ ¢µ§³µ¦´µ¸É¨ µ¶É¨³¨§ Í¨¨ ´  ÔÉµ° µ¸´µ¢¥
 ²£µ·¨É³  ¶µ¨¸±  ¸É·Ê° ¢ ¤ ´´µ³ ¸²ÊÎ ¥ É ±¦¥ ¶·¥¤¸É ¢²Ö¥É¸Ö ¸¶· ¢¥¤²¨¢Ò³.

6. ‡�Š‹�—…�ˆ…

‡´ Î¨É¥²Ó´Ò° ¶·µ£·¥¸¸, ¤µ¸É¨£´ÊÉÒ° ¢ ¶µ¸²¥¤´¥¥ ¢·¥³Ö ¢ ³µ¤¥²¨·µ¢ -
´¨¨ Š•„-¸¨¸É¥³ ´  ·¥Ï¥É±¥, ¢ Î ¸É´µ¸É¨, ¸ ¢±²ÕÎ¥´¨¥³ ¤¨´ ³¨Î¥¸±¨Ì ±¢ ·-
±µ¢, ¶µ§¢µ²Ö¥É ¸ ¡µ²ÓÏµ° ¸É¥¶¥´ÓÕ Ê¢¥·¥´´µ¸É¨ ÊÉ¢¥·¦¤ ÉÓ, ÎÉµ ¤µ¸É¨¦¥´¨¥
¤¥±µ´Ë °´³¥´É   ¤·µ´´µ° ³ É¥·¨¨ ¨ ¢µ¸¸É ´µ¢²¥´¨¥ ±¨· ²Ó´µ° ¸¨³³¥É·¨¨
¤µ²¦´µ ¨³¥ÉÓ ³¥¸Éµ ¶·¨ ¤µ¸É ÉµÎ´µ ¢Ò¸µ±¨Ì É¥³¶¥· ÉÊ· Ì Tc ∼ 200 ŒÔ‚ ¨
(¨²¨) ¶²µÉ´µ¸ÉÖÌ ¡ ·¨µ´´µ£µ § ·Ö¤ . �·¥¤¶µ² £ ¥É¸Ö, ÎÉµ Ê¸²µ¢¨Ö ¤²Ö ·¥ ²¨-
§ Í¨¨ ±¢ ·±- ¤·µ´´µ£µ Ë §µ¢µ£µ ¶¥·¥Ìµ¤ , ¨³¥¢Ï¥£µ, ¸µ£² ¸´µ ¸µ¢·¥³¥´´Ò³
±µ¸³µ²µ£¨Î¥¸±¨³ ¶·¥¤¸É ¢²¥´¨Ö³, ³¥¸Éµ ¢ ¶¥·¢Ò¥ ³¨±·µ¸¥±Ê´¤Ò Ô¢µ²ÕÍ¨¨
‚¸¥²¥´´µ°, ³µ£ÊÉ ¡ÒÉÓ ¤µ¸É¨£´ÊÉÒ ¢ ·¥§Ê²ÓÉ É¥ £¥´¥· Í¨¨ ¸¨²Ó´µ¢µ§¡Ê¦¤¥´-
´µ° ³ É¥·¨¨ ¢ Ô±¸¶¥·¨³¥´É Ì ¶µ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±¨³ ¸Éµ²±´µ¢¥´¨Ö³ Ö¤¥·
´  ¤¥°¸É¢ÊÕÐ¨Ì (AGS, SPS) ¨ ¶² ´¨·Ê¥³ÒÌ (RHIC, LHC) Ê¸±µ·¨É¥²ÖÌ.

‚ ´ ¸ÉµÖÐ¥³ µ¡§µ·¥ ³Ò · ¸¸³µÉ·¥²¨ µ¸´µ¢´Ò¥ É¥¸ÉÒ, ¶·¥¤² £ ¥³Ò¥ ¤²Ö
Ô±¸¶¥·¨³¥´É ²Ó´µ£µ ¨§ÊÎ¥´¨Ö ¸¢µ°¸É¢ ¸¢¥·Ì¶²µÉ´µ° Ö¤¥·´µ° ³ É¥·¨¨. ‘É·Ê´-
´Ò¥ ³¨±·µ¸±µ¶¨Î¥¸±¨¥ ³µ¤¥²¨ Œµ´É¥-Š ·²µ ¤µ¢µ²Ó´µ Ê¸¶¥Ï´µ µ¶¨¸Ò¢ ÕÉ
¨³¥ÕÐ¨¥¸Ö ¤ ´´Ò¥ ¶µ ¸Éµ²±´µ¢¥´¨Ö³ ÉÖ¦¥²ÒÌ ¨µ´µ¢, ¢ Î ¸É´µ¸É¨, · ¸¶·¥-
¤¥²¥´¨Ö ¶µ ³´µ¦¥¸É¢¥´´µ¸É¨ ¨ ¨´±²Õ§¨¢´Ò¥ ¸¶¥±É·Ò ¢Éµ·¨Î´ÒÌ  ¤·µ´µ¢, ¢
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¤¨ ¶ §µ´¥ Ô´¥·£¨°
√
s <∼ 10 ƒÔ‚/´Ê±²µ´, ±µ£¤  µ¸´µ¢´ÊÕ Î ¸ÉÓ  ¤·µ´´ÒÌ ¸¥-

Î¥´¨° ¸µ¸É ¢²ÖÕÉ ³Ö£±¨¥ ¶·µÍ¥¸¸Ò. �·¨ ÔÉµ³ ¸µ£² ¸µ¢ ´¨¥ ¸ Ô±¸¶¥·¨³¥´Éµ³
¤µ¸É¨£ ¥É¸Ö ¶ÊÉ¥³ ³µ¤¨Ë¨± Í¨¨ ¸Í¥´ ·¨Ö ´¥§ ¢¨¸¨³ÒÌ ´Ê±²µ´-´Ê±²µ´´ÒÌ
¸Ê¡¸Éµ²±´µ¢¥´¨° Å ¢±²ÕÎ¥´¨¥³ · §´µ£µ ·µ¤  ±µ²²¥±É¨¢´ÒÌ ÔËË¥±Éµ¢, É -
±¨Ì ± ±  ¤·µ´´µ¥ ± ¸± ¤¨·µ¢ ´¨¥ ¨ ¢§ ¨³µ¤¥°¸É¢¨¥ ¸É·Ê´. �·¨ Ô´¥·£¨ÖÌ ¡Ê-
¤ÊÐ¨Ì ±µ²² °¤¥·µ¢ RHIC ¨ LHC, ±µ£¤  µ¶·¥¤¥²ÖÕÐ¨° ¢±² ¤ ¢ Ëµ·³¨·µ¢ -
´¨¥ ´ Î ²Ó´µ£µ ¸µ¸ÉµÖ´¨Ö ¢´µ¸ÖÉ ¦¥¸É±¨¥ ¨ ¶µ²Ê¦¥¸É±¨¥ ¶·µÍ¥¸¸Ò ¶ ·Éµ´-
¶ ·Éµ´´µ£µ · ¸¸¥Ö´¨Ö ¸ ¶¥·¥¤ Î¥° ¨³¶Ê²Ó¸  ³´µ£µ ¡µ²ÓÏ¥ ³ ¸ÏÉ ¡´µ£µ ¶ -
· ³¥É·  Š•„, ¶· ¢µ³¥·´Ò³ ¶µ¤Ìµ¤µ³ ± µ¶¨¸ ´¨Õ Ö¤·µ-Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°-
¸É¢¨° ¶·¥¤¸É ¢²Ö¥É¸Ö ³µ¤¥²¨·µ¢ ´¨¥ ¶ ·Éµ´´ÒÌ ± ¸± ¤µ¢ ¢ · ³± Ì É¥µ·¨¨
¢µ§³ÊÐ¥´¨° Š•„. Š ¸± ¤´Ò¥ ³µ¤¥²¨ ¶·¥¤¸± §Ò¢ ÕÉ ¤µ¸É ÉµÎ´µ ¡Ò¸É·ÊÕ
É¥·³ ²¨§ Í¨Õ ¶ ·Éµ´´µ° ³ É¥·¨¨ ¢ Í¥´É· ²Ó´µ° µ¡² ¸É¨ ¡Ò¸É·µÉ, µ¤´ ±µ ¢µ-
¶·µ¸ µ ¢µ§³µ¦´µ¸É¨ ¤µ¸É¨¦¥´¨Ö ¸¨¸É¥³µ° Ì¨³¨Î¥¸±µ£µ · ¢´µ¢¥¸¨Ö µ¸É ¥É¸Ö
µÉ±·ÒÉÒ³, ¨ ´ ¨¡µ²¥¥ ¢¥·µÖÉ´Ò³ ¸Í¥´ ·¨¥³ ¶·¥¤¸É ¢²Ö¥É¸Ö Ëµ·³¨·µ¢ ´¨¥
ª£µ·ÖÎ¥°ª £²Õµ´´µ° ¶² §³Ò. „¥É ²Ó´µ¥ ³µ¤¥²¨·µ¢ ´¨¥ · §¢¨É¨Ö ¶ ·Éµ´´ÒÌ
± ¸± ¤µ¢ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¢¥¸Ó³  É·Ê¤µ¥³±ÊÕ § ¤ ÎÊ, É·¥¡ÊÕÐÊÕ §´ Î¨-
É¥²Ó´ÒÌ ±µ³¶ÓÕÉ¥·´ÒÌ Ê¸¨²¨° ¨ ¡µ²ÓÏµ£µ ±µ²¨Î¥¸É¢  ¸Î¥É´µ£µ ¢·¥³¥´¨. ‘
¤·Ê£µ° ¸Éµ·µ´Ò, ¢ ¸²ÊÎ ¥, ±µ£¤  ¸¨¸É¥³  ¤µ¸É¨£ ¥É ²µ± ²Ó´µ£µ É¥·³ ²Ó´µ£µ
· ¢´µ¢¥¸¨Ö, ¥¥ ¤ ²Ó´¥°Ï Ö Ô¢µ²ÕÍ¨Ö ³µ¦¥É ¡ÒÉÓ µ¶¨¸ ´  ¢ · ³± Ì ·¥²ÖÉ¨-
¢¨¸É¸±µ° £¨¤·µ¤¨´ ³¨±¨. �É´µ¸¨É¥²Ó´µ ¶·µ¸ÉÒ¥ ³ ±·µ¸±µ¶¨Î¥¸±¨¥ £¨¤·µ¤¨-
´ ³¨Î¥¸±¨¥ ³µ¤¥²¨ Ê¸¶¥Ï´µ ¢µ¸¶·µ¨§¢µ¤ÖÉ ¸ÊÐ¥¸É¢ÊÕÐ¨¥ Ô±¸¶¥·¨³¥´É ²Ó-
´Ò¥ ¤ ´´Ò¥ ¶·¨ Ô´¥·£¨ÖÌ AGS ¨ SPS ¨ Ï¨·µ±µ ¶·¨³¥´ÖÕÉ¸Ö ¤²Ö É¥µ·¥É¨Î¥-
¸±µ£µ ¨¸¸²¥¤µ¢ ´¨Ö Ë¨§¨Î¥¸±¨Ì ¶·µÍ¥¸¸µ¢ ¢ Ö¤·µ-Ö¤¥·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ
¶·¨ ¡µ²¥¥ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ.

ˆ³¶Ê²Ó¸´Ò¥ ¸¶¥±É·Ò  ¤·µ´µ¢ ¨ ¤¢ÊÌÎ ¸É¨Î´Ò¥ ±µ··¥²ÖÍ¨¨ ¨¤¥´É¨Î´ÒÌ
Î ¸É¨Í ´¥¸ÊÉ ¨´Ëµ·³ Í¨Õ µ ¸¢µ°¸É¢ Ì  ¤·µ´´µ° ³ É¥·¨¨ ´  ¶µ§¤´¨Ì ¸É ¤¨ÖÌ
ª¢Ò³µ· ¦¨¢ ´¨Öª, ¢ Î ¸É´µ¸É¨, µ ¸É¥¶¥´¨ ¥¥ É¥·³ ²¨§ Í¨¨, ±µ²²¥±É¨¢´ÒÌ
¶µÉµ±µ¢ÒÌ ÔËË¥±É Ì ¨ ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´ÒÌ · §³¥· Ì µ¡² ¸É¨ ¨¸ÉµÎ-
´¨±  Î ¸É¨Í. ˆ³¥ÕÐ¨¥¸Ö Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ (ªÊÏ¨·¥´¨¥ª ¸¶¥±É·µ¢
¶µ ¸· ¢´¥´¨Õ ¸ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨  ¤·µ´- ¤·µ´´Ò³¨ ¸µÊ¤ ·¥´¨Ö³¨ ¨ § ¢¨-
¸¨³µ¸ÉÓ ª· ¤¨Ê¸  £µ³µ£¥´´µ¸É¨ª µÉ ¨³¶Ê²Ó¸  ¶ ·Ò Î ¸É¨Í) Ê± §Ò¢ ÕÉ ´ 
²µ± ²Ó´ÊÕ É¥·³ ²¨§ Í¨Õ  ¤·µ´´µ° ³ É¥·¨¨ ¢ Í¥´É· ²Ó´ÒÌ ¸µÊ¤ ·¥´¨ÖÌ ÉÖ-
¦¥²ÒÌ Ö¤¥·, ¸¨²Ó´Ò° ¶·µ¤µ²Ó´Ò° ¶µÉµ± Î ¸É¨Í ¢¤µ²Ó µ¸¨ ¸Éµ²±´µ¢¥´¨Ö ¨,
¢¥·µÖÉ´µ, ¸² ¡Ò° ¶µÉµ± ¢ ¶µ¶¥·¥Î´µ³ ´ ¶· ¢²¥´¨¨. � ¡²Õ¤ ¥³Ò° ª¨§¡ÒÉµ±ª
¤¨²¥¶Éµ´µ¢ ´¥¡µ²ÓÏ¨Ì ³ ¸¸ ³µ¦¥É ¡ÒÉÓ ¨´É¥·¶·¥É¨·µ¢ ´ ± ± ·¥§Ê²ÓÉ É ¨§-
²ÊÎ¥´¨Ö ¨§ ±¢ ·±-£²Õµ´´µ° Ë §Ò ¨²¨ ³µ¤¨Ë¨± Í¨¨ ³ ¸¸ ¨ Ï¨·¨´ · ¸¶ ¤ 
¢¥±Éµ·´ÒÌ ³¥§µ´µ¢ ¢ ¶²µÉ´µ° ³ É¥·¨¨, ¸¢Ö§ ´´µ° ¸ Î ¸É¨Î´Ò³ ¢µ¸¸É ´µ¢²¥-
´¨¥³ ±¨· ²Ó´µ° ¸¨³³¥É·¨¨. “¸¨²¥´´µ¥ ·µ¦¤¥´¨¥ ¸É· ´´ÒÌ  ¤·µ´µ¢ É ±¦¥
¸µ£² ¸Ê¥É¸Ö ¸ ¶·¥¤¶µ²µ¦¥´¨Ö³¨ µ ¤¥±µ´Ë °´³¥´É¥ ¨ ¢µ¸¸É ´µ¢²¥´¨¨ ±¨· ²Ó-
´µ° ¸¨³³¥É·¨¨, ÌµÉÖ ³µ¦¥É ¡ÒÉÓ µ¶¨¸ ´µ ¨ ¢ · ³± Ì ¸É ´¤ ·É´ÒÌ ³µ¤¥²¥°
 ¤·µ´´ÒÌ ± ¸± ¤µ¢. ˆ´É·¨£ÊÕÐ¨³ Ö¢²¥´¨¥³ ¶·¥¤¸É ¢²Ö¥É¸Ö ´ ¡²Õ¤ ¥³µ¥ ¢
¸Éµ²±´µ¢¥´¨ÖÌ PbÅPb ¢ Ô±¸¶¥·¨³¥´É¥ NA50 (SPS) ¨ ´¥ ¸µ£² ¸ÊÕÐ¥¥¸Ö ¸µ
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¸É ´¤ ·É´µ° ³µ¤¥²ÓÕ ¶·¥¤·¥§µ´ ´¸´µ£µ ¶µ£²µÐ¥´¨Ö ¢ ªÌµ²µ¤´µ³ª Ö¤¥·´µ³
¢¥Ð¥¸É¢¥  ´µ³ ²Ó´µ¥ ¶µ¤ ¢²¥´¨¥ ¢ÒÌµ¤  Ψ-·¥§µ´ ´¸µ¢, ¶·¨·µ¤Ê ±µÉµ·µ£µ ¢
¶µ²´µ° ³¥·¥ ¥Ð¥ Éµ²Ó±µ ¶·¥¤¸Éµ¨É ¢ÒÖ¸´¨ÉÓ.

‚ ¡Ê¤ÊÐ¨Ì Ô±¸¶¥·¨³¥´É Ì ´  ±µ²² °¤¥· Ì RHIC ¨ LHC ¶·¥¤¸É ¢²Ö¥É¸Ö
¢¥¸Ó³  ¶¥·¸¶¥±É¨¢´Ò³ ¨¸¶µ²Ó§µ¢ ´¨¥ ª¦¥¸É±¨Ìª É¥¸Éµ¢ ¸¢¥·Ì¶²µÉ´µ° ³ É¥-
·¨¨, ´¥¸ÊÐ¨Ì ¨´Ëµ·³ Í¨Õ µ ¸ ³ÒÌ · ´´¨Ì ¸É ¤¨ÖÌ ¥¥ Ô¢µ²ÕÍ¨¨. � ·Ö¤Ê ¸
¶µ¤ ¢²¥´¨¥³ ÉÖ¦¥²ÒÌ ±¢ ·±µ´¨¥¢ Ψ ¨ Υ, ¶·¨³¥·µ³ É ±µ£µ É¥¸É  Ö¢²Ö¥É¸Ö
¶·µÌµ¦¤¥´¨¥ Î¥·¥§ ¸·¥¤Ê ¦¥¸É±¨Ì ¸É·Ê° Í¢¥Éµ§ ·Ö¦¥´´ÒÌ ¶ ·Éµ´µ¢, ±µÉµ-
·Ò¥ ·µ¦¤ ÕÉ¸Ö ¢ ¸ ³µ³ ´ Î ²¥ ¶·µÍ¥¸¸  ¸µÊ¤ ·¥´¨Ö ¢ ·¥§Ê²ÓÉ É¥ µÉ¤¥²Ó´ÒÌ
¦¥¸É±¨Ì ´Ê±²µ´-´Ê±²µ´´ÒÌ · ¸¸¥Ö´¨°, ¶·µÌµ¤ÖÉ Î¥·¥§ ¶²µÉ´ÊÕ ³ É¥·¨Õ ¨
¢§ ¨³µ¤¥°¸É¢ÊÕÉ ¸ ¥¥ ¸µ¶ÊÉ¸É¢ÊÕÐ¨³¨ ±µ´¸É¨ÉÊ¥´É ³¨, ÎÉµ ¶·¨¢µ¤¨É ± ·Ö¤Ê
¨´É¥·¥¸´ÒÌ ÔËË¥±Éµ¢: ¸Éµ²±´µ¢¨É¥²Ó´Ò³ ¨ · ¤¨ Í¨µ´´Ò³ ¶µÉ¥·Ö³ Ô´¥·£¨¨
¸É·Ê¨, ¶µ¤ ¢²¥´¨Õ ¢ÒÌµ¤  ¶ · ¦¥¸É±¨Ì  ¤·µ´´ÒÌ ¸É·Ê° ¨ Ê¢¥²¨Î¥´¨Õ ¢Ò-
Ìµ¤  ³µ´µ¸É·Ê°, ´¥±µ³¶² ´ ·´µ¸É¨ ¨³¶Ê²Ó¸  ¶ ·Ò ¸É·Ê°, ¢µ§¡Ê¦¤¥´¨Õ ¤¨-
´ ³¨Î¥¸±¨Ì ´¥Ê¸Éµ°Î¨¢µ¸É¥° ¢ ¸·¥¤¥ ¨ ¥¥ ¶µ²Ö·¨§ Í¨¨. �¥Ï¥´¨¥ ¶·µ¡²¥³Ò
¨¤¥´É¨Ë¨± Í¨¨ ¦¥¸É±¨Ì Š•„-¸É·Ê° ´  Ëµ´¥ ª²µ¦´ÒÌª ¸É·Ê° Å ¸É É¨¸É¨Î¥-
¸±¨Ì Ë²Ê±ÉÊ Í¨° ¶µÉµ±  ¶µ¶¥·¥Î´µ° Ô´¥·£¨¨, µ¡Ê¸²µ¢²¥´´ÒÌ µ£·µ³´µ° ³´µ-
¦¥¸É¢¥´´µ¸ÉÓÕ ¢Éµ·¨Î´ÒÌ Î ¸É¨Í ¢ ¸µ¡ÒÉ¨¨, ¤¥² ¥É, É ±¨³ µ¡· §µ³, ¢µ§³µ¦-
´Ò³ ¨¸¶µ²Ó§µ¢ ´¨¥ Ì · ±É¥·¨¸É¨± ¸É·Ê° ¤²Ö ¨§ÊÎ¥´¨Ö Ê¸²µ¢¨° Ëµ·³¨·µ¢ ´¨Ö
¸¢¥·Ì¶²µÉ´µ° ³ É¥·¨¨ ¢ ¶·µ¥±É¨·Ê¥³ÒÌ Ô±¸¶¥·¨³¥´É Ì ¶µ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É-
¸±¨³ ¸Éµ²±´µ¢¥´¨Ö³ ÉÖ¦¥²ÒÌ Ö¤¥·.
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The article summarizes the current status of lattice investigations of Quantum Chromo Dynamics
at ˇnite temperature. After a brief introduction into the formulation of QCD on the lattice and
into the treatment of lattice QCD in numerical simulations, the current knowledge about the critical
temperature of the transition from the hadron to the quark gluon plasma phase is presented. The status
of investigations of the nature of this transition is discussed. Moreover, analyses of the equation of
state in the high temperature phase as well as computations of the excitation spectrum at nonvanishing
temperature are presented.

‚ · ¡µÉ¥ · ¸¸³ É·¨¢ ¥É¸Ö ¸µ¢·¥³¥´´µ¥ ¸µ¸ÉµÖ´¨¥ ·¥Ï¥ÉµÎ´ÒÌ ¨¸¸²¥¤µ¢ ´¨° Š•„ ¶·¨ ±µ-
´¥Î´µ° É¥³¶¥· ÉÊ·¥. �µ¸²¥ µ¡µ§·¥´¨Ö Ëµ·³Ê²¨·µ¢±¨ ¨ Î¨¸²¥´´µ£µ ³µ¤¥²¨·µ¢ ´¨Ö Š•„ ´  ·¥-
Ï¥É±¥ · ¸¸³µÉ·¥´µ ¸µ¢·¥³¥´´µ¥ ¶·¥¤¸É ¢²¥´¨¥ µ ±·¨É¨Î¥¸±µ° É¥³¶¥· ÉÊ·¥ ¶¥·¥Ìµ¤  µÉ  ¤·µ´´µ°
Ë §Ò ± Ë §¥ ±¢ ·±-£²Õµ´´µ° ¶² §³Ò. �¡¸Ê¦¤ ¥É¸Ö ¸µ¸ÉµÖ´¨¥ ¨¸¸²¥¤µ¢ ´¨° ¶·¨·µ¤Ò ÔÉµ£µ ¶¥-
·¥Ìµ¤ . Š·µ³¥ Éµ£µ, ¶·¥¤¸É ¢²¥´Ò ± ±  ´ ²¨§ Ê· ¢´¥´¨Ö ¸µ¸ÉµÖ´¨Ö ¢ ¢Ò¸µ±µÉ¥³¶¥· ÉÊ·´µ° Ë §¥,
É ± ¨ ¢ÒÎ¨¸²¥´¨Ö ¸¶¥±É·  ¢µ§¡Ê¦¤¥´¨° ¶·¨ ±µ´¥Î´µ° É¥³¶¥· ÉÊ·¥.

1. INTRODUCTION

The transition from hadronic matter to a new state of matter, the quark gluon
plasma, at some ˇnite temperature Tc is a phenomenon which is governed by
long range interactions. As such, its understanding requires a nonperturbative
treatment of QCD. Due to the asymptotic freedom of QCD which predicts that
the temperature dependent coupling g(T ) vanishes in the limit T → ∞, at very
high temperatures one expects only weakly interacting gas of quarks and gluons.
However, it is not clear at which value of the temperature one may apply pertur-
bation theory reliably. This holds, in particular, in the temperature regime which
can be accessed by the forthcoming heavy ion collision experiments at RHIC and
LHC. Moreover, ˇnite temperature perturbative calculations are usually plagued
by infrared divergencies which seem to be curable only nonperturbatively. Thus,
nonperturbative analyses of QCD are also requested in order to obtain information
on the properties of the plasma phase.

∗Lectures presented at the ªResearch Workshop on Deconˇnement at Finite Temperature and
Densityª, Dubna, Russia, October 1Ä29, 1997
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The lattice approach to QCD distinguishes itself from other nonperturbative
treatments by the principal absence of any approximation to QCD. Of course, due
to the ever present limitations of computational power to evaluate the QCD path
integral numerically, systematic errors of lattice QCD arise from the necessary
constraints on the lattice volume, the ˇnite lattice spacing a and the quark mass.
In particular, since the computations which take into account virtual quark loops
are very time consuming, many lattice analyses have been carried out in the pure
gauge sector of QCD, the quenched approximation. This has delivered nontrivial
results as the pure glue system is conˇning and chiral symmetry breaking. In
particular, bulk properties of gluons at ˇnite temperature can be regarded as being
solved: the system has a well-established ˇrst-order transition [1], the equation
of state is known in the continuum limit [2], and the critical temperature in the
continuum limit has been determined with only a few percent uncertainty [3, 4].
Clearly, more detailed questions like, e.g., the nature of excitations in the plasma
deserve further work, also in the quenched approximation. Yet, the emphasis
of recent research has shifted towards studies of full QCD including staggered
as well as Wilson quarks. These studies have not yet reached the quality of
quenched simulations. In particular, the quark masses could not yet be tuned
to their physical values. Moreover, at the moment these studies are carried out
at considerably larger lattice spacings for technical reasons. Therefore, with the
standard discretizations, extrapolations to the continuum limit (vanishing lattice
spacing) will be more difˇcult than in the quenched case. Thus, the search for
improved actions has received much attention recently also in the context of ˇnite
temperature QCD.

These lectures attempt to summarize the current status of knowledge in ˇnite
temperature lattice QCD and the current developments to improve on these re-
sults. In section 2 a short introduction into lattice techniques is given. Section 3
summarizes estimates of the critical temperature. In section 4 the present status
of knowledge about the nature of the chiral transition is discussed. Section 5 de-
scribes studies of energy density and pressure at high temperature while section 6
reviews some results on screening lengths and masses. Conclusions are given in
section 7.

2. LATTICE SIMULATIONS

The partition function Z(V, T ) of a generic Quantum Field Theory with
elementary ˇelds Φ in a given spatial volume V at temperature T is given by the
path integral

Z(V, T ) =

∫
DΦ e−SE(V,T ). (1)
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Here SE is the Euclidean action, which deˇnes the ˇeld theory in terms of a
4-dimensional integral over the Lagrangian, L,

SE(V, T ) =

∫ 1/T

0

dt

∫
V

d3xL(Φ). (2)

The Lagrangian depends only on the fundamental ˇelds Φ(t, ~x) and a set of
coupling constants. The temperature and volume of a thermodynamic system
enter through the restriction of the fundamental ˇelds to a ˇnite (3+1)-dimensional
region of space-time. In particular, the temperature enters by restricting the
Euclidean time interval to the range t ∈ [0, 1/T ] and by demanding periodic
(antiperiodic) boundary conditions for bosonic (fermionic) ˇelds in this direction.
Thermodynamic quantities can then be obtained as derivatives of the partition
function. For instance, the energy density and the pressure are given by

ε =
T 2

V

∂

∂T
lnZ, p = T

∂

∂V
lnZ. (3)

The quantum ˇeld theory, deˇned formally by the above relations, can be
regularized by introducing a discrete space-time lattice with a ˇnite lattice spacing
a. This spacing acts as a coordinate cut-off which has to be removed at the end,
i.e., the continuum limit a → 0 has to be taken. On the lattice, the number of
degrees of freedom is reduced to a large but ˇnite set. This gives a well deˇned
statistical interpretation to the path integral and to most observables of interest,
which can be viewed as expectation values calculated in a statistical ensemble
with Boltzmann weights exp(−SE).

On a 4-dimensional space-time lattice with a lattice spacing a, the ˇelds Φ(x)
are restricted to the discrete set of points, (x0, ~x) → na ≡ (n0a, n1a, n2a, n3a).
Accordingly, Φ(x) gets replaced by φ(n) and the measure in the path integral
DΦ becomes

∏
n dφ(n). The partition function of this system reads

Z(V, T ) =

∫ ∏
n

dφ(n) e−SE(V,T ), (4)

where the temperature of a lattice of size Nτ ×N3
σ is determined by the temporal

extent, T = 1/Nτa, and the spatial volume is given by V = (Nσa)3.
The crucial step in formulating a lattice regularized quantum ˇeld theory

is the proper discretization of the Euclidean action, SE . This can be achieved
in a straightforward way for a scalar ˇeld theory by discretizing the integral in
Eq. (2) and replacing derivatives of ˇelds by ˇnite differences. The action of the
φ4-theory for instance, may be discretized as∫

d4x

{
1

2

∑
µ

(∂µΦ(x))2 +
1

2
m2Φ2(x) +

g

4!
Φ4(x)

}
→
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→
∑

n=(n0,..,n3)

a4

{
− 1

a2

3∑
µ=0

φ(n)φ(n+ µ̂) +
1

2
(m2 +

8

a2
)φ2(n) +

g

4!
φ4(n)

}
,

(5)
with µ̂ denoting the unit vector pointing to neighbouring sites in a 4-dimensional
lattice, m being the particle mass and g the coupling constant.

In the case of a gauge theory the discretization is not at all so obvious. In
fact, it is important to choose a discretization such that the basic symmetries of
the continuum action are preserved. This is not always possible as, e.g., for
fermionic theories. However, the most important step clearly is to construct a
discretized action which preserves local gauge invariance [5].

Gauge ˇelds mediate the interactions between matter. It is thus suggestive
to introduce them as variables on the links (n, µ) of the lattice rather than on the
sites. Gauge ˇelds, Aµ(x), can then be related to elements Uµ(n) of a gauge
group. In the case of an SU(N) gauge theory, the relation between Uµ(n) and
Aµ(x) is given by

Uµ(n) = exp

[
−iga

∫ na+µ̂a

na

dxµAµ(x)

]
, (6)

where g is the bare coupling constant. Expanding this relation in the lattice
spacing one can verify that the single plaquette action proposed by Wilson [5]

SG =
2N

g2

∑
n;0≤µ<ν≤3

=

=
2N

g2

∑
n;0≤µ<ν≤3

1

N
RetrUµ(n)Uν(n+ µ̂)U−1

µ (n+ ν̂)U−1
ν (n) , (7)

approximates the continuum action for the gauge ˇelds up to terms of O(a2),

SG =

∫
d4x

1

2
trF 2

µν +O(a2). (8)

In the continuum limit, a→ 0, these higher order corrections become irrelevant.
Wilson also suggested a discretization scheme for fermionic actions. While

it is easy to preserve local gauge invariance also in this case, it is not possible
to preserve all the chiral properties of fermionic actions. Fermion actions contain
only ˇrst derivatives of the ˇelds. As a consequence, a straightforward discretiza-
tion, similar to the scalar case described in Eq. (5), leads to additional poles in
the lattice fermion propagator. In the continuum limit these additional poles will
give rise to 15 additional, unwanted fermion species rather than only the one we
started with. It could be shown [6] that this is a general phenomenon when in
addition to such elementary assumptions as locality, hermiticity and translational
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invariance also a continuous chiral symmetry of the action is required. There are
however certain loopholes. Wilson proposed a discretization scheme for fermi-
ons, in which a second-order derivative term is added to the naively discretized
fermion action SF ,

S
(W )
F =

1

2

∑
n,µ

{ψ(n)γµUµ(n)ψ(n+ µ̂)− ψ(n+ µ̂)γµU
−1
µ (n)ψ(n)}+

+
1

2

∑
n,µ

{2ψ(n)ψ(n)− ψ(n+ µ̂)U−1
µ (n)ψ(n)− ψ(n)Uµ(n)ψ(n+ µ̂)}. (9)

While the ˇrst term approximates the continuum action ψ(x)[∂µ+igAµ(x)]ψ(x)+
O(a2), the second term is O(a) relative to the ˇrst one and becomes irrelevant in
the (naive) continuum limit. Its effect is that the 15 additional fermions acquire
a large mass of O(1/a), which diverges in the continuum limit, and thus would
decouple from the dynamics of the theory. However, chiral invariance of the
action is lost at ˇnite lattice spacing and is to be recovered in the continuum
limit. Usually, including a mass term, Wilson's fermion action is rewritten as

S
(W )
F = ψ(n)ψ(n)−

− κ
∑
n,µ

{ψ(n)(1 − γµ)Uµ(n)ψ(n+ µ̂) + ψ(n+ µ̂)(1 + γµ)U−1
µ (n)ψ(n)}. (10)

The hopping parameter κ contains the quark mass and, in the free case, is given
by κ−1 = 8 + 2mqa.

Another approach is due to Kogut and Susskind [7]. By distributing four
components of the continuum spinor over different sites of the lattice it is possible
to reduce the number of additional species. If one introduces one staggered
fermion species on the lattice, the Kogut Å Susskind or staggered lattice action
will lead to NF = 4 species of fermions in the continuum limit. Moreover it
preserves a global U(1) × U(1) chiral symmetry, i.e., an Abelian subgroup of
the continuum chiral symmetry. For studies of chiral symmetry breaking on the
lattice it is convenient to work with such a lattice action which preserves at least
part of the SU(NF ) × SU(NF ) chiral symmetry of the continuum action. The
staggered fermion action, obtained after a diagonalization in the Dirac indices,
becomes

S
(KS)
F =

∑
n,l

χ̄(n)M(n, l)χ(l). (11)

Here the fermion ˇelds, χ, χ̄, are single-component anticommuting Grassmann
variables deˇned on the sites of the lattice and the fermion matrix M(n, l) is
given by

M(n, l) =

3∑
µ=0

Dµ(n, l) +mδ(n, l). (12)
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The hopping matrices Dµ(n, l) mediate the nearest neighbour interactions and
have nonzero elements only for l = n± µ̂,

Dµ(n, l) =
1

2
ηµ(n)[Uµ(n)δ(n+ µ̂, l)− U−1

µ (l)δ(n− µ̂, l)]. (13)

The phase factors ηµ(n) = (−1)n0+...+nµ−1 for µ > 0 and η0(n) = 1 are rem-
nants of the γµ matrices. Note that the fermion action in the Wilson discretization,
Eq. (9) can be written in a similar form with a slightly more complicated hopping
term which also carries spinor indices.

Finally, the partition function of QCD takes on the form

Z =

∫ ∏
n,µ

dUµ(n)
∏
n

dχ(n)dχ̄(n) e−
[
SG+SF

]
, (14)

where for Wilson's formulation the χ ˇelds are to be replaced by the ψ spinors.
As the fermionic part of the action is bilinear in the ˇelds χ̄(n), χ(n), these can
be integrated out and the partition function can be represented in terms of bosonic
degrees of freedom only,

Z =

∫ ∏
n,µ

dUn,µ detM e−SG . (15)

In this form the partition function is well suited for numerical studies. A major
problem is, however, caused by the presence of the fermion determinant, which
in general cannot be calculated exactly. Algorithms for the numerical integration,
which circumvent the explicit calculation of this determinant, are thus required.

In the lattice regularization, the Feynman path integral, Eq. (4), becomes a
well-deˇned meaning as an ordinary integral. Because of the high dimensionality,
its numerical evaluation, however, is a formidable task. Imagine a lattice of just
104 lattice points, then Eq. (4) represents a 104 fold integral times the number
of internal degrees of freedom. Many ˇeld conˇgurations {φ} will contribute to
the integral with rather small Boltzmann weights, exp{−S(φ)}, though. Thus an
efˇcient way to compute the integral would consist in generating a sequence of
ˇeld conˇgurations {φ}(k) which are distributed according to this weight factor.
The expectation value of an observable O(φ) can then be approximated by the
ensemble average

〈O(φ)〉 =
1

M

M∑
k=1

O({φ}(k)). (16)

Such a series of ˇeld conˇgurations is obtained by means of the so-called Markov
chains. Starting from some arbitrary initial conˇguration {φ}(0) one generates,
one after the other, new sets of φ ˇelds. Under certain conditions, the sets {φ}(k)
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will be distributed according to the equilibrium probability exp{−S(φ)}, once a
number of not-yet equilibrated initial conˇgurations has been discarded.

It may sufˇce here to demonstrate the principles of this procedure by pre-
senting the prototype Metropolis algorithm [8]. It consists of two steps: site by
site (i) choose a trial update φ′ according to some normalized probability distri-
bution Ptrial(φ → φ′) = Ptrial(φ

′ → φ) and (ii) accept φ′ with the conditional
probability

Paccept = min

{
1,
e−S(φ′)

e−S(φ)

}
. (17)

The trial distribution Ptrial must be chosen in such a way that the whole conˇg-
uration space can be covered. The conditional accept probability Paccept favors
conˇgurations with lower action and thus higher Boltzmann weight but allows
also for conˇgurations with a smaller Boltzmann weight to be included in the set.
This is necessary in order to account for the quantum uctuations. Finally, the
algorithm satisˇes detailed balance, (P = Ptrial ∗ Paccept)

e−S(φ)P (φ→ φ′) = e−S(φ′)P (φ′ → φ), (18)

which is a sufˇcient condition for convergence to the equilibrium distribution.
As new conˇgurations are calculated from previous ones, it is clear that sub-

sequent ©snapshotsª of the system are not statistically independent of each other.
In order to carry out a correct statistical error analysis it is therefore desirable to
step through conˇguration space rather quickly, minimizing the number of inter-
mediate conˇgurations which have to be discarded because they do not provide
information independent of the previous state. The Metropolis algorithm is local
and can be implemented efˇciently. However, either the new value φ′ is close to
the old one, in which case the change in the action is small and its acceptance
is likely, or the new φ′ is far from the old one. In the latter case the change in
the action is large, however, and the acceptance rate drops exponentially. Both
choices result in a slow exploration of conˇguration space. These autocorrelation
times between subsequent conˇgurations can in general be decreased by using
algorithms which mix stochastic updatings with deterministic ones.

In the full theory, with dynamical fermions, one has to deal with the fermion
determinant, Eq. (15). Here, most simulations make use of the hybrid Monte
Carlo algorithm [9, 10]. As a prerequisit the determinant is re-expressed by a
path integral over pseudofermion ˇelds, i.e., bosonic (commuting) ˇelds which
interact via the inverse fermion matrix∗,

det{D +m} =

∫ ∏
n

dφ(n)dφ∗(n) exp
{
−φ∗(D +m)−1φ

}
. (19)

∗As the fermion matrix is not positive deˇnite, one ˇrst has to square the determinant in order to
obtain a regular Boltzmann weight factor. This minor complication will be neglected in the following.
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Because of the nonlocality of the inverse Dirac matrix, any local updating scheme
for the gauge ˇelds in Eq. (15) would though require to recalculate the inverse
after each local change in the U 's. Alternatively, one could change a whole
gauge ˇeld conˇguration at once and then recalculate the inverse. However, with
ordinary, local updating procedures, the acceptance probability of a global change
would drop to zero very quickly with the lattice size. The hybrid Monte Carlo
algorithm solves this problem by deliberately preparing a new conˇguration for
a global accept/reject decision, Eq. (17). For this purpose one adds a quadratic
term to the action,

H =
1

2

∑
n,µ

trπ2
µ(n) + SG(U) + φ∗(D +m)−1φ , (20)

which can be integrated out analytically and does not change expectation values.
This expression, Eq. (20), is now taken as a Hamiltonian, with πµ(n) being the
momenta conjugate to the gauge ˇelds, from which the Hamiltonian equations of
motion∗ in a ˇctitious time τ are derived [11],

d

dτ
Uµ(n) = iπµ(n)Uµ(n)

i
d

dτ
πµ(n) = Uµ(n)

∂

∂Uµ(n)
H. (21)

By numerically integrating the Hamilton equations over some time interval the
whole of the gauge ˇelds are evolved relatively fast through phase space. Since
Hamilton's equations are energy conserving, H = const, the new values for the
gauge ˇelds would be accepted with probability 1 if one could do the integra-
tion exactly. Discretization errors, however, cause slight violations of energy
conservation which are corrected for in a global Metropolis acceptance decision,
Eq. (17). By controlling the discretization step width dτ one can keep the en-
ergy conservation violations small and maintain a large acceptance probability.
Finally, the molecular dynamics evolution, Eq. (21), is supplemented by random
refreshments of the momenta π and the pseudofermions φ in order to guarantee
ergodicity.

In simulations with dynamical fermions, by far the largest fraction of com-
puting time goes into repeatedly calculating the inverse of the Dirac matrix. For
that purpose, solvers which iteratively explore the Krylov space like, e.g., the con-
jugate gradient algorithm are used [12]. The numerical effort for the inversion

∗Eq. (21) represents a slight modiˇcation of Hamilton's equations in order to preserve the gauge
ˇelds as elements of the gauge group.
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depends on the fermion mass via the condition number,

|λ|max
|λ|min

∼ 1

m
, (22)

where λ denotes an eigenvalue of the Dirac matrix. This explains the high cost
of simulations with small fermion masses.

As the numerical effort required for the simulation of fermions is quite large,
many lattice investigations have been using the so-called quenched approximation.
This approximation amounts to setting the determinant equal to 1,

det{D +m} = exp [tr log(D +m)]
!
= 1. (23)

Expanding the exponent leads to

tr log(D +m) ∼
∞∑
k=0

(
1

m
)2ktrD2k !

= 0. (24)

The Dirac matrix D connects neighbouring lattice sites via a gauge link and in
a way describes the hopping of a fermion from one site to the next. Because
of the trace, only closed loops contribute in Eq. (24). Thus, the seemingly
crude quenched approximation amounts to neglecting virtual quark loops and
treats fermions as static degrees of freedom. Properties of the theory which
depend crucially on the fermion dynamics are thus not accessible by studies in
the quenched approximation. On the other hand, basic properties of QCD which
are dominated by the non-abelian gluon dynamics should and do survive the
approximation. Quenched studies therefore serve as important guides for many
nonperturbative aspects of the theory. Of course, the results have to be checked
by calculations in the full theory.

The statistical accuracy of computations notably in the quenched approxima-
tion has nowadays become so good that the major uncertainty of the results is the
systematic error arising from ˇnite lattice spacings. There are attempts to reduce
this error by using the so-called improved actions. A detailed presentation of this
rather technical issue is beyond the scope of these lectures, yet it might be useful
to demonstrate some ideas.

Improved actions are targeted at reducing the deviations between the contin-
uum and the lattice action to higher orders in the lattice spacing. In principle, e.g.,
for a generic scalar action, this can be achieved by using better ˇnite difference
approximants to the derivative. With

S1 =
1

2a
[φ(x + µ̂)− φ(x− µ̂)] = ∂µφ+

a2

6
∂3
µφ+O(a4)

S2 =
1

6a
[φ(x + 3µ̂)− φ(x − 3µ̂)] = ∂µφ+

3a2

2
∂3
µφ+O(a4) (25)
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one obtains
9

8
S1 −

1

8
S2 = ∂µφ+O(a4) (26)

and thus reduces the deviations from O(a2) to O(a4). Clearly, this procedure is
not unique and can be iterated towards increasingly better approximants. The price
to be paid are successively more extended lattice operators and correspondingly
more computational effort per lattice site. The same principle applies to gauge
ˇelds although the generalization is perhaps not so immediate because gauge
invariance ought to be preserved. Here one adds larger loops to the simple
plaquette term, Eq. (7), in the simplest case

SG ∼
4

3
− 1

6
∼ Scont

G +O(a4). (27)

The coefˇcients of the two loops have been adjusted at tree level so as to improve
the classical action. In the path integral, however, quantum corrections introduce
deviations of order a2g2n. In principle [13] these can be eliminated order by
order in perturbation theory. For on-shell quantities this program was carried
out at one-loop level [14]. However, lattice perturbation theory in the bare gauge
coupling is badly converging in the parameter range usually explored in numerical
studies. The bad convergence can be traced back to the expansion of the link
variable Uµ, Eq. (6), in terms of the gauge potential Aµ,

Uµ ' 1 + iagAµ −
1

2
a2g2A2

µ + ... (28)

The higher orders lead to vertices not present in continuum perturbation theory.
Their contributions are not small at gauge couplings of O(1). Moreover, they lead
to ©tadpoleª diagrams [15] which enhance O(a2g2n) corrections to O(g2n). These
unwanted terms can partly be eliminated by the so-called tadpole improvement.
In this approach the link variables are renormalized by their mean ˇeld value
(which in the lowest nontrivial order is given by the tadpole contribution) and
the perturbative series is carried out in a renormalized coupling. It is however
a priori not known whether nonperturbative quantities are sufˇciently improved
by this recipe.

Similar improvement programs have been suggested for fermion actions [16,
17]. This seems important in particular for the Wilson discretization which
deviates from the continuum action in O(a), compared to staggered fermions at
O(a2). Here, also a nonperturbative determination of the coefˇcients in the action
by requiring certain Ward identities to hold have been advocated [18] and are
being explored.

Finally, renormalization group ideas have been used to construct improved
actions [19]. Integrating out high momentum uctuations leads to coarse grained
lattices and deˇnes a renormalization group ow in a multidimensional parameter
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space. In principle one could thus derive a perfect action which at a given value
for the lattice spacing ©sitsª on the renormalized trajectory. In practice one has to
truncate the set of different lattice operators to some manageable number. Again,
this approach is also being used and tested.

3. CRITICAL TEMPERATURE

One of the basic quantities to be derived from ˇnite temperature lattice QCD
is the value of the critical temperature. The critical temperature is obtained from
the location where a certain order parameter vanishes. In the case of the pure
SU(N) gauge theory this order parameter is the expectation value of the Polyakov
loop

〈L〉 = 〈 1

N
tr

Nτ∏
n0=1

U0(n0)〉. (29)

Below the phase transition its vanishing signals that the theory is invariant under
the center symmetry Z(N) of SU(N) : U0(Nτ ) → zU0(Nτ ) with zεZ(N).
Above Tc the ˇnite value of 〈L〉 shows breakdown of that symmetry. Moreover,
the Polyakov loop is related to the free energy Fq of a single quark

〈L〉 = exp(−Fq/T ) (30)

so that 〈L〉 = 0 below Tc is equivalent to an inˇnite Fq , i.e., one has conˇnement.
Above the transition, Fq can be ˇnite because of deconˇnement, hence 〈L〉 6= 0.

The fermionic part of the action breaks the center symmetry explicitly. Thus
the Polyakov loop is not an order parameter in the symmetry sense anymore. The
relation with the free energy still holds. However, in the chiral limit the QCD
Lagrangian is invariant under chiral avor transformations. These symmetries
are spontaneously broken at T = 0 leading to a nonvanishing chiral condensate,
〈ψψ〉 6= 0, and to massless Goldstone bosons, the pions. At high temperature one
expects that the chiral invariance is restored indicated by 〈ψψ〉 → 0 at the critical
temperature.

Because on a ˇnite lattice the Polyakov loop can tunnel through all different
Z(N) vacua one usually analyzes 〈|L|〉. In simulations with fermions one cannot
run at vanishing quark mass. Both leads to nonvanishing tails of the order
parameters in the ©otherª phase. Therefore, the corresponding susceptibilities
χL = 〈|L|2〉 − 〈|L|〉2 and χm = 〈(ψψ)2〉 − 〈ψψ〉2 are more sensitive to the
location of the critical temperature where they develop a peak.

In Fig.1 the Polyakov loop and the chiral condensate as well as the cor-
responding susceptibilities are plotted as a function of the coupling. The data
originates from a simulation with two avors of dynamical staggered quarks.
Note that in principle the deconˇnement and the chiral transition are two different
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Fig. 1. Polyakov loop and chiral condensate together with the corresponding susceptibilities
as a function of the coupling β = 6/g2 from a simulation with two avors of dynamical
staggered quarks

phenomena, yet, one observes the peaks in both susceptibilities (with fermions in
the fundamental color representation) at the same location.

Once the critical bare coupling is known, one needs to turn that value into
a physical number for the temperature. Recall that the temperature of a lattice is
given by the relation T = 1/(Nτa(β)) where the lattice spacing is dependent on
the bare coupling β = 6/g2 by dimensional transmutation. In order to vary T one
can change Nτ in discrete steps or tune a by varying β. For each Nτ one needs a
different value for a hence for β to tune to the same temperature. For a physical
value of T or Tc a physical number for the lattice spacing has to be known.
This is obtained by computing a quantity with nontrivial dimension like, e.g., a
hadron mass mH or the string tension σ on a lattice with the same bare coupling
but at T = 0. This yields these quantities in lattice units, e.g., σlat = σa2(β).
In ratios like Tc/

√
σ = 1/(Nτ

√
σlat) the lattice spacing drops out and the ratios

should become independent of a. Due to nonuniversal scaling, i.e., an observable-
dependent relation between a and β and due to lattice discretization effects these
ratios need not be constant however. To obtain continuum numbers one has to
extrapolate to a→ 0.

Figure 2 summarizes the current status of analysis in the quenched approx-
imation. It shows the ratio Tc/

√
σ for various actions where σ is the string

tension extracted from the static quark potential at T = 0. For all data points
the value of the critical coupling has been extrapolated to its inˇnite (spatial)
volume limit at which then the string tension was determined. The lowest set
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Fig. 2. The quenched critical temperature in units of the square root of the string tension
for various gauge actions versus the lattice spacing squared

Fig. 3. The critical temperature in units of the square root of the string tension for dynamical
fermions versus the square of the lattice spacing (for further explanations see text)

of data points originates from simulations with the standard Wilson gauge ac-
tion [2, 4]. An extrapolation in the lattice spacing to the continuum limit gives
Tc/
√
σ = 0.630(5). The data is compared with results from simulations with a

variety of Symanzik-improved actions [4, 21]. Note that in this particular ratio,
Tc/
√
σ, no strong cut-off dependence is seen in neither case. Also the continuum



FINITE TEMPERATURE QCD ON THE LATTICE 733

Fig. 4. The critical temperature in units of the square root of the string tension for dynamical
fermions plotted versus (MPS/MV )2. The point at (MPS/MV )2 = 1 is the Nτ = 4
quenched value

extrapolations are in agreement with each other. Likewise, the results [3] from
Iwasaki's RG-improved action are consistent with a constant behavior in a, but
they deliver a value of the critical temperature of Tc/

√
σ = 0.656(4) which is

about 3% higher than the number from the standard action. Since the procedure
to extract the string tension has not been the same for the two numbers, one
might suspect that the difference in the quoted values for Tc, Tc = 276(2)MeV
versus 266(2) MeV, is mainly due to differences in the analysis of the static quark
potential [22] rather than to differences in the improvement scheme.

The current situation with dynamical fermions is depicted in Fig.3. The plot
summarizes data from simulations with 2 avors of quarks, staggered fermions
at Nτ = 4 and 6 [23, 24] as well as improved Wilson fermions at Nτ = 4 [23],
plus NF = 4 staggered results obtained from Nτ = 4 lattices with an improved
action [25] in addition to an old number [26] from Nτ = 8 and a standard
action. Compared to the equivalent quenched plot, Figure 3 shows that the lattice
spacings at which Tc has been determined so far are considerably larger than
in pure gauge theory simulations. Moreover, the investigations have not been
carried out at the physical quark masses. The arrow in Figure 3 indicates that at
ˇxed Nτ the transition takes place at larger lattice spacings when the quark mass
is decreased. Thus the critical temperature is decreasing when the quark mass is
lowered.

The same data is shown again in Fig.4 as a function of the pseudoscalar
Goldstone boson to vector meson mass ratio (MPS/MV )2 which is proportional
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Fig. 5. The critical temperature in units of the vector meson mass for staggered fermions
plotted versus (MPS/MV )2

to the physical quark mass. Here now, at ˇxed Nτ , smaller lattice spacings are
to the right of the ˇgure. The Nτ = 4 staggered data indicate that Tc over

√
σ

tends to lower values as the quark mass decreases. The same trend is observed
for the Wilson improved results, although at larger (MPS/MV )2 ratios. On the
other hand, the Nτ = 6 data point seems to indicate that, at a given quark mass,
decreasing of the lattice spacing increases Tc/

√
σ only slightly. At the moment,

one would therefore estimate a physical value for the critical temperature of
Tc/
√
σ<∼ 0.4 or Tc<∼ 170 MeV.

The critical temperature has also been estimated from the ratio to the vector
meson mass. In this case one ought to go (close) to the chiral limit in order
to extract a physical number because the vector meson mass depends on the
quark mass. In the case of using the string tension to set the scale one might
argue that the string tension is considerably less affected by the quark mass.
Figure 5 shows Tc/MV for NF = 2 staggered fermions [24, 27Ä31], plotted as
function of (MPS/MV )2. As the quark mass is decreased this ratio rises. Recall
that the inˇnite quark mass, quenched data point corresponds to MPS/MV = 1
and Tc/MV = 0. As the lattice spacing is decreased, Tc/MV stays remarkably
constant. Extrapolating the Nτ = 4 data to the chiral limit suggests a value of
Tc/MV ' 0.2 or Tc ' 150MeV. Note that this value disagrees somewhat with
the number extracted from the string tension.

The corresponding data for dynamical Wilson quarks [23,32Ä34] are given in
Fig.6. Although some unexpected crossover behavior at the critical temperature
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Fig. 6. The critical temperature in units of the vector meson mass for Wilson fermions
versus (MPS/MV )2

was observed with the standard Wilson fermion action, at least the results for
Nτ = 6 and 8 as well as the ˇrst data with improved Wilson fermions [23] are
not in disagreement with the staggered data.

In summary, studies with dynamical fermions consistently have lead to an
estimate of the critical temperature of order 150 MeV for 2 avors so far. This
value is considerably lower than the quenched number of Tc = 270(5)MeV.
Because of the relation T = 1/(aNτ ) of the temperature T to lattice spacing a and
temporal extent Nτ of the lattice, dynamical fermion simulations in the vicinity
of the transition are correspondingly, at a given Nτ , carried out at considerably
larger lattice spacings.

4. PHASE TRANSITION

The studies presented in this section are aiming at establishing the order of
the transition to the plasma phase. A ˇrst order transition has discontinuities at the
ªcriticalª temperature, e.g., a latent heat, and the two phases are coexisting at Tc.
At a second order transition the correlation length and certain response functions
diverge while other quantities show a continuous behavior. These differences
lead to observable consequences in the cooling of the early universe as well as in
heavy ion collision experiments.

In the quenched approximation it has been clariˇed that the deconˇnement
transition is of ˇrst order [1]. In the full theory the nature of the transition is a
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subject of active research. The most advanced studies so far have concentrated
on two avors of light quarks as one is expecting that the restoration of chiral
symmetry is the important phenomenon also in the realistic case of two light, up
and down quarks plus the heavier strange quark.

4.1. Staggered NF = 2: Critical Behavior. The theoretical expectations on
the scaling behavior of QCD at the chiral transition are based on the σ model in
three dimensions. For the case of two light avors, if the transition is of second
order, it is expected to show scaling behavior with SU(2) × SU(2) ' O(4)
exponents. On the other hand, if the anomalous UA(1) symmetry were effectively
restored, the relevant symmetry group would be UA(1) × SU(2) × SU(2) '
O(2)×O(4) and the transition could be of ˇrst order [35].

It has been attempted to analyze the critical behavior of two avor staggered
QCD by studying the scaling behavior of various quantities and determining
critical exponents [36]. These scaling relations are derived from the scaling of
the singular part of the free energy density under an arbitrary change of scale b,

f(t, h) = −T
V

lnZ = b−1f(bytt, byhh). (31)

Here, t is the reduced temperature, t = (T − Tc)/Tc, with Tc as the critical
temperature in the chiral limit, and h is the symmetry breaking ˇeld, h = m/T .
In the vicinity of the critical point, thermodynamic quantities should be governed
by the thermal (yt) and the magnetic (yh) critical exponent. In the staggered
version of lattice regularized QCD, for the dimensionless couplings t and h one
uses

t =
6

g2
− 6

g2
c (0)

h = maNτ , (32)

where gc(0) denotes the critical coupling on a lattice with ˇxed temporal extent in
the limit of vanishing quark mass. At nonvanishing quark mass, a pseudo-critical
coupling gc(m) is deˇned as the location of a peak in, e.g., the Polyakov loop
susceptibility.

Quantities from which one can extract critical exponents are various suscep-
tibilities, in particular, the magnetic or chiral susceptibility

χm =
T

V

NF∑
i=1

∂2

∂m2
i

lnZ (33)

and the thermal susceptibility

χt = −T
V

NF∑
i=1

∂2

∂mi∂(1/T )
lnZ. (34)
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Table. Critical exponents for O(2), O(4) and mean ˇeld (MF). The numerical 2 avor
QCD results are given separately for each spatial lattice size, with upper values
denoting the JLQCD and the lower ones Å the Bielefeld group numbers [40, 41]

O(2) O(4) MF L=8 L=12 L=16
zg 0.60 0.54 2/3 0.70(11) 0.74(6) 0.64(5)

0.63(6)
zm 0.79 0.79 2/3 0.70(4) 0.99(8) 1.03(9)

0.84(5) 1.06(7) 0.93(8)
zt 0.39 0.34 1/3 0.47(5) 0.81(9) 0.83(12)

0.63(7) 0.94(12) 0.85(12)

Assuming that the free energy is dominated by its singular part, Eq. (31) then
leads to the scaling predictions for the peak heights of the susceptibilities at the
line of pseudocritical couplings

χpeak
m ∼ m−zm

χpeak
t ∼ m−zt , (35)

where the exponents are given by zm = 2− 1/yh and zt = (yt − 1)/yh + 1. The
pseudocritical line itself is expected to follow

6

g2
c (m)

=
6

g2
c (0)

+ cmzg (36)

with zg = yt/yh. The values of these exponents for various symmetries [37]
are given in the Table. At ˇnite lattice spacing the exact chiral symmetry of
the staggered fermion action is U(1) ' O(2). However, sufˇciently close to the
continuum limit one expects O(4) exponents. The possibility of mean-ˇeld (MF)
exponents arbitrarily close to the transition has been raised by [38].

Earlier investigations of the exponents on small lattices (83×4) had observed
partial agreement with O(4) scaling [39]. These studies have been repeated on
larger spatial volumes, L = 12, 16 by the JLQCD collaboration [40] and by the
Bielefeld group [41]. In addition to the quark mass values 0.02, 0.0375 and 0.075
in lattice units JLQCD also ran at m = 0.01. The volume dependence of the
chiral susceptibility at peak is shown in Fig.7, similar results are available for
the other quantities. For m ≥ 0.02, the susceptibility rises when the volume is
increased from 83 to 123, but then stays approximately constant. Thus, a phase
transition does not occur in this mass range, in agreement with earlier claims [42].
At m = 0.01 the linear increase in the peak height as the volume is enlarged
continues up to L = 16. As such, this observation could suggest a ˇrst order
transition. JLQCD however have studied the volume dependence of a double-
peak structure in the distribution of the chiral order parameter and conclude that
a ˇrst order transition is likely to be absent [40].
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Fig. 7. Volume dependence of the chiral susceptibility χm at peak for two avors of
staggered quarks

The quark mass dependence of χpeak
m is shown in Fig.8, expected scaling

behavior, Eq. (35). The resulting values for the critical exponents are also sum-
marized in the Table. For zg , within two standard deviations, agreement with all
three predictions is obtained. For the other two exponents, both groups consis-
tently observe a drastic change when the spatial extent is increased from L = 8 to
L = 12, 16. While for the small volume the value for zm is in rough agreement
with O(2) and O(4), the results from L = 12 and 16 do not agree with any of
the predicted numbers. Indeed, the observed value zm ' 1 would be expected
for a ˇrst order transition. The thermal exponent zt is larger than any of the
predictions for all volumes.

Another way to study the scaling behavior is to compute the (magnetic)
equation of state [43]

〈ψψ〉h−1/δ = φ(th−1/βδ), (37)

where the critical exponents δ and βδ are related to yt and yh as 1/δ = 1/yh− 1
and 1/βδ = yt/yh. The scaling function φ was determined from a parametrization
of O(4) simulation results [44] and is universal, except that two nonuniversal
normalization constants have to be adjusted. This has been done by the MILC
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Fig. 8. Mass dependence of the chiral susceptibility χm at peak. The upper 4 lines are ˇt
results with Eq. (35) to the Nσ = L = 12 and 16 data while the lowest line shows the
slope of O(4) scaling

Collaboration [45] for Nτ = 4, 6, 8 and 12. The results are shown in Fig.9.
While at Nτ = 4 the data for the larger quark masses and smaller volumes are
compatible with O(4), the new data at smaller quark masses and larger lattice
extent again show drastic disagreement. When Nτ is increased, thus going to
smaller lattice spacings, the agreement becomes increasingly better [45], but it
should be remarked that the data at Nτ = 12 originates from physical quark mass
values m/T ' 0.1 which are of about the same size as the larger quark masses
used at Nτ = 4. Also, even at large spacing one would expect O(2) behavior
which is indistinguishable from O(4) with the current precision of the data.

At the moment there is no convincing explanation for these discrepancies at
hand. In view of the results presented in section 4.3 obtained with an improved
gauge action and Wilson fermions one might speculate that at strong coupling
and for the standard action the relation between the QCD parameters and the
thermodynamic variables, Eq. (32), as they enter the singular part of the free
energy is strongly distorted. More studies at weaker coupling or with improved
actions would be needed to solve this important question.
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Fig. 9. The magnetic equation of state, Eq. (37), for Nt = 4, 6, 8 and 12 [45]. The line in
each plot is the O(4) scaling prediction. It can be moved horizontally as well as vertically
by adjusting two free normalization constants

4.2. UA(1) Restoration. The nature of the chiral transition for two avors is
strongly affected by the realization of the UA(1) symmetry [35]. This symmetry
is present in the classical continuum action but is destroyed by the famous triangle
anomaly. At very high temperatures topologically nontrivial conˇgurations are
suppressed. This could lead to the effective restoration of the symmetry despite
the anomaly. For 2 light quark avors the effective restoration of UA(1) is
reected in the degeneracy of the pion and the isovector-scalar a0(δ) mass [46].
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Fig. 10. Masses of π, a0 and f0 taken from the generalized susceptibilities, Eq. (38), for
two avors of staggered quarks as a function of the coupling. The critical coupling is
indicated by the vertical line

This degeneracy can also be detected by comparing generalized susceptibilities
deˇned via integrated propagators of a hadron H

χH =

∫
d4x(〈H(x)H†(0)〉 ∼ 1

M2
H

. (38)

The susceptibilities have been computed by various groups [41, 47, 48] and a
set of results is shown in Fig.10. At the critical temperature, π and f0 become
(almost) degenerate reecting SUA(2) restoration while there remains a signiˇcant
difference between a0 and π in the investigated temperature range.

These results were obtained at ˇnite quark mass and need to be extrapolated
into the chiral limit. This was attempted in [47, 48]. Figure 11 shows the latest
results by the Columbia group for the difference between π and a0,

ω =

∫
d4x(〈π(x)π†(0)〉 − 〈a0(x)a†0(0)〉). (39)

If UA(1) is restored this quantity should vanish in the chiral limit. In the con-
tinuum, the susceptibility ω is expected to be an analytic and, for NF = 2, even
function in the quark mass. Indeed, ˇts with a quadratic m dependence work
and lead to a ˇnite intercept in the chiral limit. However, the data look strikingly
linear and ˇtting them with a linear ansatz results in a vanishing of the suscep-
tibility at m = 0. At ˇnite lattice spacing, due to zero-mode shifts and perhaps
also due to taking the square root of the determinant the approach towards the
chiral limit is not so clear however [48]. Therefore one should continue to study
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Fig. 11. The quantity ω, Eq. (39), which measures the breaking of the UA(1) symmetry
plotted versus the quark mass (lowest data) together with various ˇts [48]. Also shown
are the results for the integrated pion correlator, χP , and the chiral condensate. The data
were obtained on a 163 × 4 lattice at ˇxed β slightly above βc

the quark mass dependence at even smaller quark masses as well as at smaller
lattice spacings.

The approach chosen in [49,50] is to determine screening masses. Above the
critical temperature, the difference between π and a0 mass drops considerably,
but a nondegeneracy remains at ˇnite quark mass, thus conˇrming the ˇndings
originating from the analysis of the susceptibilities. In order to address the
problem of the chiral limit from a different angle, Ref. 50 also computed the
lowest eigenvalues λ and corresponding eigenvectors ψλ of the fermion matrix
D. In the continuum, in the phase symmetric with respect to the axial SU(2),
the chiral limit of ω is given by the zero-modes,

ω = 〈
∑
λ=0

ψλγ5ψλ

iλ+m
〉 . (40)

In [50] it is then veriˇed that ω obtained from Eq. (39) is saturated by the
contribution from low eigenmodes at ˇnite a and mq . Thus it seems that the
continuum relation between the UA(1) and the eigenmodes is satisˇed on the
lattice. This supports that the vanishing of ω when the chiral limit is carried out
at ˇnite lattice spacing is caused by the absence of exact zero modes at ˇnite a.
Taking the continuum limit prior to the chiral one would therefore presumably
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lead to nonvanishing ω. In this manner the results of [50] indicate that the UA(1)
symmetry is not restored at the chiral transition.

4.3. Wilson Fermions NF = 2. Wilson's discretization of the action for
fermions breaks chiral symmetry explicitly. Therefore, the value for the hopping
parameter κ which corresponds to the chiral limit is shifted away from its free
ˇeld value κc(β →∞) = 1/8 to a coupling constant dependent κc(β) which has
to be tuned at each β value. At zero temperature one usually deˇnes the chiral
limit by means of the pion mass which vanishes according to

m2
π ≈

1

κ
− 1

κc
. (41)

At sufˇciently large temperatures this deˇnition does not work anymore. For
instance, at ˇxed and large enough β, when one lowers the quark mass by
increasing κ, one reaches the transition to the plasma phase at which point the
pion mass starts to increase because in the plasma phase the pion ceases to be a
Goldstone particle and acquires a ˇnite mass even in the limit of vanishing quark
mass.

This results in the phase diagram as shown in Fig.12, which has been clariˇed
by [51]. At ˇnite Nτ , the line κc(β) deˇned through the vanishing of the pion
mass starts off at 1/4 at β = 0 and extends to κc ' 0.22 at about β ' 4.0 where
it bends backwards again to the region of stronger couplings (see also [52]).
On the other hand, coming from the conˇned phase, at the thermal line κt(β)

Fig. 12. The ˇnite temperature phase diagram in the (β, κ) plane for standard Wilson
fermions [51]
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Fig. 13. The magnetic equation of state, Eq. (37), with two avors of standard Wilson
fermions on improved glue [54]. The various symbols denote data obtained at different
values of the gauge coupling b = 6/g2

where the Polyakov loop develops a nonvanishing expectation value the pion
mass increases rapidly due to the approximate restoration of chiral symmetry.
Only in the region where the thermal line is close to κc does the theory have a
pion with a small mass. Thus, the chiral transition can only be explored in that
region. Unfortunately, this region is at strong coupling for Nτ = 4 and moves
towards smaller coupling only very slowly with increasing temporal extent of the
lattice [53], rendering a study of the transition in the vicinity of continuum physics
prohibitively expensive. For that reason and for the well-known pathologies [34]
several groups have started to work with improved actions.

In [54] the standard Wilson fermion action with RG-improved glue was
simulated. Qualitatively, the phase diagram is very similar to the standard one so
that small pion masses again are obtained in the vicinity of the ˇnite temperature
κc cusp. In addition to the phase diagram the group has also investigated the
magnetic equation of state, Eq. (37). For Wilson fermions quark mass and chiral
order parameter have to be obtained from chiral Ward identities [55]. This
involves renormalization constants for which the lowest order perturbative values
have been used in [54]. The results are shown in Fig.13. The agreement with
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the O(4) scaling curve is remarkable. The analysis was carried out on lattices
of size 83 × 4 and with mainly not very small quark masses. It would be very
interesting to continue the investigation on larger lattices and with more data at
smaller quark masses.

4.4. More than 2 Flavors. The phase transition has also been studied for the
number of avors differing from 2. Regarding the nature of the chiral transition,
for NF ≥ 3 and degenerate quark masses one expects ˇrst order in the continuum
limit [35].

Early results in the staggered discretization (for a summary see, e.g., [56])
indeed show a behavior which is consistent with this expectation. Recently, the
cases NF = 3 and 4 with degenerate Wilson quarks have been studied in [57]. In
both cases the phase diagram is very similar to the one with 2 avors, in particular
the κc line forms a cusp. At large quark masses, away from the cusp, one indeed
observes ˇrst order behavior. When the quark mass is lowered however, the
NF = 4 data show a weakening of ˇrst-order signals. For NF = 3 it seems
that the ˇrst-order signal weakens when the discretization errors inherent to the
approximate algorithm one has to use in this case are decreased. Thus, for both
NF = 3 and 4 Wilson quarks the order of the transition is still unclear.

The physically realistic case is the one of NF = 2 + 1, meaning two avors
with almost vanishing mass and a strange quark about 25 times heavier. In the
limit of a heavy strange quark the strange quark ceases to play a signiˇcant
role in the chiral transition and one is approaching the two avor case, hence
expecting a second order transition. On the other hand, if up, down and strange
quarks become degenerate (and light) one would expect the NF = 3 transition
with supposedly ˇrst order. The transition's nature thus depends crucially on the
quark masses. The physical value of the quark mass is not easy to determine
precisely in a lattice simulation. Moreover, running at about the physical value
for the two light quarks is at best possible at strong coupling so far. Therefore,
it is perhaps not too surprising that the two dedicated efforts to study the 2 + 1
case, [58, 59], come to different conclusions. Ref. 58 is simulating staggered
quarks and suggest a crossover or second order behavior while in the simulation
with Wilson fermions [59] a ˇrst order behavior is favored. More work clearly
is needed here.

5. EQUATION OF STATE

A quantitative understanding of the equation of state of QCD is one of the
central goals in ˇnite temperature ˇeld theory. The intuitive picture of the high
temperature phase of QCD behaving like a gas of weakly interacting quarks
and gluons is based on leading order perturbation theory. However, the well-
known infrared problems of QCD result in a poor convergence of the perturbative
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Fig. 14. The gluonic part of the energy density in the inˇnite temperature limit, computed
on lattices with ˇnite temporal extent and normalized to the continuum Stefan Å Boltzmann
value, for various gauge actions [65]

expansion of the thermodynamic potential even at temperatures very much higher
than Tc [60].

Lattice calculations of energy density (ε), pressure (p) and other thermody-
namic variables at high temperature, on the other hand, are hampered by ultra-
violet cut-off effects. As these quantities receive substantial contributions from
high momentum modes ∼ T the effects of ˇnite lattice spacings can be large. For
instance, the energy density in the inˇnite temperature limit deviates considerably
from the continuum Stefan-Boltzmann value. For the pure gauge theory in the
standard Wilson discretization the corrections are

εG0 = εGSB

[
1 +

10

21

(
π

Nτ

)2

+
2

5

(
π

Nτ

)4

+O(

(
π

Nτ

)6

)

]
. (42)

Recall that π/Nτ = πTa. As can be seen from Fig.14 the corrections can be as
large as 50 % for Nτ = 4. On the other hand, the nonperturbative determination
of, e.g., the pressure makes use of the following formula [61]

p

T 4

∣∣∣g
g0

≡ − f

T 4

∣∣∣g
g0

= N4
τ

∫ 6/g2

6/g2
0

d(6/g′2)(S0 − ST ), (43)

where S0 is the expectation value of the action at zero and ST the same quantity
at ˇnite temperature. From Eq. (43) it is clear that the signal decreases ∼ 1/N4

τ

with increasing Nτ , i.e., decreasing a.
In order to determine quantitatively the size of the deviation of the energy

density or pressure from the ideal gas value an extrapolation to the continuum limit
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Fig. 15. The extrapolated continuum limit of energy density, entropy density and pressure
in the pure glue theory [2]. The dashed horizontal line shows the ideal gas limit. The
hatched vertical band indicates the size of the discontinuity in ε/T 4 (latent heat) at Tc [62]

is mandatory. The result of such an extrapolation for the pure gauge theory [2]
is shown in Fig.15. The energy density rapidly rises to about 85 % of the ideal
gas value at 2Tc and then shows a rather slow increase which is consistent with
a logarithmic behavior as one would expect from a leading order perturbative
correction. The pressure rises much more slowly near Tc and even at T ' 3Tc
shows sizeable deviations from the ideal gas relation ε = 3p.

As stated in section 2, improved actions aim at reducing the differences
between the continuum and lattice action due to ˇnite lattice spacings. Since the
pressure is related to the action, Eq. (43), any improvement in the action will
reduce the ˇnite lattice spacing effects on the high-momentum contribution to,
e.g., the pressure in the ideal gas limit. This is indicated in Fig.14, where the
analytical results in the inˇnite temperature limit for some improved actions are
compared with the standard action. As can be seen, by use of an improved action
the ˇnite a corrections can be brought down to the level of a few per cent already
at temporal extents of Nτ = 4.

The improvement seems to work not only in the high temperature limit
but also already close to Tc. Figure 16 summarizes the results of numerical
simulations of a variety of improved actions [67]. Although the lattice extent
in the temporal direction was only 4, the improved actions lead to values quite
close to the continuum extrapolation of the standard action results. This in
turn gives strong support to the continuum extrapolation presented above. Tree-
level improvement seems to be the leading effect, although one would have
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Fig. 16. The pressure in SU(3) pure gauge theory on lattices with Nτ = 4 for various
actions [67] indicated by the subscripts. The solid line shows the continuum extrapolation
obtained from the standard plaquette action. The dots result from a calculation with a
classical ˇxed point action on a lattice with Nτ = 3 [87]

Fig. 17. Energy density and pressure from a simulation with the 2 avor staggered standard
action. The results are extrapolated to the chiral limit by means of an O(4) ansatz. Fit
and data at the lowest quark mass ma = 0.0125 are also shown. The triplets of curves
represent the central value and the one standard deviation error [64]
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Fig. 18. The fermionic part of the energy density in the inˇnite temperature limit, computed
on lattices with ˇnite temporal extent and normalized to the continuum Stefan Å Boltzmann
value, for various staggered fermion actions [66]

expected that close to the transition infrared modes and their improvement would
be more important. Tadpole improvement has an effect though for the interface
tension [68].

The equation of state has also been investigated with dynamical quarks in
the staggered discretization. For two avors the standard action was used on
lattices with temporal extent Nτ = 4 and 6 [63, 64]. The data for the energy
density on the Nτ = 4 lattices showed an overshooting above the ideal gas limit
at temperatures just above Tc. This bump is not present anymore in the newest
data for Nτ = 6 and at the smallest quark mass, Fig.17. The extrapolation to the
chiral limit shown in this ˇgure does have a peak again but this effect is attributed
to an artefact of the extrapolation.

The extrapolation to the continuum limit, however, is difˇcult with the (fermi-
onic) standard action. The ˇnite lattice spacing corrections in the high temperature
limit are large

εF0 = εFSB

[
1 +

465

441

(
π

Nτ

)2

+O(

(
π

Nτ

)4

)

]
(44)

and only very slowly decreasing with Nτ as can also be seen from Fig.18 [66].
This makes analyses based on improved actions even more desirable than in the
quenched case. Indeed, in the high temperature limit, the deviations from the
continuum Stefan Å Boltzmann prediction can be brought down to the level of
less than 10 % at Nτ = 4, Fig.18.
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Fig. 19. Energy density for 4 avors of quarks, obtained from a calculation at Nτ = 4
with an improved action [25]. The upper two curves show the energy density at the given
quark masses, the lower set is obtained by neglecting the contribution to the energy density
which is proportional to the quark mass and vanishes in the chiral limit. The horizontal
lines give the ideal gas limit at Nτ = 4 and in the continuum limit

A ˇrst attempt to analyze bulk thermodynamic quantities in the vicinity of
Tc by means of simulations with an improved fermion discretization scheme, the
Naik action, has been carried out in [25]. The results are shown in Fig.19.

At the moment, there are investigations under way which try to estimate the
effect of various improvement strategies on the restoration of avor symmetry
[66, 69Ä71]. It remains to be seen how much this can help to extract energy
density or pressure closer to the continuum limit at ˇnite temperatures.

6. SCREENING LENGTHS AND MASSES

An important goal of analytical as well as lattice investigations has been to
understand the nature of excitations characterizing the structure of hot QCD in
the vicinity of the transition and in the plasma phase. At high temperature, due to
asymptotic freedom the effective coupling constant g(T ) should become small and
one is lead to expect that the plasma consists of a gas of only weakly interacting
quarks and gluons. On the other hand, there are indications that even at high
temperatures the excitation spectrum might be more complicated in particular
because of nonperturbative effects in the chromomagnetic sector of QCD.
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The deˇnition of a chromoelectric and a chromomagnetic mass beyond per-
turbation theory is somewhat ambiguous. A possible choice is to extract the
chromoelectric or Debye mass from the heavy quark potential. At the decon-
ˇnement temperature the potential between heavy, nonrelativistic quarks changes
from a linear rising, conˇning form to a screened Coulombic behavior,

V (R) ∼ T
(
g2

R

)2

exp{−2meR}, (45)

which is obtained from two-gluon exchange in resumed lowest order perturbation
theory. Here, me denotes the Debye-mass, for which (lowest order) perturbation
theory predicts

me0 =

√
Nc

3
+
NF

6
gT. (46)

The (color averaged) heavy quark potential is obtained from Polyakov loop
correlations,

Vav(~x) = −T ln
〈 L(~x) L(~0) 〉
〈L 〉2 , (47)

with L(~x) being the Polyakov loop at spatial coordinates ~x, see Eq. (29). Indeed,
the potential data [72] show the anticipated decrease in the linear rise, i.e. the
string tension decreases, when the critical temperature is approached from below,
see Fig. 20. Above Tc screening ∼ exp(−µR) clearly is observed. Moreover,
comparing the potentials at different temperatures, one can verify that the screen-
ing mass µ depends on the temperature as µ ∼ T . However, when analyzed
in detail, the data does not follow Eqs. (45),(46) in so far neither the power 2
of the Coulomb term nor the prediction for the coefˇcient in the exponential is
observed. One might conclude that at the temperatures investigated the behavior
of the Polyakov loop correlations is not described properly by simple perturbation
theory.

For an alternative deˇnition of the effective gluon masses at high temperature
one can refrain to the exponential decrease of a gluon-gluon correlation function.
That enables one to distinguish between the electric sector deˇned via

Ge(x) = 〈A0(x)A0(0)〉 (48)

and the magnetic one (k = 1, 2, 3)

Gm(x) = 〈Ak(x)Ak(0)〉, (49)

where Aµ, µ = 0, .., 3 denotes the gluon ˇeld. The gluon correlation function is
gauge variant so that one has to ˇx to a deˇnite gauge, usually the Landau gauge.
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Fig. 20. The heavy quark potential of the pure glue theory at various temperatures below
the phase transition and in the deconˇned phase

The correlation functions (48),(49) have been analyzed in the simpler color
group SU(2) [73]. In the magnetic sector, a nonvanishing chromomagnetic gluon
mass with a temperature variation of mm(T ) ' 0.5g2(T )T was found. Such a
mass is widely expected and cures the well-known infrared problems of high
temperature perturbation theory at this order. If mm is nonvanishing next-to-
leading order perturbation theory, then predicts [74] for the electric mass

m2
e = m2

e0

(
1 + g

N

2π

√
6

2N +NF
[ln

2me

mm
− 1

2
]

)
, (50)

where me0 denotes the leading term, Eq. (46). The results of [73] show that at
best at very high temperatures of O(104Tc) contact can be made with this predic-
tion, Fig. 21. In general, the data can be described by the formula

√
1.7g(T )T

indicating that the screening mechanism is a highly nonperturbative effect even
at large temperatures.
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Fig. 21. The electric gluon mass in units of the temperature versus T/Tc [73]. Squares
denote results from simulations with the standard Wilson action at two different lattice
volumes, the circles originate from a simulation with an improved action. The lines
represent analytic predictions at tree level, Eq. (46) (dashed) and at next-to-leading order,
Eq. (50) with a magnetic mass determined in the same simulation (dashed-dotted) or ˇt
results with an ansatz me = const × g(T )T (solid) and an ansatz summarizing ad hoc
higher contributions to Eq. (50) (dotted)

A third deˇnition for the (electric) screening mass is applied in [75]. Here
the Debye mass is extracted from the correlation of a gauge-invariant operator
[76] which is odd under the Euclidean equivalent of time reversal and charge
conjugation. Moreover, [75] apply dimensional reduction and simulate the 3rd
effective theory. Although the results quantitatively differ somewhat from those
of [73] the conclusion is the same in both cases.

Hadron correlation functions at high temperature but below the transition are
interesting for phenomenological reasons. For instance, a temperature dependent
ρ meson mass and width could perhaps explain the dilepton spectra found in
nucleus-nucleus collisions at high energy. Detailed lattice investigations (of spa-
tial correlators, see below) have been carried out in the quenched approximation
so far [77]. Based on the staggered fermion discretization, these studies show
that the investigated quantities remain unaffected by the temperature up to Tc.
Some recent work with Wilson fermions conˇrms this observation, although at
one temperature value only so far [78]. As these analyses work in the quenched
approximation where the transition has been determined to be of ˇrst order, dy-
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namical quarks could alter that picture somewhat because in this case a continuous
transition is expected.

Correlation functions of operators with the quantum numbers of hadrons have,
in the plasma phase, been investigated in a variety of papers. Due to the limited
extent of the lattice in the temporal direction 0 ≤ x0 ≤ 1/T one cannot study the
correlations at large time separations which is what one would like to do in order
to isolate the contribution of the state with the lowest energy or mass. Therefore,
one usually focussed on the long distance behavior of spatial correlators

〈H(z)H†(0)〉 ∼ exp(−Mscz) (51)

which decay with the screening mass Msc. (For exceptions see [79, 80].) These
screening masses would coincide with the masses if the zero temperature disper-
sion relation were applicable. In any case, the spatial correlators depend on the
same spectral density as the masses and thus deliver information about it. As
noted above, at sufˇciently high temperature one expects that the plasma consists
of a gas of weakly interacting quarks and gluons. In this case, the spatial corre-
lation function should be described by the exchange of two (almost) free quarks.
Since quarks propagating in the spatial direction carry nonvanishing ©momentaª
of (2n+1)πT because they obey antiperiodic boundary conditions in the temporal
direction, the minimum contribution to the correlator is given by

Msc = l
√
m2
q + (πT )2 (52)

in the continuum limit, where l = 2 for mesons and l = 3 for baryons. Indeed,
lattice results [81] in the vector and axial vector channel as well as for baryonic
excitations are compatible with this expectation, see Fig. 22. However, the scalar
and pseudoscalar channels show substantial deviations. This might indicate the
existence of bound states as bosonic bound states would have vanishing Matsubara
frequencies and hence could have a lower screening mass. Also, one could have
substantial spin dependent interactions.

On the other hand, the spatial wave functions of the states contributing to
the spatial correlator, Eq. (51), were analyzed [82]. Here one ˇnds the same
behavior as at zero temperature, an exponential decay which is not expected from
leading order perturbation theory and which suggests that the relevant hadronic
excitations are bound states also in the plasma phase, at least at temperatures just
above Tc. According to [83], this behavior could be explained by the fact that the
dimensionally reduced, 3-D effective theory and correspondingly spatial Wilson
loops in 3+1 dimensions [84] show conˇnement. Solving then a two-dimensional
Schréodinger equation with a potential which includes a temperature-dependent
(spatial) string tension leads to spatial wavefunctions

|ψ(R)| ∼ exp(−
√
σspat(T )πTR3/2) (53)
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Fig. 22. A representative set of hadronic screening masses [81] from a staggered 4 avor
simulation. The masses are plotted versus the gauge coupling across the transition at
6/g2 ' 5.15. The lines to the left indicate the zero temperature values for the masses, the
lines to the right show the expectation for free quarks, µ/T = 2π and 3π for mesons and
baryons respectively, corrected for ˇnite lattice effects

and to screening masses, which differ from Eq. (52) by terms of O(
√
σspat(T )).

A quantitative test of this suggestion is not yet available though.

Finally, heavy quarks in the range mc < m < mb at temperatures around the
critical one have for the ˇrst time been investigated in [85]. The heavy quarks are
simulated by means of a nonrelativistic approximation to QCD [86], applied to
quenched conˇgurations. The propagation of quarkonia states is followed in the
time direction. For that purpose, the investigation is carried out on anisotropic
lattices with a large anisotropy ratio ξ = aσ/aτ = 4.65 in order to have enough
Matsubara frequencies. So far, the analysis was done for the 3S1 ground and ˇrst
excited state. Below Tc, at about 0.8Tc no temperature effect was seen. At 1.2Tc,
the propagator which is dominated by the ground state at large time separations
t from the source becomes atter than the zero temperature propagator at large
t. This effect can be interpreted as a decrease in the mass by a small amount of
about 12 MeV at the lightest quark mass simulated. The effect becomes weaker
with increasing quark mass. The ˇrst excited state, projected on by the same trial
wave function as at T = 0, undergoes a larger change of about - 240 MeV at the
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charm quark mass. Thus, at least qualitatively, the results are in accord with the
expectations from a Debye-screened potential model, namely that smaller states
feel the screening less.

7. CONCLUSIONS

In these lectures, the current status of lattice investigations of QCD at ˇnite
temperature has been reviewed. Bulk properties of the pure gluon system are
known to rather high precision. Thus, the emphasis of these studies recently has
shifted towards simulations of the full theory including dynamical fermions.

At currently accessible quark masses, these investigations have led to an
estimate for the critical temperature for 2 avors of around 150 MeV. This number
is almost a factor of two smaller than the quenched value of 270(5) MeV. Thus,
at ˇxed temporal extent of the lattice, simulations of full QCD in the vicinity
of the critical temperature have to be carried out at considerably larger lattice
spacings than in the quenched case.

Analyses of the critical behavior at the chiral transition suggest a second
order transition. However, at present the estimates for the critical exponents are
in disagreement with theoretical expectations. This holds for simulations in the
staggered discretization of quarks while ˇrst results with Wilson fermions seem
to support the anticipated universality with O(4). Concerning the anomalous
axial U(1), at present it is not yet entirely clear whether or not this symmetry is
effectively restored at the chiral transition. Further studies at smaller quark mass
values are required to shed more light on these important issues.

In addition, lattice results of investigations of various screening lengths have
been presented. At temperatures which are accessible in present and future heavy
ion collision experiments the data consistently show sizable deviations from sim-
ple perturbative expectations. Nonperturbative effects therefore need to be taken
into account in the interesting temperature range.

This also holds for energy density and pressure. Moreover, analytic studies
of the inˇnite temperature limit of these quantities on ˇnite lattices reveal dis-
cretization effects which are particularily large in the fermionic part of the energy
density if standard discretizations of the fermion action are used. This, together
with the observation of a small value of the critical temperature in two-avor
QCD has stimulated activities to explore improved actions also in the context of
ˇnite temperature studies.
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ÊÐÈÎÃÅÍÍÛÅ ÒÅÕÍÎËÎÃÈÈ

Â ÑÂÅÐÕÏÐÎÂÎÄßÙÅÌ ÓÑÊÎÐÈÒÅËÅ

ÐÅËßÒÈÂÈÑÒÑÊÈÕ  ßÄÅÐ �

ÍÓÊËÎÒÐÎÍÅ

Í.Í.Àãàïîâ
Îáúåäèíåííûé èíñòèòóò ÿäåðíûõ èññëåäîâàíèé, Äóáíà

Íóêëîòðîí — ïåðâûé ñèíõðîòðîí ñî ñâåðõïðîâîäÿùèìè ìàãíèòàìè, ñïåöèàëüíî
ñîçäàííûé äëÿ óñêîðåíèÿ ÿäåð è òÿæåëûõ èîíîâ. Ýòîò óñêîðèòåëü, ïðåäíàçíà÷åííûé
äëÿ ïîëó÷åíèÿ ïó÷êîâ ðåëÿòèâèñòñêèõ ÷àñòèö ñ ýíåðãèåé äî 6 ÃýÂ íà íóêëîí, áûë ïó-
ùåí â ýêñïëóàòàöèþ øåñòü ëåò íàçàä â Îáúåäèíåííîì èíñòèòóòå ÿäåðíûõ èññëåäîâà-
íèé â Äóáíå.

Êðèîãåííàÿ ñèñòåìà íóêëîòðîíà îñíîâàíà íà òðåõ ãåëèåâûõ ðåôðèæåðàòîðàõ, êàæ-
äûé èç êîòîðûõ èìååò íîìèíàëüíóþ õîëîäîïðîèçâîäèòåëüíîñòü 1600 Âò ïðè òåìïåðà-
òóðå 4,5 Ê. Ðåôðèæåðàòîðû îõëàæäàþò êîëüöåâîé óñêîðèòåëü ñ ïåðèìåòðîì 251,5 ì è
«õîëîäíîé» ìàññîé îêîëî 80 òîíí. Êîëüöî óñêîðèòåëÿ ñîñòîèò èç 96 äèïîëüíûõ ìàãíè-
òîâ äëèíîé 1,5 ì è 64 êâàäðóïîëüíûõ ëèíç äëèíîé 0,45 ì. Ìàãíèòíîå ïîëå äî 2 Òë ôîð-
ìèðóåòñÿ æåëåçíûì ñåðäå÷íèêîì è îáìîòêîé âîçáóæäåíèÿ èç ïîëîãî ñâåðõïðîâîäíèêà,
âíóòðè êîòîðîãî òå÷åò æèäêèé ãåëèé. Êðîìå òîãî, èìååòñÿ 28 êîððåêòèðóþùèõ ìàãíè-
òîâ äëèíîé 0,31 ì ñ 3 èëè 4 òèïàìè îáìîòîê â êàæäîì, 12 îõëàæäàåìûõ òîêîââîäîâ ñ
òîêîì 6 êÀ, 234 òîêîââîäà ñ òîêîì 100 À äëÿ êîððåêòèðóþùèõ îáìîòîê, à òàêæå îêîëî
600 äàò÷èêîâ êðèîãåííîé òåìïåðàòóðû.

Äàí îáçîð íîâûõ òåõíè÷åñêèõ ðåøåíèé, âïåðâûå ïðèìåíåííûõ â ïðîåêòå êðèîãåí-
íîé ñèñòåìû íóêëîòðîíà.

The Nuclotron is the first superconducting synchrotron intended for acceleration of high
energy nuclei and heavy ions. The accelerator designed to provide beams of relativistic parti-
cles with energies up to 6 GeV per nucleon, was put into operation six years ago at the Joint
Institute for Nuclear Research in Dubna near Moscow.

Cryogenic system of the Nuclotron includes three helium refrigerators. Each of them has
a nominal capacity of 1600 W at 4.5 K. These refrigerators cool the accelerator ring, which
has a perimeter of 251,5 m and a «cold» mass of about 80 tons. The ring of the Nuclotron
comprises 96 dipole magnets 1.5 m long and 64 quadrupole lenses 0.45 m long. The magnetic
field of about 2 T is formed with a «cold» iron yoke and a hollow superconductor with the
two-phase helium flows inside. There are 28 correctors 0.31 m long with 3 or 4 types of wind-
ings in each, twelve 6 kA helium-cooled current leads, 234 leads of 100 A current for correct-
ing windings, and also about 600 sensors of cryogenic temperatures.

The experience of using novel technical solutions in the design of the Nuclotron cryo-
genic system is described.

«ÔÈÇÈÊÀ ÝËÅÌÅÍÒÀÐÍÛÕ ×ÀÑÒÈÖ È ÀÒÎÌÍÎÃÎ ßÄÐÀ»
1999, ÒÎÌ 30, ÂÛÏ.3



ÂÂÅÄÅÍÈÅ

Ïðîåêò ðàçâèòèÿ áàçîâûõ óñòàíîâîê Ëàáîðàòîðèè âûñîêèõ ýíåðãèé

ÎÈßÈ ïðåäóñìàòðèâàë ïîñëåäîâàòåëüíîå ñîçäàíèå íîâûõ óñêîðèòåëåé —

ÑÏÈÍ, íóêëîòðîí è ñóïåðíóêëîòðîí [1–3] — ñ èñïîëüçîâàíèåì â íèõ êàê

îñíîâíûõ ýëåìåíòîâ ìàãíèòîâ ñî ñâåðõïðîâîäÿùèìè îáìîòêàìè, îõëàæäàå-

ìûìè äî òåìïåðàòóðû æèäêîãî ãåëèÿ. Òàêèå ìàãíèòû ïî ñðàâíåíèþ ñ «òåïëû-

ìè», ðàáîòàþùèìè ïðè òåìïåðàòóðå îêðóæàþùåé ñðåäû, èìåþò ðÿä ïðåèìó-

ùåñòâ: âî-ïåðâûõ, çíà÷èòåëüíîå óìåíüøåíèå êàïèòàëüíûõ çàòðàò è ìåòàëëî-

åìêîñòè; âî-âòîðûõ, ñóùåñòâåííîå ñíèæåíèå ýêñïëóàòàöèîííûõ çàòðàò,

îñíîâíóþ äîëþ êîòîðûõ îïðåäåëÿåò ðàñõîä ýëåêòðîýíåðãèè. Íåëüçÿ íå îòìå-

òèòü è ìíîãîêðàòíîå óìåíüøåíèå ãàáàðèòîâ ìàãíèòíîé ñèñòåìû, ïîçâîëÿþ-

ùåå èçãîòîâèòü ïðàêòè÷åñêè âñå åå ýëåìåíòû íà ïðîñòîì ñòàíî÷íîì îáîðóäî-

âàíèè ñðåäíèõ ðàçìåðîâ. Ýòî äàåò âûñîêóþ òî÷íîñòü è, â êîíå÷íîì èòîãå, õî-

ðîøåå êà÷åñòâî ìàãíèòíîãî ïîëÿ. Áîëüøîå çíà÷åíèå èìååò òàêæå è âîç-

ìîæíîñòü èçãîòîâëåíèÿ òàêèõ íåêðóïíîãàáàðèòíûõ èçäåëèé â èíñòèòóòå, ò.å.

áåç ðàçìåùåíèÿ äîðîãîñòîÿùèõ çàêàçîâ â ïðîìûøëåííîñòè.

Èñïîëüçîâàíèå ñâåðõïðîâîäèìîñòè ñâÿçàíî ñ íåîáõîäèìîñòüþ îõëàæäàòü

óñêîðèòåëü äî âåñüìà íèçêèõ òåìïåðàòóð (îêîëî 4,5 Ê), ïîëó÷àåìûõ òîëüêî

ïðè ïîìîùè æèäêîãî ãåëèÿ. Äëÿ ýòîãî íóæíû ñëîæíûå êðèîãåííûå ñèñòåìû

áîëüøîé õîëîäîïðîèçâîäèòåëüíîñòè. Îíè òðåáóþò çíà÷èòåëüíûõ êàïèòàëî-

âëîæåíèé. Êàê ïîêàçàë îïûò ñòðîèòåëüñòâà íóêëîòðîíà, êàïèòàëüíûå çàòðàòû

íà ñîçäàíèå òàêèõ êðèîãåííûõ ñèñòåì äîñòèãàþò 30 % îáùèõ çàòðàò íà óñêî-

ðèòåëü. Ê òîìó æå ñîîòâåòñòâóþùåå êðèîãåííîå îáîðóäîâàíèå ÷àùå âñåãî

ïðîìûøëåííîñòüþ âûïóñêàåòñÿ â âèäå åäèíè÷íûõ, åäèíñòâåííûõ â ñâîåì

ðîäå îáðàçöîâ. Åñòåñòâåííî, ÷òî â îòñóòñòâèå ñåðèéíîãî ïðîèçâîäñòâà òðóäíî

äîñòè÷ü óðîâíÿ ðàáîòû «ïîä êëþ÷»: ïîñòàâëÿåìîå îáîðóäîâàíèå âî ìíîãèõ

ñëó÷àÿõ òðåáóåò çíà÷èòåëüíûõ óñèëèé ïî äîðàáîòêå, äîâîäêå, èññëåäîâàíèþ è

îïòèìèçàöèè ðåæèìîâ, à òàêæå âçàèìîñîãëàñîâàíèþ ìàøèí è àïïàðàòîâ, ïðè-

îáðåòàåìûõ ó ðàçëè÷íûõ çàâîäîâ-èçãîòîâèòåëåé. Áîëåå òîãî, ââèäó ýêîíîìè-

÷åñêîé è òåõíè÷åñêîé öåëåñîîáðàçíîñòè çíà÷èòåëüíàÿ ÷àñòü êðèîãåííîãî îáî-

ðóäîâàíèÿ ðàçðàáàòûâàëàñü è èçãîòàâëèâàëàñü ñâîèìè ñèëàìè.

Â ñâÿçè ñ ýòèì â Ëàáîðàòîðèè âûñîêèõ ýíåðãèé ÎÈßÈ òðàäèöèîííî ðàç-

âèâàëîñü íàïðàâëåíèå ïî ðàçðàáîòêå è èññëåäîâàíèþ êðèîãåííûõ òåõíîëîãèé

ïðèìåíèòåëüíî ê ñîçäàâàåìûì ñâåðõïðîâîäÿùèì óñêîðèòåëÿì. ×àñòü ïîëó-

÷åííûõ ðåçóëüòàòîâ èçëîæåíà â íàñòîÿùåì îáçîðå. Ãëàâíûé èç íèõ — ñîçäà-

íèå è çàïóñê êðèîãåííîé ñèñòåìû íóêëîòðîíà [54–56] — ïåðâîãî íà òåððèòî-

ðèè Ðîññèè è òðåòüåãî â ìèðîâîé ïðàêòèêå äåéñòâóþùåãî óñêîðèòåëÿ ñî

ñâåðõïðîâîäÿùèìè ìàãíèòàìè: â ÷èñëå áîëåå ðàííèõ [26,31] èçâåñòíû ëèøü

Tevatron (ÑØÀ,1983) è HERA (Ãåðìàíèÿ, 1991).

Íóêëîòðîí, îñíîâíûå ïàðàìåòðû êîòîðîãî ïðèâåäåíû â òàáë. 1, ïðåäíà-
çíà÷åí äëÿ óñêîðåíèÿ òÿæåëûõ ÿäåð è ìíîãîçàðÿäíûõ èîíîâ. Îí ñîîðóæåí â
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ËÂÝ ÎÈßÈ â ïåðèîä 1987–1992 ãã. Ïðîåêòíàÿ ýíåðãèÿ çàðÿæåííûõ ÷àñòèö ñ
îòíîøåíèåì çàðÿäà ê ìàññå z A/ /=1 2 ñîñòàâëÿåò 6 ÃýÂ/íóêëîí. Ïàðàìåòðû
óñêîðèòåëÿ è ïðîãðàììà ôèçè÷åñêèõ èññëåäîâàíèé íà íåì áûëè ïðåäñòàâëå-
íû â [4,5].

Òàáëèöà 1. Îñíîâíûå ïàðàìåòðû íóêëîòðîíà

Ïðîåêòíàÿ ýíåðãèÿ ÷àñòèö, ÃýÂ/íóêëîí 6

Ïåðèìåòð, ì 251,5

Ìàêñèìàëüíîå ìàãíèòíîå ïîëå, Òë 2,0

Çàïàñåííàÿ ýíåðãèÿ, ÌÄæ 2,35

Òåìïåðàòóðà, Ê 4,5

Îáùèé ñòàòè÷åñêèé òåïëîïðèòîê, êÂò 1,75

Äèíàìè÷åñêîå òåïëîâûäåëåíèå ïðè 0,5 Ãö, êÂò 2,9

×àñòîòà ïîâòîðåíèÿ öèêëîâ, Ãö äî 1,0

Ñóììàðíàÿ «õîëîäíàÿ» ìàññà, ò 80

Âðåìÿ îõëàæäåíèÿ äî ðàáî÷åé òåìïåðàòóðû, ÷ 80

Â ñîîòâåòñòâèè ñ ïëàíàìè ðàçâèòèÿ óñêîðèòåëüíîãî êîìïëåêñà ËÂÝ êîëü-

öî íóêëîòðîíà ðàçìåùåíî â öîêîëüíîì ýòàæå ñèíõðîôàçîòðîíà (ðèñ.1). Ïåðè-

ìåòð óñêîðèòåëÿ ñîñòàâëÿåò 251,5 ì. Êîëüöî ñîñòîèò èç 96 ïîëóòîðàìåòðîâûõ

äèïîëüíûõ ìàãíèòîâ, 64 êâàäðóïîëüíûõ ëèíç äëèíîé ïî 0,45 ì, 28 ìóëüòè-

ïîëüíûõ êîððåêòîðîâ (0,31 ì) ñ òðåìÿ èëè ÷åòûðüìÿ òèïàìè îáìîòîê â êàæ-

äîì. Ïèòàíèå îñíîâíûõ ìàãíèòîâ è âûâîä ýíåðãèè îáåñïå÷èâàþò 12 òîêîââî-

äîâ íà 6 êÀ, îõëàæäàåìûõ õîëîäíûìè ïàðàìè ãåëèÿ. Òîêîââîäû íà 100 À

(234 øò.) ïèòàþò êîððåêòèðóþùèå îáìîòêè. Êðîìå òîãî, èìåþòñÿ ñïåöèàëü-

íûå óñòðîéñòâà äëÿ èíæåêöèè ïó÷êà, óñêîðåíèÿ, äèàãíîñòèêè è âûâîäà. Äëÿ

èçìåðåíèÿ òåìïåðàòóð ïî ïåðèìåòðó êîëüöà óñòàíîâëåíî îêîëî 600 êðèîãåí-

íûõ òåðìîìåòðîâ.
Äëÿ êðèîñòàòèðîâàíèÿ êîëüöà óñêîðèòåëÿ îò ñèñòåìû êðèîãåííîãî îáåñ-

ïå÷åíèÿ òðåáîâàëîñü âûïîëíåíèå ñëåäóþùèõ óñëîâèé:
1) Õîëîäîïðîèçâîäèòåëüíîñòü íà ãåëèåâîì òåìïåðàòóðíîì óðîâíå â ðàáî-

÷åì ðåæèìå îò 1750 äî 4620 Âò, â òîì ÷èñëå:

à) êîìïåíñàöèÿ òåïëîïðèòîêîâ èç îêðóæàþùåé ñðåäû 1750 Âò;

á) êîìïåíñàöèÿ äèíàìè÷åñêèõ òåïëîâûäåëåíèé äî 2870 Âò ïðè ÷àñòîòå

èçìåíåíèÿ ìàãíèòíîãî ïîëÿ 0,5 Ãö.

2) Ïðîèçâîäñòâî äîïîëíèòåëüíî äî 100 ë/÷ æèäêîãî ãåëèÿ, îòâîäèìîãî èç

êðèîñòàòà äëÿ îõëàæäåíèÿ òîêîââîäîâ.

3) Îõëàæäåíèå ìàãíèòíîé ñèñòåìû âåñîì îêîëî 80 òîíí îò òåìïåðàòóðû

îêðóæàþùåé ñðåäû äî 4,5 Ê çà ïåðèîä íå áîëåå 80–100 ÷àñîâ.
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1. ÎÑÎÁÅÍÍÎÑÒÈ ÊÐÈÎÑÒÀÒÈÐÎÂÀÍÈß ÆÈÄÊÈÌ ÃÅËÈÅÌ
ÑÂÅÐÕÏÐÎÂÎÄßÙÈÕ ÌÀÃÍÈÒÎÂ ÍÓÊËÎÒÐÎÍÀ

Êðèîãåííûå ñèñòåìû îòâîäÿò òåïëî, âûäåëÿþùååñÿ â îáìîòêàõ ñâåðõïðî-

âîäÿùèõ ìàãíèòîâ ïðè èçìåíåíèè ìàãíèòíîãî ïîëÿ è ïðè òîðìîæåíèè ðàññå-

ÿííûõ óñêîðåííûõ ÷àñòèö, à òàêæå òåïëî, ïðèòåêàþùåå èç îêðóæàþùåé ñðå-

äû ÷åðåç òåïëîèçîëÿöèþ, òîêîââîäû, îïîðû è ïîäâåñêè.

Âåñü êîìïëåêñ ïðîáëåì, âîçíèêàþùèé ïðè ñîçäàíèè ïîäîáíûõ ñèñòåì,

ëîãè÷åñêè ðàçäåëÿåòñÿ íà äâå ÷àñòè. Îäíà èç íèõ ñâÿçàíà ñ ñàìèì êðèîñòàòè-

ðóåìûì îáúåêòîì — ñâåðõïðîâîäÿùåé ìàãíèòíîé ñèñòåìîé óñêîðèòåëÿ. Äðó-

ãàÿ — ñ ïðîèçâîäÿùèì õîëîä ðåôðèæåðàòîðîì.

Â ïåðâîé ÷àñòè íàèáîëåå âàæíû òàêèå ïðîáëåìû: ðàâíîìåðíîå ðàñïðåäå-

ëåíèå íèçêîé òåìïåðàòóðû ïî ïåðèìåòðó, ýôôåêòèâíîñòü èñïîëüçîâàíèÿ õîëî-

äà (ìèíèìèçàöèÿ òåïëîïðèòîêîâ è òåïëîâûäåëåíèé), áåçîïàñíîñòü ýâàêóàöèè

ýíåðãèè ìàãíèòíîãî ïîëÿ è àâàðèéíîé ïîð÷è âàêóóìà â òåïëîèçîëÿöèîííîì

êîæóõå. Âî âòîðîé ÷àñòè âàæíû ýíåðãåòè÷åñêàÿ ýôôåêòèâíîñòü ïîëó÷åíèÿ õî-

ëîäà, ìíîãîðåæèìíîñòü, âûñîêèé óðîâåíü íàäåæíîñòè.

Ñëåäóåò îòìåòèòü, ÷òî êàæäîå èç ïåðå÷èñëåííûõ óñëîâèé íàõîäèòñÿ â

òåõíè÷åñêèõ ïðîòèâîðå÷èÿõ ñ äðóãèìè. Íàïðèìåð, â èíòåðåñàõ ïîâûøåíèÿ
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Ðèñ.1. Îáùèé âèä ñèñòåìû êðèîãåííîãî îáåñïå÷åíèÿ íóêëîòðîíà: 1 — ñèíõðîôàçî-
òðîí; 2 — êîëüöî ñâåðõïðîâîäÿùèõ ìàãíèòîâ íóêëîòðîíà; 3 — ðåñèâåðû ñæàòîãî ãå-
ëèÿ; 4 — çäàíèå ãàçãîëüäåðíîé; 5 — êîìïðåññîðíûé öåõ; 6 — áëîêè îõëàæäåíèÿ óñòà-
íîâîê ÊÃÓ-1600/4,5; 7 — òàíê æèäêîãî ãåëèÿ



íàäåæíîñòè ïðèõîäèòñÿ îòêàçûâàòüñÿ îò èñïîëüçîâàíèÿ áîëåå ýôôåêòèâíûõ

ïîðøíåâûõ ìàøèí è ïðèìåíÿòü èìåþùèå ñðàâíèòåëüíî íèçêèé ê.ï.ä. âèíòî-

âûå êîìïðåññîðû è äåòàíäåðû òóðáèííîãî òèïà, áåçîïàñíîñòü ýâàêóàöèè

ýíåðãèè òðåáóåò áîëüøåãî êîëè÷åñòâà òîêîââîäîâ, à ýòî ñóùåñòâåííî óâåëè-

÷èâàåò òåïëîïðèòîêè è ò.ä. Ïîýòîìó çàäà÷à ñîçäàíèÿ êðèîãåííîé ñèñòåìû íó-

êëîòðîíà ñîñòîÿëà íå òîëüêî â òîì, ÷òîáû ïðîäâèíóòüñÿ âïåðåä â ðåøåíèè

êàæäîé èç ïåðå÷èñëåííûõ ïðîáëåì, íî è äîñòè÷ü â ñèñòåìå â öåëîì îïòèìàëü-

íîãî êîìïðîìèññà ìåæäó íèìè â ðàìêàõ ñóùåñòâóþùåé òåõíèêî-ýêîíîìè÷å-

ñêîé ñèòóàöèè.

Ïðè êðèîñòàòèðîâàíèè ñâåðõïðîâîäÿùèõ óñêîðèòåëåé ðàçëè÷àþò äâà

ñïîñîáà îòâîäà òåïëà:

1) Òðàäèöèîííûé ìåòîä êðèîñòàòèðîâàíèÿ ñâåðõïðîâîäÿùèõ ìàãíèòîâ ñ

ïîãðóæåíèåì èõ â êèïÿùèé ãåëèé. Â ñèëüíî ïðîòÿæåííûõ ñèñòåìàõ îí íåïðè-

ìåíèì: ââèäó ÷ðåçâû÷àéíî ìàëîé ïëîòíîñòè æèäêîãî ãåëèÿ ñòàíîâèòñÿ íåâîç-

ìîæíûì ïîääåðæèâàòü åãî îäèíàêîâûé óðîâåíü â ðàçíûõ òî÷êàõ êðèîñòàòà,

ò.ê. ïî ïåðèìåòðó ñèñòåìû âñåãäà ñóùåñòâóåò íåêîòîðàÿ ðàçíîñòü äàâëåíèé.

Ýòîò ñïîñîá ìîæíî èñïîëüçîâàòü òîëüêî äëÿ ñðàâíèòåëüíî êîìïàêòíûõ ñè-

ñòåì.

2) Äðóãîé ñïîñîá, ïðè êîòîðîì òåïëî îòâîäèòñÿ ïóòåì öèðêóëÿöèè êðèî-

àãåíòà ïî ðàñïîëîæåííûì âíóòðè èëè îêîëî îáìîòîê êàíàëàì, ïðèìåíÿåòñÿ

ïîâñåìåñòíî. Åãî äîïîëíèòåëüíîå ïðåèìóùåñòâî — ñóùåñòâåííîå óìåíüøå-

íèå êîëè÷åñòâà ãåëèÿ, òðåáóþùåãîñÿ äëÿ çàïîëíåíèÿ ñèñòåìû. Ýòî ñíèæàåò

îïàñíîñòü ïîâûøåíèÿ äàâëåíèÿ ãåëèÿ ïðè ñàìîïðîèçâîëüíûõ ïåðåõîäàõ ìàã-

íèòîâ èç ñâåðõïðîâîäÿùåãî â íîðìàëüíîå ñîñòîÿíèå è â ñëó÷àÿõ ðàçãåðìåòè-

çàöèè òåïëîèçîëèðóþùåãî âàêóóìíîãî êîæóõà.

Ïðèíöèïèàëüíî ñóùåñòâóþò äâå ðàçíîâèäíîñòè öèðêóëÿöèîííûõ ñèñòåì

êðèîñòàòèðîâàíèÿ, îòëè÷àþùèåñÿ ôàçîâûì ñîñòîÿíèåì êðèîàãåíòà. Â îäíèõ

ïîäâîä òåïëà ê öèðêóëèðóþùåìó ãåëèþ íå âûçûâàåò ôàçîâîãî ïåðåõîäà, â

äðóãèõ ýòîò ïðîöåññ ïðîèñõîäèò ïðè êèïåíèè ïàðîæèäêîñòíîãî ïîòîêà. Äî ñî-

çäàíèÿ íóêëîòðîíà íåîäíîêðàòíî âûñêàçûâàëèñü îïàñåíèÿ, ÷òî ïðè èñïîëüçî-

âàíèè äâóõôàçíîé ïàðîæèäêîñòíîé ñìåñè ìîæåò âîçíèêàòü íåóñòîé÷èâîñòü

ðåæèìà òå÷åíèÿ, êîòîðàÿ õàðàêòåðèçóåòñÿ ïóëüñèðóþùèì èçìåíåíèåì ðàñõî-

äà êðèîàãåíòà, åãî äàâëåíèÿ è òåìïåðàòóðû, èëè áëîêèðîâàíèåì íåêîòîðûõ èç

ïàðàëëåëüíûõ êàíàëîâ «ïàðîâûìè ïðîáêàìè».

Èç-çà ýòèõ îïàñåíèé â îïèñàííûõ ðàíåå ñèñòåìàõ ñâåðõïðîâîäÿùèõ óñêî-

ðèòåëåé îòâîä òåïëà îñóùåñòâëÿëñÿ, êàê ïðàâèëî, ê îäíîôàçíîìó ïîòîêó æèä-

êîãî ãåëèÿ. Ïîñêîëüêó òåìïåðàòóðà òàêîãî ïîòîêà ïðè ýòîì âîçðàñòàåò (îíà íå

äîëæíà ïîâûøàòüñÿ áîëåå ÷åì íà íåñêîëüêî äåñÿòûõ ãðàäóñà èç-çà ñíèæåíèÿ

êðèòè÷åñêîé ïëîòíîñòè òîêà â ñâåðõïðîâîäÿùèõ îáìîòêàõ), ïðèìåíÿþòñÿ

ñïåöèàëüíûå ìåðû äëÿ åå ïîíèæåíèÿ. Íèçêóþ òåìïåðàòóðó ïîääåðæèâàþò ïó-

òåì òåïëîîáìåíà âíóòðè ìàãíèòà ìåæäó æèäêèì è êèïÿùèì äâóõôàçíûì ãå-

ëèåì èëè ïîñëå êàæäîé ãðóïïû ìàãíèòîâ óñòàíàâëèâàþò òåïëîîáìåííèêè.

764 ÀÃÀÏÎÂ Í.Í.



×òîáû èñêëþ÷èòü ïðîìåæóòî÷íûé òåïëîîáìåí è òåì ñàìûì çíà÷èòåëüíî

óïðîñòèòü ñõåìó êðèîñòàòèðîâàíèÿ è êîíñòðóêöèþ ìàãíèòíîé ñèñòåìû, ìîæ-

íî ïðèìåíÿòü ìíîãîêðàòíóþ öèðêóëÿöèþ æèäêîãî ãåëèÿ ïîñðåäñòâîì ñïåöè-

àëüíûõ íàñîñîâ. Â ýòîì íàïðàâëåíèè èçâåñòåí öåëûé ðÿä ðàáîò [6,7], â òîì ÷è-

ñëå è íàøå ïðåäëîæåíèå [8–10] — èñïîëüçîâàòü â êà÷åñòâå íàñîñà æèäêîãî ãå-

ëèÿ ñòðóéíûå àïïàðàòû. Îäíàêî ñïîñîá ìíîãîêðàòíîé öèðêóëÿöèè øèðîêîé

ïðàêòè÷åñêîé ðåàëèçàöèè íå ïîëó÷èë, ââèäó íåîáõîäèìîñòè ñóùåñòâåííî

ðàñøèðÿòü êàíàëû â ìàãíèòàõ âî èçáåæàíèå çíà÷èòåëüíîãî ðîñòà ãèäðàâëè÷å-

ñêîãî ñîïðîòèâëåíèÿ èç-çà óâåëè÷åíèÿ ðàñõîäà.

Íàø àíàëèç âñåâîçìîæíûõ âàðèàíòîâ ñõåì êðèîñòàòèðîâàíèÿ ïîêàçàë,

÷òî èìååòñÿ ðÿä ïðè÷èí, ïî êîòîðûì âñå-òàêè ïðåäïî÷òèòåëüíåå îñóùå-

ñòâëÿòü îòâîä òåïëà íåïîñðåäñòâåííî ê êèïÿùåìó ãåëèþ. Íàèáîëåå ñóùå-

ñòâåííàÿ èç íèõ — âîçìîæíîñòü ïîëó÷åíèÿ ïðè ïðî÷èõ ðàâíûõ óñëîâèÿõ áî-

ëåå íèçêîé è ðàâíîìåðíî ðàñïðåäåëåííîé ïî ïåðèìåòðó òåìïåðàòóðû ìàãíè-

òîâ. Êðîìå òîãî, âîçìîæíûå ëîêàëüíûå òåïëîâûäåëåíèÿ â ñëó÷àå êèïÿùåãî

ãåëèÿ ñðàâíèòåëüíî ìåíåå îïàñíû, ò.ê. òåìïåðàòóðà íå ìîæåò ïîâûñèòüñÿ,

ïîêà íå èñïàðèòñÿ âñÿ æèäêîñòü.

Èìåííî èç ýòèõ ñîîáðàæåíèé äëÿ âíîâü ñîçäàâàåìûõ â Ëàáîðàòîðèè âûñî-

êèõ ýíåðãèé ÎÈßÈ óñêîðèòåëåé — ìîäåëüíîãî ñèíõðîòðîíà ÑÏÈÍ è íóêëî-

òðîíà — îòäàâàëîñü ïðåäïî÷òåíèå êðèîñòàòèðîâàíèþ ïóòåì îòâîäà òåïëà íå-

ïîñðåäñòâåííî ê êèïÿùåìó ãåëèþ. Êîíöåïöèÿ êðèîñòàòèðîâàíèÿ ïåðâîãî èç

íèõ îñíîâûâàëàñü íà ïðèìåíåíèè «ïîãðóæíîãî» ñïîñîáà. Îäíàêî óæå è ïðè

ñîçäàíèè óñêîðèòåëÿ ÑÏÈÍ ñòàëî ÿñíî, ÷òî åãî 60-ìåòðîâûé ïåðèìåòð — ïðå-

äåëüíûé ñëó÷àé ïðèìåíåíèÿ òàêîãî ñïîñîáà [11], è â äàëüíåéøåì äëÿ íóêëî-

òðîíà, èìåþùåãî ïåðèìåòð áîëåå 250 ìåòðîâ, íåîáõîäèìî ïåðåéòè íà öèðêó-

ëÿöèîííûé ñïîñîá. Ðÿä äîïîëíèòåëüíûõ ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé,

êàê íà îäèíî÷íûõ ìàãíèòàõ [12], òàê è ñ ãðóïïàìè ìàãíèòîâ, ïîêàçàë, ÷òî îïà-

ñåíèÿ, ñâÿçàííûå ñ ïðèìåíåíèåì ïîòîêà êèïÿùåãî ãåëèÿ, áûëè ïðåóâåëè÷åíû.

Ìåæäó òåì äîïóñòèìîñòü ïîäâîäà ê ïàðîæèäêîñòíîìó ïîòîêó ñðàâíèòåëüíî

áîëüøîãî êîëè÷åñòâà òåïëà ïîçâîëÿåò ðåçêî óìåíüøèòü êîëè÷åñòâî ãåëèÿ, êî-

òîðîå íåîáõîäèìî ïðîêà÷èâàòü ÷åðåç ìàãíèòíóþ ñèñòåìó, è, êàê ñëåäñòâèå, îò-

êàçàòüñÿ îò êàêèõ áû òî íè áûëî ïðîìåæóòî÷íûõ îõëàäèòåëåé è ñïåöèàëüíûõ

öèðêóëÿöèîííûõ óñòðîéñòâ. Â ðåçóëüòàòå äëÿ íóêëîòðîíà, âïåðâûå äëÿ àíàëî-

ãè÷íûõ ñèñòåì, áûë âûáðàí ñïîñîá êðèîñòàòèðîâàíèÿ ñâåðõïðîâîäÿùèõ ìàã-

íèòîâ ïîñðåäñòâîì öèðêóëÿöèè ïàðîæèäêîñòíîãî ïîòîêà ãåëèÿ.

Îñîáåííîñòè ðàáîòû ïðè ãåëèåâûõ òåìïåðàòóðàõ â ñóùåñòâåííîé ìåðå

óæåñòî÷àþò òðåáîâàíèå âûñîêîé òåðìîäèíàìè÷åñêîé ýôôåêòèâíîñòè. Äåé-

ñòâèòåëüíî, äàæå ïðè èäåàëüíîì ïðîâåäåíèè âñåõ ïðîöåññîâ çàòðàòû ýíåðãèè

íà ïîëó÷åíèå õîëîäà äîñòàòî÷íî âåëèêè. Êàê èçâåñòíî, ìèíèìàëüíûå ýíåðãî-

çàòðàòû íà åäèíèöó âûðàáàòûâàåìîãî õîëîäà îïðåäåëÿþòñÿ ñîîòíîøåíèåì
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ãäå Ò î.ñ — òåìïåðàòóðà îêðóæàþùåé ñðåäû; Ò — òåìïåðàòóðà êðèîñòàòèðîâà-

íèÿ.

Íàïðèìåð, ïðè Ò = 4,5 Ê ýíåðãîçàòðàòû ñîñòàâëÿþò 64 Âò íà 1 Âò õîëîäà.

Ñ ó÷åòîì æå ïîêà åùå äîâîëüíî íèçêîãî (10–20 %) ê.ï.ä. êðèîãåííûõ ãåëèåâûõ

ðåôðèæåðàòîðîâ îíè äîñòèãàþò 320–640 Âò/Âò [13]. Ïîëó÷àòü è ðàñïðåäåëÿòü

õîëîä íåîáõîäèìî î÷åíü ýêîíîìíî. ×òîáû ñíèçèòü çàòðàòû ýíåðãèè, ñîâðåìåí-

íûå êðèîãåííûå óñòàíîâêè, êàê ïðàâèëî, ñòðîÿòñÿ èç ñëîæíûõ êàñêàäîâ

òðåõ-ïÿòè ñòóïåíåé àäèàáàòíîãî ðàñøèðåíèÿ ãàçà íà ðàçëè÷íûõ òåìïåðàòóð-

íûõ óðîâíÿõ. Â áîëüøèíñòâå ñëó÷àåâ ïðîöåññ äðîññåëèðîâàíèÿ Äæîóëÿ —

Òîìñîíà äëÿ ïðîèçâîäñòâà õîëîäà â ñòóïåíè îêîí÷àòåëüíîãî îõëàæäåíèÿ çàìå-

íåí ðàñøèðåíèåì â äåòàíäåðå. Â ñâÿçè ñ áîëüøèìè çàòðàòàìè íà ïîëó÷åíèå õî-

ëîäà ïðè ðàçðàáîòêå ýëåìåíòîâ íóêëîòðîíà áîëüøîå âíèìàíèå óäåëåíî áîðüáå

ñ òåïëîïðèòîêàìè ïî ìîñòàì è îïîðàì, ïî òîêîââîäàì, â òðóáîïðîâîäàõ, òùà-

òåëüíî èññëåäîâàíû äèíàìè÷åñêèå òåïëîâûäåëåíèÿ â ìàãíèòàõ, âîçíèêàþùèå

èç-çà ïåðåìåííîãî òîêà â îáìîòêàõ.

Âûñîêàÿ ýôôåêòèâíîñòü äîëæíà áûòü îáåñïå÷åíà íå â îäíîì, à â ðàçëè÷-

íûõ ðåæèìàõ ðàáîòû êðèîãåííîé ñèñòåìû. Èç-çà áîëüøîé îõëàæäàåìîé ìàññû

è ïðîòÿæåííîñòè íóêëîòðîíà åãî îõëàæäåíèå äî ðàáî÷èõ òåìïåðàòóð òðåáóåò

äîâîëüíî ìíîãî âðåìåíè. Â õîäå ïóñêîâîãî ïåðèîäà èñïîëüçóåòñÿ âåñüìà øè-

ðîêèé ñïåêòð ðåæèìîâ: îõëàæäåíèå, ðåæèì ñæèæåíèÿ ãåëèÿ, ðåôðèæåðàòîð-

íûé ðåæèì è ðàçëè÷íûå èõ ñî÷åòàíèÿ. Êðîìå òîãî, â çàâèñèìîñòè îò íàñòðîé-

êè óñêîðèòåëÿ (ýíåðãèè ÷àñòèö è ÷àñòîòû èçìåíåíèÿ òîêîâ ìàãíèòîâ) òðåáóåò-

ñÿ ðàçëè÷íàÿ õîëîäîïðîèçâîäèòåëüíîñòü. Èññëåäîâàíèå ïåðåìåííûõ ðåæèìîâ

ãåëèåâûõ ðåôðèæåðàòîðîâ âïåðâûå ïðîâîäèëîñü íàìè â [l4,15] è ïîñòîÿííî

ðàçâèâàëîñü â õîäå ñîçäàíèÿ íóêëîòðîíà.

Èç-çà áîëüøèõ çàòðàò, ñëîæíîñòè è òðóäîåìêîñòè ïðîöåññîâ ââîäà â ðàáî-

÷èé ðåæèì âñåé ñèñòåìû, â êà÷åñòâå ìàêñèìàëüíîé çàäà÷è, áûëî áû æåëàòåëü-

íî ïîñòîÿííî ïîääåðæèâàòü íèçêèå òåìïåðàòóðû âñåõ ýëåìåíòîâ óñêîðèòåëÿ.

Âî âñÿêîì ñëó÷àå, ðåôðèæåðàòîðíûå óñòàíîâêè äîëæíû îáëàäàòü òàêèì óðîâ-

íåì íàäåæíîñòè, êîòîðûé îáåñïå÷èâàåò íåïðåðûâíîå ïîääåðæàíèå ðàáî÷èõ

òåìïåðàòóð ìàãíèòíîé ñèñòåìû íå ìåíåå ÷åì 4000–5000 ÷àñîâ â ãîäó. Â ñëó-

÷àå îòêàçîâ êàêèõ-ëèáî ìàøèí è àïïàðàòîâ ñèñòåìà êðèîãåííîãî îáåñïå÷åíèÿ

äîëæíà ïðåäóñìàòðèâàòü âîçìîæíîñòè èõ ðåìîíòà èëè çàìåíû áåç îñòàíîâêè

âñåãî êîìïëåêñà. Òàêèå âîçìîæíîñòè äàåò ïðèìåíåíèå â ñèñòåìå íåêîòîðîãî

çàðàíåå çàïàñåííîãî êîëè÷åñòâà æèäêîãî ãåëèÿ èëè åãî ïîäà÷à îò ïàðàëëåëüíî

ðàáîòàþùåãî îæèæèòåëÿ ãåëèÿ. Ñîîòâåòñòâóþùèå ýòîìó ñëó÷àþ òàê íàçûâàå-

ìûå «ñàòåëëèòíûå» ðåæèìû ðàññìîòðåíû â [16].
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2. ÊÐÈÎÃÅÍÍÀß ÑÈÑÒÅÌÀ ÊÎËÜÖÀ ÍÓÊËÎÒÐÎÍÀ

Îáùåå ïðåäñòàâëåíèå î ïðèíöèïèàëüíîé ñõåìå êðèîñòàòèðîâàíèÿ
óñêîðèòåëÿ [17–19] äàåò ðèñ.2. Â îñíîâó êðèîãåííîé ñèñòåìû ïîëîæåíû òðè

àãðåãàòà îõëàæäåíèÿ ÊÃÓ-1600/4,5. Êàæäûé èç íèõ ñîñòîèò èç òðåõ ãàçîâûõ

òóðáîäåòàíäåðîâ Ò1, Ò2 è Ò3, âàííû æèäêîãî àçîòà, äâóõ- è òðåõïîòî÷íûõ
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Ðèñ.2. Ïðèíöèïèàëüíàÿ ñõåìà êðèîãåííîé ãåëèåâîé ñèñòåìû íóêëîòðîíà: 1 — âàêó-

óìíûé êîæóõ; 2 — òåïëîçàùèòíûé ýêðàí; 3 — êîëëåêòîð ïðÿìîãî ïîòîêà; 4 — êîëëåê-

òîð îáðàòíîãî ïîòîêà; 5 — äèïîëüíûé ìàãíèò; 6 — êâàäðóïîëüíûé ìàãíèò; 7 — ïåðå-

îõëàäèòåëü; 8 — ñåïàðàòîð; 9 — áëîê îõëàæäåíèÿ ÊÃÓ-1600/4,5; 10 — ãàçãîëüäåð;

11 — ðåñèâåð; 12 — ïîðøíåâîé êîìïðåññîð 1ÂÓÂ-45/150; 13 — áëîê îñóøêè; 14 —

ïîðøíåâîé êîìïðåññîð 305ÍÏ-20/30; 15 — ïîðøíåâîé êîìïðåññîð 2ÃM4-12/31; 16 —

áëîê ìàñëîî÷èñòêè ÌÎ-8ÎÎ; 17 — âèíòîâîé êîìïðåññîð «Êàñêàä-80/25»



òåïëîîáìåííèêîâ, ïàðîæèäêîñòíîãî òóðáîäåòàíäåðà Ò4 è ñáîðíèêà æèäêîãî

ãåëèÿ îáúåìîì îêîëî 1000 ë. Ñæàòûé ãåëèé ïîñëå êîìïðåññîðîâ, ïðîéäÿ

î÷èñòêó îò ìàñëà è âëàãè, íà âõîäå â êàæäûé àãðåãàò îõëàæäåíèÿ

ÊÃÓ-1600/4,5 ðàçäåëÿåòñÿ íà äâå ÷àñòè, îäíà èç êîòîðûõ — òóðáîäåòàíäåðíûé

ïîòîê ïîñëå âåíòèëÿ Â7 ðàñøèðÿåòñÿ ïîñëåäîâàòåëüíî â òðåõ òóðáîäåòàíäåðàõ

ñ äàâëåíèÿ 2,5 ÌÏà äî 0,13 ÌÏà. Îñíîâíîé ïîòîê ïîäàåòñÿ ÷åðåç âåíòèëü Â6,

îõëàæäàåòñÿ çà ñ÷åò òåïëîîáìåíà ñ îáðàòíûì ïîòîêîì ãåëèÿ äî òåìïåðàòóðû

5,5–8,5 Ê è ðàñøèðÿåòñÿ â ïàðîæèäêîñòíîì òóðáîäåòàíäåðå ñ äàâëåíèÿ

2,5 ÌÏà äî 0,13–0,17 ÌÏà. Â äàëüíåéøåì îäíà ÷àñòü îñíîâíîãî ïîòîêà îòâî-

äèòñÿ â ñáîðíèê æèäêîãî ãåëèÿ (âåíòèëü Â4), à äðóãàÿ ÷àñòü (âåíòèëü Â2) ïîäà-

åòñÿ ïî òåïëîèçîëèðîâàííîìó òðóáîïðîâîäó â ïðîìåæóòî÷íûé ñåïàðàòîð (8),

ïîñëå îõëàæäåíèÿ â êîòîðîì íàïðàâëÿåòñÿ â êîëëåêòîð (3) ïðÿìîãî ïîòîêà

êðèîñòàòíîé ñèñòåìû íóêëîòðîíà.

Êàæäàÿ èç äâóõ óñòàíîâîê ÊÃÓ-1600/4,5 ïîäêëþ÷åíà ê ñâîåìó ïîëó-

êîëüöó. Òðåòüÿ óñòàíîâêà — ðåçåðâíàÿ. Îíà ïðåäíàçíà÷åíà äëÿ ðàáîòû â îæè-

æèòåëüíîì ðåæèìå ñ ïîäà÷åé æèäêîãî ãåëèÿ âåíòèëåì Â3 ïî òåïëîèçîëèðî-

âàííîìó òðóáîïðîâîäó â ëþáóþ èç óñòàíîâîê, ïîäêëþ÷åííûõ íåïîñðåäñòâåí-

íî ê ïîëóêîëüöó óñêîðèòåëÿ. Ïðè ïîäà÷å æèäêîãî ãåëèÿ îò ðåçåðâíîé

ÊÃÓ-1600/4,5 êàæäàÿ èç äâóõ îñòàâøèõñÿ ìîæåò áûòü ïåðåâåäåíà â «ñàòåëëèò-

íûé» ðåæèì. Ýòî îáåñïå÷èâàåò ïðîäîëæåíèå öèðêóëÿöèè íåîáõîäèìîãî êîëè-

÷åñòâà æèäêîãî ãåëèÿ íà ñîîòâåòñòâóþùåì ïîëóêîëüöå íóêëîòðîíà â òå÷åíèå

îñòàíîâîê òóðáîäåòàíäåðîâ, âîçìîæíûõ âñëåäñòâèå èõ âûõîäà èç ñòðîÿ èëè âî

âðåìÿ çàìåíû ïî äðóãèì ïðè÷èíàì. Êðîìå òîãî, ïîäêëþ÷åíèå ðåçåðâíîé

ÊÃÓ-1600/4,5 îáåñïå÷èâàåò ïðè íåîáõîäèìîñòè ïîâûøåíèå õîëîäîïðîèçâî-

äèòåëüíîñòè âñåé ñèñòåìû â öåëîì.

Â êðèîãåííîé ñèñòåìå íóêëîòðîíà çàäåéñòâîâàíû êîìïðåññîðû ðàçëè÷-

íûõ òèïîâ è ìîäèôèêàöèé. Îñíîâîé ñèñòåìû êîìïðèìèðîâàíèÿ ñëóæèò âèí-

òîâîé êîìïðåññîðíûé àãðåãàò (17 íà ðèñ.2) «Êàñêàä- 80/25» ïðîèçâîäñòâà êà-

çàíñêîãî îáúåäèíåíèÿ ÀÎ «ÍÈÈÒÓÐÁÎÊÎÌÏÐÅÑÑÎÐ» [21]. Äëÿ ñòóïåí÷à-

òîãî ðåãóëèðîâàíèÿ ðàñõîäà ñæàòîãî ãåëèÿ è ðåçåðâèðîâàíèÿ èñïîëüçóþòñÿ

ïîðøíåâûå êîìïðåññîðû ìåíüøåé ïðîèçâîäèòåëüíîñòè: 3Î5ÍÏ-20/30 è

2ÃM4-12/31 (14 ), (15). Çàêà÷êà èñïàðèâøåãîñÿ ãåëèÿ â ðåñèâåðû îñóùåñòâëÿ-

åòñÿ íåáîëüøèìè ïîðøíåâûìè êîìïðåññîðàìè 1ÂÓÂ-45/150 (12), ñïîñîáíû-

ìè ðàáîòàòü ïðè áîëåå âûñîêîì äàâëåíèè íà íàãíåòàíèè.

Îñíîâíûå òåõíè÷åñêèå õàðàêòåðèñòèêè ïðèìåíÿåìûõ êîìïðåññîðîâ
äàíû â òàáë. 2. Ê íàñòîÿùåìó âðåìåíè íà êðèîãåííîé ñèñòåìå íóêëîòðîíà
óñòàíîâëåí îäèí àãðåãàò «Êàñêàä-80/25», âòîðóþ ìàøèíó ïëàíèðóåòñÿ ââåñòè
â äåéñòâèå â 2000 ãîäó. Ñóììàðíàÿ ïðîèçâîäèòåëüíîñòü êîìïðåññîðîâ, ðàñïî-
ëîæåííûõ â ìàøèííîì çàëå íóêëîòðîíà, óñòàíîâëåííàÿ ìîùíîñòü è ðàñõîä
îõëàæäàþùåé âîäû ñîñòàâëÿþò 12240 Íì3/÷, 2,6 ÌÂò è 155 ì3 /÷. Ïîñëå òîãî
êàê áóäåò çàäåéñòâîâàí âòîðîé àãðåãàò «Êàñêàä-80/25», ýòè çíà÷åíèÿ óâåëè÷àò-
ñÿ, ñîîòâåòñòâåííî, äî 17280 Íì3/÷, 3,85 ÌÂò è 215 ì3/÷.
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Òàáëèöà 2. Îñíîâíûå òåõíè÷åñêèå õàðàêòåðèñòèêè êîìïðåññîðîâ
êðèîãåííîé ñèñòåìû íóêëîòðîíà

Õàðàêòåðèñòèêè
«Êàñêàä-

80/25»

305ÍÏ-

80/25

2ÃÌ-

12/31

1ÂÓÂ-

45/150

Êîëè÷åñòâî, øò. 2 3 4 4

Òèï Âèíò. Ïîðøí. Ïîðøí. Ïîðøí.

Ïðîèçâîäèòåëüíîñòü (ïðè

óñëîâèÿõ âñàñûâàíèÿ), ì3/÷
5040 1200 840 45

Äàâëåíèå íàãíåòàíèÿ, ÌÏà 2,5 3,0 3,1 15,0

Óñòàíîâëåííàÿ ìîùíîñòü

ýëåêòðîäâèãàòåëÿ, êÂò
2 × 630 200 160 22

Íàïðÿæåíèå

ýëåêòðîäâèãàòåëÿ, Â
6000 380 380 380

×èñëî ñòóïåíåé ñæàòèÿ 2 3 3 3

×èñëî îáîðîòîâ êîìïðåññîðà,

îá./ìèí
2970 500 740 620

Ðàñõîä îõëàæäàþùåé âîäû, ì3/÷ 60 15 7,2 1,5

Âèíòîâîé êîìïðåññîðíûé àãðåãàò «Êàñêàä-80/25» èìååò íà âûõîäå ñèñòå-

ìó î÷èñòêè îò ìàñëà è âëàãè, îñíîâíûì ýëåìåíòîì êîòîðîé ÿâëÿåòñÿ áëîê

ÌÎ-800 (16) ïðîèçâîäñòâà ÍÏÎ «Êðèîãåíìàø» [22]. Îêîí÷àòåëüíàÿ î÷èñòêà

îò ïàðîâ ìàñëà îñóùåñòâëÿåòñÿ â ýòîì áëîêå ïîñðåäñòâîì äâóõ óãîëüíûõ àä-

ñîðáåðîâ, êàæäûé èç êîòîðûõ ðàññ÷èòàí íà äëèòåëüíîñòü ðàáîòû 2500 ÷àñîâ.

Ïî èñòå÷åíèè óêàçàííîãî âðåìåíè àäñîðáåðû ïåðåêëþ÷àþòñÿ, è ïðèøåäøèé â

íåãîäíîñòü óãîëü çàìåíÿåòñÿ íîâûì. Î÷èñòêà îò âëàãè îñóùåñòâëÿåòñÿ â äâóõ

öåîëèòîâûõ àäñîðáåðàõ áëîêà ÌÎ-800. Êàæäûé èç íèõ ðàññ÷èòàí íà ðàáîòó â

òå÷åíèå 10 ñóòîê, à çàòåì ïîäâåðãàåòñÿ ðåãåíåðàöèè. Î÷èñòêà îò âëàãè ñæàòîãî

ãåëèÿ, ïîëó÷àåìîãî îò ïîðøíåâûõ êîìïðåññîðîâ, ïðîèçâîäèòñÿ â òðåõ ïàðàë-

ëåëüíî âêëþ÷åííûõ áëîêàõ îñóøêè (13). Ñèñòåìà õðàíåíèÿ ãàçîîáðàçíîãî ãå-

ëèÿ ðàññ÷èòàíà íà 6000 Íì3. Îíà ñîñòîèò èç 10 ðåñèâåðîâ (11) ñ îáúåìîì ïî

20 ì3 è ðàáî÷èì äàâëåíèåì 3,0 ÌÏà. Êðîìå òîãî, èìåþòñÿ òðè ìàñëîíàïîë-

íåííûõ ãàçãîëüäåðà (10) ñ îáúåìîì ïî 20 ì3. Îñíîâíàÿ ðàáîòà ïðîèçâîäèòñÿ

òîëüêî íà îäíîì èç íèõ, äâà äðóãèõ èñïîëüçóþòñÿ äëÿ èñïûòàíèé íà ãåðìåòè÷-

íîñòü îòäåëüíûõ êîìïðåññîðîâ ïîñëå èõ ðåìîíòà.

Åñòåñòâåííî, ðàáîòà ñ ãàçãîëüäåðîì òàêîãî íåáîëüøîãî îáúåìà íà îïèñû-

âàåìîé äîâîëüíî êðóïíîé ñèñòåìå êðèîãåííîãî îáåñïå÷åíèÿ íà ïåðâîì ýòàïå

âûçûâàëà íåêîòîðûå çàòðóäíåíèÿ. Îäíàêî ìû íå ïîñ÷èòàëè âîçìîæíûì ïîéòè

ïî òàêîìó ïóòè, êàê, íàïðèìåð, íà óñòàíîâêå «Òîêàìàê-15», ãäå â àíàëîãè÷íîé

ïî ìàñøòàáó êðèîãåííîé ñèñòåìå [23] èñïîëüçîâàí ìàñëîíàïîëíåííûé ãàç-
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ãîëüäåð îáúåìîì 1000 ì3. Âî-ïåðâûõ, âåñüìà çíà÷èòåëüíû êàïèòàëüíûå çà-

òðàòû êàê íà òàêîå óñòðîéñòâî, òàê è íà çäàíèå, ãäå îíî äîëæíî ðàçìåùàòüñÿ.

Âî-âòîðûõ, êàê ýòî îòìå÷àë Ï.Ë. Êàïèöà [24] åùå â 1936 ã. ïðè îïèñàíèè åãî

ïåðâîãî äåòàíäåðíîãî îæèæèòåëÿ ãåëèÿ, âîçäóõ ÷åðåç ìàñëî ãàçãîëüäåðà èìå-

åò âîçìîæíîñòü äèôôóíäèðîâàòü â ñèñòåìó. Ïðè áîëüøîì îáúåìå ãàçãîëüäå-

ðà çàãðÿçíåíèå ãåëèÿ âîçäóõîì èç îêðóæàþùåé ñðåäû ìîãëî îêàçàòüñÿ âåñüìà

çíà÷èòåëüíûìè. Â íåêîòîðîé ñòåïåíè ôóíêöèþ ãàçãîëüäåðà âûïîëíÿåò è ïîä-

ñîåäèíåííûé ê îáðàòíîìó ïîòîêó ðåñèâåð åìêîñòüþ 100 ì3, èñïîëüçóåìûé â

ìîìåíòû çàïóñêà àãðåãàòà «Êàñêàä-80/25».

Íà ðèñ.3 ïîêàçàí ïëàí ðàçìåùåíèÿ îáîðóäîâàíèÿ ñèñòåìû êðèîãåííîãî

îáåñïå÷åíèÿ íóêëîòðîíà. Ìàøèíû è àïïàðàòû ðàñïîëàãàþòñÿ â òðåõ êîðïó-

ñàõ: â êîðïóñå ñèíõðîôàçîòðîíà íà èìåâøèõñÿ óæå ïëîùàäÿõ è â äâóõ íîâûõ,

ñïåöèàëüíî ïîñòðîåííûõ, — êîðïóñå êîìïðåññîðíîé è êîðïóñå ãàçãîëüäåð-

íîé. ×àñòü îáîðóäîâàíèÿ ðàçìåùåíà íà ïðèëåãàþùåé ê êîðïóñàì òåððèòîðèè.

Â ÷àñòíîñòè, âáëèçè êîðïóñà êîìïðåññîðíîé ðàñïîëàãàåòñÿ ñèñòåìà õðàíåíèÿ

è ðàçäà÷è æèäêîãî àçîòà (34) è (35), íåïîäàëåêó óñòàíîâëåíû ðåñèâåðû

(21)–(30) äëÿ õðàíåíèÿ ãàçîîáðàçíîãî ãåëèÿ.

Êîëüöåâàÿ ìàãíèòîêðèîñòàòíàÿ ñèñòåìà [4,5,18,19]. Êàê ïîêàçàíî íà

ðèñ.2, êàæäûé èç äèïîëüíûõ è êâàäðóïîëüíûõ ìàãíèòîâ ïèòàåòñÿ æèäêèì ãå-

ëèåì èç êîëëåêòîðà, ïðîëîæåííîãî ïî âñåé äëèíå óñêîðèòåëÿ. Â ðàñ÷åòíîì ðå-

æèìå èç ñâåðõïðîâîäÿùåãî êàáåëÿ ãåëèé âûõîäèò ñ ìàññîâûì ïàðîñîäåðæàíè-

åì ∼ 0,35 è äàëåå îõëàæäàåò æåëåçíîå ÿðìî ñîîòâåòñòâóþùåãî ìàãíèòà, ïîñëå

÷åãî ñ ïàðîñîäåðæàíèåì äî 0,9 îòâîäèòñÿ â îáðàòíûé êîëëåêòîð.

Ýëåìåíòû ìàãíèòíîé îïòèêè óñêîðèòåëÿ, à òàêæå ãåëèåâûå êîëëåêòîðû

ïðÿìîãî è îáðàòíîãî ïîòîêîâ ðàçìåùåíû â êîëüöåâîì êðèîñòàòå, îáðàçóåìîì

ãîðèçîíòàëüíûìè öèëèíäðè÷åñêèìè ó÷àñòêàìè èç íåðæàâåþùåé ñòàëè. Êðî-

ìå òîãî, ïî âñåìó ïåðèìåòðó êîëüöåâîãî êðèîñòàòà èìååòñÿ òåïëîçàùèòíûé

ýêðàí, îõëàæäàåìûé æèäêèì àçîòîì. Öèëèíäðè÷åñêèå ó÷àñòêè èìåþò äëèíû,

ñîîòâåòñòâóþùèå äëèíàì ìàãíèòîâ, è â ñáîðå îáðàçóþò åäèíûå ìàãíèòîêðèî-

ñòàòíûå áëîêè, êîòîðûå ñîåäèíÿþòñÿ ìåæäó ñîáîé ïîñðåäñòâîì ñèëüôîííûõ

ðàçâÿçîê. Ñòàòè÷åñêèé òåïëîïðèòîê èç îêðóæàþùåé ñðåäû ê ìàãíèòîêðèî-

ñòàòíîìó áëîêó äèïîëÿ ñîñòàâëÿåò 6,6 Âò, êâàäðóïîëÿ — 5,8 Âò.

Â ìàãíèòîêðèîñòàòíîì áëîêå (ðèñ.4) ìàãíèò çàêðåïëÿåòñÿ ïîñðåäñòâîì

âîñüìè òÿã (9) òàê, ÷òî ïîñëå îõëàæäåíèÿ äî ðàáî÷èõ òåìïåðàòóð ïîëîæåíèå

åãî ìàãíèòíîé îñè â ïðîñòðàíñòâå íå èçìåíÿåòñÿ. Ê òîðöàì âàêóóìíîãî êîæó-

õà (8) ñ ïîìîùüþ íàêèäíûõ ôëàíöåâ, ïîçâîëÿþùèõ ïîâîðà÷èâàòü áëîê âîêðóã

îñè, ïðèñîåäèíåíû ãèáêèå ñèëüôîííûå ýëåìåíòû (1), êîòîðûå äàþò âîçìîæ-

íîñòü âçàèìíîãî ïåðåìåùåíèÿ áëîêîâ, ÷òî íåîáõîäèìî äëÿ þñòèðîâêè. Êîí-

ñòðóêöèÿ óñòàíàâëèâàåòñÿ íà èìåþùóþ þñòèðîâî÷íîå ïðèñïîñîáëåíèå ïîä-

ñòàâêó (15). Âàêóóìíûå êîæóõè áëîêîâ ñîåäèíÿþòñÿ ðàçúåìíûìè ìóôòàìè

(5). Îíè îáåñïå÷èâàþò äîñòóï ê ñîåäèíåíèÿì ýëåêòðè÷åñêèõ è êðèîãåííûõ

êîììóíèêàöèé, ðàñïîëîæåííûì â êîðîòêèõ ïðîìåæóòêàõ ìåæäó ìàãíèòàìè.
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Èìååòñÿ òðè òèïà ìàãíèòîêðèîñòàòíûõ áëîêîâ: äèïîëüíûõ, ôîêóñèðóþ-

ùèõ è äåôîêóñèðóþùèõ ìàãíèòîâ. Êàæäûé áëîê ïåðåä óñòàíîâêîé â êîëüöî

óñêîðèòåëÿ ïîäâåðãíóò êîìïëåêñíîé ïðîâåðêå (ãèäðàâëè÷åñêîå ñîïðîòèâëå-
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Ðèñ.3. Ïëàí ðàçìåùåíèÿ îñíîâíîãî îáîðóäîâàíèÿ êðèîãåííîé ñèñòåìû íóêëîòðîíà:

1–3 — ãåëèåâûå óñòàíîâêè ÊÃÓ1600/4,5; 4–5 — áëîêè î÷èñòêè ÌÎ-800; 6 — ñèëîâûå

ýëåêòðîòåõíè÷åñêèå øêàôû; 7–9 — ïîðøíåâûå êîìïðåññîðû ÇÎ5ÍÏ-20/30; 10–13 —

ïîðøíåâûå êîìïðåññîðû 2ÃM4-12/31; 14–17 — çàêà÷íûå ïîðøíåâûå êîìïðåññîðû

1ÁÓÂ-45/150; 18–19 — âèíòîâûå êîìïðåññîðíûå àãðåãàòû «Êàñêàä-80/25»; 21–30 —

ðåñèâåðû õðàíåíèÿ ñæàòîãî ãàçà; 31–33 — ãàçãîëüäåðû; 34,35 — òàíêè æèäêîãî àçîòà;

36,37 — ðåñèâåðû íà îáðàòíîì ïîòîêå; 38 — íàñîñû äëÿ ïîäà÷è îõëàæäàþùåé âîäû;

39,40 — ïðîìåæóòî÷íûå ñåïàðàòîðû æèäêîãî ãåëèÿ; 41–43 — òðóáîïðîâîäû æèäêîãî

ãåëèÿ; 44 — òàíê æèäêîãî ãåëèÿ



íèå, ýëåêòðè÷åñêàÿ ïðî÷íîñòü, ìàãíèòíûå èçìåðåíèÿ è äð.) ïðè òåìïåðàòóðå

æèäêîãî ãåëèÿ íà ñïåöèàëüíûõ ñòåíäàõ. Â õîäå îêîí÷àòåëüíîé ñáîðêè êîëüöà

ïðîèçâîäèëàñü ñòûêîâêà ëèøü îãðàíè÷åííîãî êîëè÷åñòâà ýëåìåíòîâ: ãåëèå-

âûõ êîëëåêòîðîâ (2), òðóáîïðîâîäà æèäêîãî àçîòà (7), âàêóóìíîé êàìåðû (4) è

ðàçúåìíûõ ìóôò (5).

Âñå ìàãíèòû óñêîðèòåëÿ ñîåäèíÿþòñÿ ïî ãðóïïàì â òðè ýëåêòðè÷åñêèå

öåïè: B, BR — îòêëîíÿþùèå ìàãíèòû, F — ôîêóñèðóþùèå è D — äåôîêóñè-

ðóþùèå ìàãíèòû. Â êàæäîì áëîêå ïîìèìî ýëåêòðè÷åñêîé öåïè ñîáñòâåííîãî

ìàãíèòà èìåþòñÿ òðàíçèòíûå êàáåëè ýëåêòðè÷åñêîé ñâÿçè ìàãíèòîâ äðóãèõ

ãðóïï (ðèñ.5). Äëÿ ýëåêòðè÷åñêîãî ñîåäèíåíèÿ ñîñåäíèõ áëîêîâ â êàæäîì ïðî-

ìåæóòêå ìåæäó ìàãíèòàìè âûïîëíÿþòñÿ ÷åòûðå ñïàÿ ñâåðõïðîâîäÿùèõ êàáå-

ëåé. Î÷åíü âàæíî, ÷òî âñå ãåëèåâûå êàíàëû áëîêà ñîåäèíåíû ñ ãåëèåâûìè êîë-

ëåêòîðàìè âíóòðè áëîêà, è ýòè ñîåäèíåíèÿ ïðîâåðåíû íà ãåðìåòè÷íîñòü â

õîäå ïðåäâàðèòåëüíûõ òåñòîâûõ íèçêîòåìïåðàòóðíûõ èñïûòàíèé. Òàêàÿ òåõ-

íîëîãèÿ èñêëþ÷àåò ãåëèåâûå òå÷è â îêðóæàþùåå ìàãíèòû âàêóóìíîå ïðî-

ñòðàíñòâî ñ áîëüøîé ñòåïåíüþ âåðîÿòíîñòè.

Òàê æå, êàê è â óñòàíîâêå ÑÏÈÍ [3,32], â íóêëîòðîíå èñïîëüçîâàíû ïðî-

ñòûå è ýêîíîìè÷íûå ìàãíèòû òèïà «Äóáíà», â êîòîðûõ ïîëå ôîðìèðóåòñÿ ïî-

ñðåäñòâîì æåëåçíîãî ÿðìà. Îíè õàðàêòåðèçóþòñÿ ìèíèìàëüíûì ðàñõîäîì

ñâåðõïðîâîäíèêà, õîòÿ è îãðàíè÷åíû ïî óñëîâèÿì íàñûùåíèÿ æåëåçà âåëè÷è-
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Ðèñ.4. Ìàãíèòîêðèîñòàòíûé áëîê íóêëîòðîíà: 1 — ñèëüôîí; 2 — ãåëèåâûå êîëëåêòî-
ðû; 3 — òåïëîèçîëèðóþùèé ýêðàí; 4 — âàêóóìíàÿ êàìåðà èîíîïðîâîäà; 5 — ìóôòà;
6 — æåëåçíîå ÿðìî; 7 — òðóáîïðîâîä æèäêîãî àçîòà; 8 — âàêóóìíûé êîæóõ; 9 — òÿãà;
10 — ñâåðõïðîâîäÿùèé êàáåëü ýëåêòðè÷åñêîé ñâÿçè ìàãíèòîâ; 11— òåïëîâîé ìîñò;
12 — îáìîòêà; 13 — òðóáêà äëÿ îõëàæäåíèÿ ÿðìà; 14 — ñóïåðèçîëÿöèÿ; 15 — ïîäñòàâ-
êà; 16 — äîìêðàò



íîé èíäóêöèè ìàãíèòíîãî ïîëÿ (äî 2,3 Òë). Îñíîâíûå ýëåìåíòû òàêèõ ìàãíè-

òîâ — ñâåðõïðîâîäÿùàÿ îáìîòêà è æåëåçíîå ÿðìî, îáåñïå÷èâàþùåå ìàãíèò-

íîå ïîëå âûñîêîé îäíîðîäíîñòè è âîñïðèíèìàþùåå ìàãíèòíûå ñèëû, äåé-

ñòâóþùèå íà îáìîòêó. Îäíàêî â îòëè÷èå îò óñòàíîâêè ÑÏÈÍ êîíñòðóêöèÿ

ìàãíèòîâ íóêëîòðîíà ïðåäóñìàòðèâàåò êðèîñòàòèðîâàíèå áîëåå ïðîãðåññèâ-

íûì öèðêóëÿöèîííûì ñïîñîáîì. Ñâåðõïðîâîäÿùèé êàáåëü ñîçäàí íà îñíîâå

ìåëüõèîðîâîé òðóáêè äèàìåòðîì 5õ0,5 ìì, âíóòðè êîòîðîé öèðêóëèðóåò ïàðî-

æèäêîñòíûé ïîòîê ãåëèÿ. Íà ýòó òðóáêó ñïèðàëüíî íàìîòàí ñâåðõïðîâîäÿùèé

êàáåëü, ïðåäñòàâëÿþùèé ñîáîé ìåäíóþ ïðîâîëî÷íóþ ìàòðèöó äèàìåòðîì

0,5 ìì, ñîäåðæàùóþ âíóòðè 1045 òîíêèõ íèîáèåâî-òèòàíîâûõ âîëîêîí òîë-

ùèíîé 10 ìêì (ðèñ.6). Íîìèíàëüíûé òîê òàêîãî ñâåðõïðîâîäÿùåãî êàáåëÿ —

6 êÀ, ïåðåõîä ìàãíèòîâ â íîðìàëüíîå ñîñòîÿíèå íàáëþäàåòñÿ ïðè ïîäà÷å òîêà

îêîëî 7,5 êÀ.
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Ðèñ.5. Ñõåìà ýëåêòðè÷åñêèõ è ãåëèåâûõ êîììóíèêàöèé ìàãíèòîêðèîñòàòíûõ áëîêîâ:

1 — ïèòàþùèé êîëëåêòîð; 2 — òðóáêà äëÿ îõëàæäåíèÿ êîëëåêòîðà; 3 — ìóëüòèïîëü-

íûé êîððåêòîð; 4 — ìåòàëëîêåðàìè÷åñêàÿ ýëåêòðîèçîëÿöèîííàÿ òðóáêà; 5 — òðóáêà

äëÿ îõëàæäåíèÿ æåëåçíîãî ÿðìà; 6 — îáìîòêà êâàäðóïîëÿ; 7 — îòâîäÿùèé êîëëåêòîð;

8 — îáìîòêà äèïîëÿ; õ — ìàññîâîå ïàðîñîäåðæàíèå ïîòîêîâ ãåëèÿ



Ïîïåðå÷íîå ñå÷åíèå äèïîëüíûõ

ìàãíèòîâ è êâàäðóïîëüíûõ ëèíç ïðèâå-

äåíî íà ðèñ.7. Ìàãíèòû èìåþò ðàçáîð-

íóþ êîíñòðóêöèþ. Æåëåçíîå ÿðìî äè-

ïîëåé ñîñòîèò èç äâóõ ñîåäèíåííûõ ïî-

ñðåäñòâîì áîëòîâ ñèììåòðè÷íûõ

÷àñòåé, ñìîíòèðîâàííûõ èç ïëàñòèí

ýëåêòðîòåõíè÷åñêîé ñòàëè òîëùèíîé

0,5 ìì. Æåëåçî êâàäðóïîëåé èìååò ÷å-

òûðå ñèììåòðè÷íûå ÷àñòè. Îñíîâíûå

õàðàêòåðèñòèêè ìàãíèòîâ ïðèâåäåíû â

òàáë. 3. Íà ðèñ.8 ïðåäñòàâëåíà çàâèñè-

ìîñòü ñóììû ñòàòè÷åñêîãî òåïëîïðèòî-

êà è äèíàìè÷åñêèõ òåïëîâûäåëåíèé

ïîëíîãî êîëüöà îò ðåæèìà ðàáîòû óñêî-

ðèòåëÿ. Ïîòðåáíàÿ õîëîäîïðîèçâîäè-

òåëüíîñòü èçìåíÿåòñÿ îò âåëè÷èíû ñòà-

òè÷åñêîãî òåïëîïðèòîêà (1750 Âò) ïðè

ðåäêîì ñëåäîâàíèè èìïóëüñîâ òîêà â ìàãíèòàõ äî 4620 Âò ïðè ÷àñòîòå 0,5 Ãö.

Â [33] ñîäåðæàòñÿ ïîäðîáíûå äàííûå ìàãíèòíûõ èçìåðåíèé äèïîëåé è

êâàäðóïîëåé íóêëîòðîíà, ðàññìîòðåí àëãîðèòì ðàññòàíîâêè ìàãíèòîâ ñ öåëüþ
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Ðèñ.6. Êîíñòðóêöèÿ ñâåðõïðîâîäÿùåãî
êàáåëÿ íóêëîòðîíà: 1 — ìåëüõèîðîâàÿ
òðóáêà; 2 — ñâåðõïðîâîäÿùàÿ ïðîâî-
ëîêà; 3 — íèõðîìîâàÿ ïðîâîëîêà; 4 —
êàïòîíîâàÿ ëåíòà; 5 — ñòåêëîëåíòà

Ðèñ.7. Ïîïåðå÷íûå ðàçðåçû äèïîëüíîãî è êâàäðóïîëüíîãî ìàãíèòîâ: 1 — îõëàæäàþ-
ùàÿ òðóáêà; 2 — æåëåçíîå ÿðìî; 3 — ñâåðõïðîâîäÿùàÿ îáìîòêà; 4 — èîíîïðîâîä; 5 —
äâóõôàçíûé ãåëèé; 6 — ìåëüõèîðîâàÿ òðóáêà; 7 — ñâåðõïðîâîäÿùèé êàáåëü



óìåíüøåíèÿ èñêàæåíèÿ çàìêíóòîé îðáèòû èç-çà ðàçáðîñà èõ ýôôåêòèâíûõ

äëèí. Âîçìîæíîñòè äàëüíåéøåãî ñîâåðøåíñòâîâàíèÿ îïèñàííîãî òèïà ìàãíè-

òîâ, óâåëè÷èâàþùèå ìàãíèòíîå ïîëå äî âåëè÷èí 3,5–5 Òë, ïðåäëîæåíû â [34].

Òàáëèöà 3. Îñíîâíûå õàðàêòåðèñòèêè ìàãíèòîâ íóêëîòðîíà

Õàðàêòåðèñòèêè Äèïîëü Êâàäðóïîëü

Êîëè÷åñòâî ýëåìåíòîâ 96 64

Ìàññà, êã 500 200

Àïåðòóðà, ìì 110 × 55 120 × 63

Äëèíà æåëåçíîãî ÿðìà, ìì 1370 430

Ôèçè÷åñêàÿ äëèíà, ìì 1462 450

×èñëî âèòêîâ â îáìîòêå 2 × 8 4 × 5

Äëèíà ñâåðõïðîâîäÿùåãî êàáåëÿ â îáìîòêå, ì 62 24

Èíäóêöèÿ ïðè íîìèíàëüíîì òîêå 6 êÀ, Òë 1,98 —

Ãðàäèåíò ïðè íîìèíàëüíîì òîêå 5,6 êÀ, Òë/ì — 33,4

Çàïàñåííàÿ ýíåðãèÿ, êÄæ 19,8 6,9

Äèíàìè÷åñêèå òåïëîâûäåëåíèÿ â öèêëå

ñ ÷àñòîòîé 0,5 Ãö, Âò
21 12

Ñòàòè÷åñêèé òåïëîïðèòîê (ïðè íóëåâîì òîêå), Âò 6,6 5,2
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Ðèñ.8. Ïîòðåáíàÿ õîëîäîïðîèçâîäèòåëüíîñòü êðèîãåííîé ñèñòåìû íóêëîòðîíà â çàâè-
ñèìîñòè îò ÷àñòîòû ïîâòîðåíèÿ èìïóëüñîâ òîêà â ìàãíèòàõ



Ñâåðõïðîâîäÿùèå ìóëüòèïîëüíûå ìàãíèòû äëÿ êîððåêöèè îðáèòû
÷àñòèö [63]. Äëÿ îáåñïå÷åíèÿ êîððåêöèè îðáèòû ÷àñòèö â êîëüöå íóêëîòðîíà

ñìîíòèðîâàíî 28 ìóëüòèïîëüíûõ êîððåêòîðîâ ñ òðåìÿ èëè ÷åòûðüìÿ òèïàìè

îáìîòîê â êàæäîì. Â ñîñòàâå

êîððåêòîðîâ â ðàçíûõ êîì-

áèíàöèÿõ èìåþòñÿ äèïîëü-

íûå (D), êâàäðóïîëüíûå (Q),

ñåêñòóïîëüíûå (S) è îêòó-

ïîëüíûå îáìîòêè (O). Êàæ-

äàÿ èç íèõ çàïèòûâàåòñÿ ýëåêò-

ðè÷åñêèì òîêîì íåçàâèñèìî

îò äðóãèõ. Êîððåêòîðû

ñìîíòèðîâàíû íà áàçîâûõ

êâàäðóïîëüíûõ ìàãíèòàõ.

Îñíîâíûå ïàðàìåòðû

ìóëüòèïîëüíûõ êîððåêòîðîâ

ïðèâîäÿòñÿ â òàáë. 4, êîí-

ñòðóêöèÿ ïîêàçàíà íà ðèñ.9.
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Òàáëèöà 4. Îñíîâíûå ïàðàìåòðû
ñâåðõïðîâîäÿùèõ êîððåêòèðóþùèõ

ìàãíèòîâ íóêëîòðîíà

Âíóòðåííÿÿ òðóáêà, ìì 132

Âíóòðåííèé äèàìåòð îáìîòêè, ìì 147

Äëèíà îáìîòêè, ìì 310

Ìàêñèìàëüíûé ðàñ÷åòíûé òîê, À 100

Îáìîòêè D/S/O

Ìàêñèìàëüíîå ïîëå, Òë 0,15/0,4/0,1

Àìïåð-âèòêè, êÀ 9/8,2/1,5

Ðèñ.9. Êîíñòðóêöèÿ ìóëüòèïîëüíîãî êîððåêòèðóþùåãî ìàãíèòà: 1 — ïîääåðæèâàþ-
ùèé öèëèíäð; 2 — çìååâèê ñ äâóõôàçíûì ãåëèåì; 3 — ñâåðõïðîâîäÿùèå îáìîòêè; 4 —
æåëåçíîå ÿðìî, 5 — òåïëîîáìåííèê îõëàæäåíèÿ æåëåçíîãî ÿðìà, 6 — ôëàíåö, 7 —
ýëåêòðîèçîëÿöèÿ



Îáìîòêè âûïîëíåíû èç ñâåðõïðîâîäÿùåãî ïðîâîäà äèàìåòðîì 0,5 ìì â îä-

íîì ñëîå. Îíè ïðîïèòàíû ýïîêñèäíûì êîìïàóíäîì è ïðèêëååíû ê çìååâèêó

(2), ïî êîòîðîìó ïðîõîäèò äâóõôàçíûé ãåëèé ïðè òåìïåðàòóðå 4,5 Ê. Òðóáêà

(2) äèàìåòðîì 5õ0,5 ìì ïðèïàÿíà ê öèëèíäðó (1), èçãîòîâëåííîìó èç íåðæàâå-

þùåé ñòàëè. Îáìîòêè îêðóæåíû æåëåçíûì ÿðìîì èç ëèñòîâîé ýëåêòðîòåõíè-

÷åñêîé ñòàëè òîëùèíîé 0,5 ìì. Ëèñòû ñîåäèíåíû ïóòåì ñâàðêè. Îõëàæäåíèå

æåëåçíîãî ÿðìà îñóùåñòâëÿåòñÿ ïîñðåäñòâîì ïðèïàÿííîé ê íåìó ìåäíîé

òðóáêè äèàìåòðîì 6õ1 ìì.

Òîêîââîäû [45-47]. Ââîä áîëüøèõ ïî âåëè÷èíå ýëåêòðè÷åñêèõ òîêîâ îò

ðàáîòàþùèõ ïðè òåìïåðàòóðå îêðóæàþùåé ñðåäû èñòî÷íèêîâ ïèòàíèÿ â

îõëàæäàåìûå æèäêèì ãåëèåì ñâåðõïðîâîäÿùèå ìàãíèòû — äîâîëüíî ñëîæíàÿ

çàäà÷à. ×åì áîëüøå ïëîùàäü ñå÷åíèÿ è ìåíüøå äëèíà ïðîâîäíèêà, òåì áîëü-

øåå êîëè÷åñòâî òåïëà ïðèòåêàåò èçâíå â ìàãíèòîêðèîñòàòíóþ ñèñòåìó. Îäíàêî

è ÷ðåçìåðíîå óìåíüøåíèå ïëîùàäè ñå÷åíèÿ ìîæåò ïðèâîäèòü ê áîëüøèì òå-

ïëîïðèòîêàì èç-çà ðàçîãðåâà òîêîââîäà ïðè ïðîõîæäåíèè ýëåêòðè÷åñêîãî

òîêà. Çàäà÷à ñîçäàíèÿ òîêîââîäîâ ñîñòîèò â îáåñïå÷åíèè èõ ñïîñîáíîñòè ïðî-

ïóñêàòü òðåáóåìûé ýëåêòðè÷åñêèé òîê ñ ìèíèìàëüíûìè çàòðàòàìè õîëîäà.

Äëÿ åå ðåøåíèÿ îáû÷íî ïðèìåíÿþò îõëàæäàåìûå òîêîââîäû, â êîòîðûõ îñíîâ-

íàÿ ÷àñòü äæîóëåâà òåïëà è òåïëîïðèòîêà èç îêðóæàþùåé ñðåäû ñíèìàåòñÿ îò-

âîäèìûì èç êðèîñòàòà íèçêîòåìïåðàòóðíûì ïîòîêîì ïàðîâ ãåëèÿ, íàãðåâàþ-

ùèìñÿ ïðè ïðîõîæäåíèè òîêîââîäà â íàïðàâëåíèè, ïðîòèâîïîëîæíîì ïîòîêó

òåïëà. Ïðè îïòèìèçàöèè çàòðàò ñëåäóåò ó÷èòûâàòü, ÷òî ïðîèçâîäñòâî â ðåôðè-

æåðàòîðå îõëàæäàþùåãî ïîòîêà, òàê æå, êàê è ïðîèçâîäñòâî õîëîäà, ñâÿçàíî ñî

çíà÷èòåëüíûìè ýíåðãåòè÷åñêèìè çàòðàòàìè. Ïîýòîìó çàäà÷à îïòèìèçàöèè

êîððåêòíî ìîæåò áûòü ðåøåíà òîëüêî â òîì ñëó÷àå, êîãäà íà åäèíèöó ïîäâîäè-

ìîãî ê ìàãíèòó ýëåêòðè÷åñêîãî òîêà ðàñõîäóåòñÿ ìèíèìàëüíàÿ ýíåðãèÿ íà ïðè-

âîäå êðèîãåííîãî ðåôðèæåðàòîðà.

Â ëèòåðàòóðå ïîäîáíûé ïîäõîä âñòðå÷àåòñÿ ðåäêî. Àâòîðû ïóáëèêàöèé

îáû÷íî îãðàíè÷èâàþòñÿ ìèíèìèçàöèåé âåëè÷èíû òåïëîïðèòîêîâ íà åäèíèöó

ýëåêòðè÷åñêîãî òîêà, à âåäü ýíåðãîçàòðàòû, îáóñëîâëåííûå òîëüêî âåëè÷èíîé

òåïëîïðèòîêà, ñîñòàâëÿþò ëèøü ìàëóþ äîëþ îáùèõ çàòðàò íà êðèîñòàòèðîâà-

íèå òîêîââîäà. Â ýòîé ñâÿçè ïîëåçíî îïðåäåëèòü, êàêèì åäèíûì êðèòåðèåì

ìåòîäè÷åñêè âåðíî ìîæíî oõàðàêòåðèçîâàòü ýôôåêòèâíîñòü ðàáîòû òîêîââî-

äà. Êàê èçâåñòíî [49], ìèíèìàëüíàÿ ðàáîòà ïîëó÷åíèÿ åäèíèöû õîëîäà eq (ýê-

ñåðãèÿ õîëîäà) è æèäêîãî ãåëèÿ eg (ýêñåðãèÿ ïîòîêà) âûðàæàåòñÿ ôîðìóëàìè:

e T Tq = −î.ñ / ,1

e i i T s sg = − − −î.ñ o.c o.c( ),

ãäå T, To.c — òåìïåðàòóðà êðèîñòàòèðîâàíèÿ è îêðóæàþùåé ñðåäû; i, io.c —

óäåëüíàÿ ýíòàëüïèÿ æèäêîãî ãåëèÿ è ãåëèÿ ïðè ïàðàìåòðàõ îêðóæàþùåé ñðå-

äû; s, so.c — óäåëüíàÿ ýíòðîïèÿ æèäêîãî ãåëèÿ è ãåëèÿ ïðè ïàðàìåòðàõ îêðó-

æàþùåé ñðåäû.
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Äëÿ ãåëèÿ ïðè òåìïåðàòóðå 4,2 Ê ýòè âåëè÷èíû ñîñòàâëÿþò eq = 70,4,

eg = 6805 Äæ/ã. Îáùèå çàòðàòû ýêñåðãèè íà òîêîââîä îïðåäåëÿþòñÿ êàê ñóììà

ñîñòàâëÿþùèõ

E Qe Geq g= + ,

ãäå Q — òåïëîïðèòîê â êðèîñòàò ïî òîêîââîäó; G — ðàñõîä ãåëèÿ, îòâîäèìîãî

ïî òîêîââîäó.

Ñ ó÷åòîì ýòèõ ñîñòàâëÿþùèõ ýôôåêòèâíîñòü òîêîââîäà õàðàêòåðèçóåòñÿ

âåëè÷èíîé e E Ii = / çàòðàò ýêñåðãèè íà åäèíèöó ââîäèìîãî ýëåêòðè÷åñêîãî

òîêà. Îáû÷íî ýòà âåëè÷èíà ñîñòàâëÿåò 0,35 ÷ 0,5 Âò/À.

Îïåðèðóÿ âåëè÷èíîé ei , äîñòàòî÷íî ïðîñòî îïðåäåëèòü äîïîëíèòåëüíûå

ýíåðãîçàòðàòû íà ïðèâîäå ãåëèåâîãî ðåôðèæåðàòîðà, ñâÿçàííûå ñ îáñëóæèâà-

íèåì òîêîââîäîâ: A e Ii= / ,η ãäå η — ýêñåðãåòè÷åñêèé ê.ï.ä. ðåôðèæåðàòîðà

(0,10 ÷ 0,20). Íàïðèìåð, åñëè ei = 0,48 Âò/À, ïðè âîñüìè îñíîâíûõ òîêîââîäàõ

íóêëîòðîíà äëÿ òîêà â êàæäîì èç íèõ 6 êÀ è ðåæèìà ðåôðèæåðàòîðà ñ ê.ï.ä.,

ðàâíûì 0,15, îíè ñîñòàâëÿþò îêîëî 154 êÂò.

Íà ïðàêòèêå äëÿ îðãàíèçàöèè ýôôåêòèâíîãî òåïëîîáìåíà òîêîâåäóùèõ

÷àñòåé ñ îõëàæäàþùèì ãàçîì â êîíñòðóêöèè òîêîââîäîâ èñïîëüçóþò îïëåòêè

èç òîíêîé ìåäíîé ïðîâîëîêè. Îäíàêî â [48] ïîêàçàíî, ÷òî ïðè óâåëè÷åíèè ïî-

âåðõíîñòè òåïëîîáìåíà ñ ïîìîùüþ îïëåòîê óäëèíÿåòñÿ ïóòü òîêà, êîòîðûé

èäåò çèãçàãîîáðàçíî, è ñîîòâåòñòâåííî ðàñòóò äæîóëåâû ïîòåðè. Òàêèì îáðà-

çîì, íåäîñòàòêè èçâåñòíûõ òîêîââîäîâ áûëè îáóñëîâëåíû îäíîâðåìåííûì

âûïîëíåíèåì îïëåòêîé ôóíêöèé òîêîâåäóùåãî ýëåìåíòà è òåïëîîáìåííèêà.

Äëÿ óìåíüøåíèÿ äæîóëåâûõ ïîòåðü àâòîðàìè ïðåäëîæåíî èñïîëüçîâàòü òîêî-

âåäóùèå ìåäíûå ïëàñòèíû, ñîåäèíåííûå ïî âñåé äëèíå ñî ñïëþùåííûìè îá-

ìîòêàìè. Ýëåêòðè÷åñêîå ñîïðîòèâëåíèå ïëàñòèí çíà÷èòåëüíî ìåíüøå ñîïðî-

òèâëåíèÿ ïàêåòà îïëåòîê, è áîëüøàÿ ÷àñòü òîêà ïðîòåêàåò ïî ýòèì ïëàñòèíàì,

à îïëåòêè èñïîëüçóþòñÿ òîëüêî äëÿ èíòåíñèôèêàöèè òåïëîîáìåíà.

Êîíñòðóêöèÿ ïðèìåíåííîãî äëÿ íóêëîòðîíà òîêîââîäà ïîêàçàíà íà

ðèñ.10. Òîêîâåäóùèå ýëåìåíòû ñîñòîÿò èç äâóõ ìåäíûõ ïîëîñ (1) è ÷åòûðåõ

ñïëþùåííûõ îïëåòîê (2), òîðöû êîòîðûõ ñâàðåíû. Â ðåçóëüòàòå îáðàçóåòñÿ

êîðîá, îõâàòûâàþùèé òåïëîîáìåííèê ñ óäåëüíîé ïîâåðõíîñòüþ îêîëî

55 ñì2/ñì3. Ïîñêîëüêó ñâàðêà òîðöîâ íå îáåñïå÷èâàåò íåîáõîäèìîé ãåðìåòè÷-

íîñòè äëÿ íàõîäÿùåãîñÿ ïîä âàêóóìîì êðèîñòàòà, òîêîâåäóùèé ýëåìåíò ïîìå-

ùåí â òîíêîñòåííóþ òðóáó (3) èç íåðæàâåþùåé ñòàëè. Íåáîëüøîå îòâåðñòèå â

ñòåíêå êîðîáà ïîçâîëÿåò âûðàâíèâàòü äàâëåíèå âíóòðè è âíå êîðîáà, ÷òî îáåñ-

ïå÷èâàåò åãî öåëîñòíîñòü ïðè ïîâûøåíèè äàâëåíèÿ. Äîïóñòèìîå âíóòðåííåå

äàâëåíèå òîêîââîäà ñîñòàâëÿåò 2,5 ÌÏà.

Ýëåêòðè÷åñêèå èçîëÿòîðû (4)–(7) âûïîëíåíû èç êàïðîëîíà. Èçîëÿòîðû

ïðîâåðåíû íà ýëåêòðè÷åñêóþ ïðî÷íîñòü â âîçäóõå. Ñóõîé èçîëÿòîð âûäåðæè-

âàåò ïîñòîÿííîå íàïðÿæåíèå 20 êÂ, ñìî÷åííûé âîäîé — 2,5 êÂ (èìååòñÿ â âè-
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äó âîçìîæíîñòü îáðàçîâàíèÿ ñíåãîâîé øóáû â âåðõíåé ÷àñòè òîêîââîäà ïðè

âûõîäå õîëîäíîãî ãåëèÿ).
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Ðèñ.10. Êîíñòðóêöèÿ òîêîââîäà: 1 — ïîëîñà ìåäíàÿ; 2 — îïëåòêà; 3 — òðóáà; 4–7 —
êàïðîëîíîâûå ýëåêòðîèçîëÿòîðû, 8 — òåïëîîáìåííèê, 9 — íàãðåâàòåëü



Äëÿ ïðîâåäåíèÿ èñïûòàíèé îòäåëüíûõ ìàãíèòîâ íà ñòåíäàõ è äëÿ êîëüöà

óñêîðèòåëÿ áûëî ñîçäàíî íåñêîëüêî ìîäèôèêàöèé îïèñàííîé êîíñòðóêöèè.

Ïîëó÷åííûå ïàðàìåòðû òîêîââîäîâ ïðèâåäåíû â òàáë. 5. Îòäåëüíàÿ ÷àñòü òî-

êîââîäîâ íóêëîòðîíà ïðåäíàçíà÷åíà ëèøü äëÿ êðàòêîâðåìåííîé (íåñêîëüêî

ñåêóíä) ðàáîòû â õîäå ýâàêóàöèè ýíåðãèè ìàãíèòíîé ñèñòåìû ïðè ïîòåðå

ñâåðõïðîâîäèìîñòè. Ýòè òîêîââîäû [46], îáåñïå÷èâàþùèå âûâîä òîêà 8 êÀ çà

1–2 ñ, îòëè÷àþòñÿ ïîíèæåííûì ñòàòè÷åñêèì òåïëîïðèòîêîì â êðèîñòàò.

Òàáëèöà 5. Îñíîâíûå ïàðàìåòðû òîêîââîäîâ

Îïòèìàëüíûé òîê, êÀ 4,0 6,0 7,0 9,0

Ýôôåêòèâíàÿ äëèíà, ìì 600 600 650 820

Ñå÷åíèå òîêîâåäóùåãî ýëåìåíòà, ìì

Âåðõ

Íèç
105

75

160

110

130

100

160

120

Ïîïåðå÷íûå ðàçìåðû òîêîíåñóùåãî ýëåìåíòà

(âåðõ), ìì 20 × 15 28 × 15 27 × 17 27 × 22

Ðàñõîä ãåëèÿ íà îõëàæäåíèå òîêîââîäà, ã/ñ 0,2 0,3
0,316

(5 êÀ)

0,351

(6 êÀ)

Òåïëîïðèòîê íà åäèíèöó òîêà, Âò/êÀ 1,0 1,0 1,12 1,17

Òåïëîïðèòîê áåç òîêà, Âò/êÀ 2,5 4,0 3,5 6,0

Ãèäðàâëè÷åñêîå ñîïðîòèâëåíèå, êÏà 10 12 10 11

Ðàñõîä ýêñåðãèè íà åäèíèöó òîêà

(ýôôåêòèâíîñòü), Âò/À
0,41 0,41 0,51 0,48

Îñîáåííîñòü òîêîââîäîâ äëÿ ìóëüòèïîëüíûõ êîððåêòîðîâ ñîñòîèò â òîì,

÷òî â ýòîì ñëó÷àå îõëàæäåíèå ïîòîêîì ãåëèÿ íå ïðèìåíÿåòñÿ [63]. Îòâîä òå-

ïëà îñóùåñòâëÿåòñÿ íà óðîâíå 80 Ê ïîñðåäñòâîì òåïëîâûõ ìîñòîâ ê òåïëîèçî-

ëèðóþùåìó àçîòíîìó ýêðàíó êðèîñòàòà íóêëîòðîíà.

Òåðìîìåòðèÿ [50–52,65]. Â õîäå ðàçâèòèÿ ðàáîò ïî ñîçäàíèþ íóêëîòðîíà

ïîòðåáîâàëîñü áîëüøîå êîëè÷åñòâî òî÷íûõ, íàäåæíûõ, äîñòóïíûõ ïî öåíå

òåðìîìåòðîâ, ñïîñîáíûõ ðàáîòàòü â øèðîêîì èíòåðâàëå òåìïåðàòóð è ïî âîç-

ìîæíîñòè íå èçìåíÿþùèõ ñâîè õàðàêòåðèñòèêè â ìàãíèòíûõ è ðàäèàöèîííûõ

ïîëÿõ. Ïîñêîëüêó îòå÷åñòâåííûõ òåðìîìåòðîâ, â ïîëíîé ìåðå óäîâëåòâîðÿâ-

øèõ ýòèì òðåáîâàíèÿì, íå ñóùåñòâîâàëî, áûë ïðîâåäåí öèêë èññëåäîâàòåëü-

ñêèõ ðàáîò ïî ñîçäàíèþ ñîáñòâåííîé áàçû òåðìîìåòðèè. Â ðåçóëüòàòå â êà÷å-

ñòâå äàò÷èêîâ òåìïåðàòóðû áûëî ïðåäëîæåíî èñïîëüçîâàòü îòå÷åñòâåííûå ðå-

çèñòîðû [53] òèïà ÒÂÎ (òåïëîñòîéêèé, âëàãîñòîéêèé, îáúåìíûé). Èññëå-

äîâàíèÿ è îïûò ïðèìåíåíèÿ â òå÷åíèå áîëåå äåñÿòè ëåò ïîêàçàëè, ÷òî îñíîâ-
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íûå õàðàêòåðèñòèêè ïðåäëîæåííûõ òåðìîìåòðîâ íå õóæå, ÷åì ó çàðóáåæíûõ

àíàëîãîâ, à â îòíîøåíèè ðàáî÷åãî èíòåðâàëà òåìïåðàòóð è ñòàáèëüíîñòè èõ

ïðåâîñõîäÿò.

Ðåçèñòîðû òèïà ÒÂÎ, ïðåäíàçíà÷åííûå äëÿ ðàáîòû â ýëåêòðîííûõ óñòðîé-

ñòâàõ â öåïÿõ ïîñòîÿííîãî è ïåðåìåííîãî òîêà, à òàêæå â èìïóëüñíûõ ðåæè-

ìàõ, âûïóñêàþòñÿ ïðîìûøëåííîñòüþ ñ íîìèíàëüíûìè ìîùíîñòÿìè îò 0,125

äî 60 Âò. Ñóùåñòâåííûå äîñòîèíñòâà ýòèõ ðåçèñòîðîâ ñîñòîÿò â ìàëîé èíäóê-

òèâíîñòè, õîðîøåé ýëåêòðè÷åñêîé èçîëÿöèè êîíñòðóêöèè è âûñîêîé íàäåæíî-

ñòè. Äëÿ öåëåé íèçêîòåìïåðàòóðíûõ èçìåðåíèé íàèáîëåå ïîäõîäÿò ðåçèñòîðû

ñ íîìèíàëîì 0,125 Âò, èìåþùèå ìèíèìàëüíûå ðàçìåðû. Ìàêñèìàëüíîå óäîá-

ñòâî ñòûêîâêè ñ èçìåðèòåëüíîé ñèñòåìîé ïðè õîðîøåé ÷óâñòâèòåëüíîñòè

îáåñïå÷èâàþò ðåçèñòîðû ñ íîìèíàëüíûì ñîïðîòèâëåíèåì 1000 Îì.

Êàê ïîêàçàíî íà ðèñ.11, ðåçèñòîð ÒÂÎ-0,125 ïðåäñòàâëÿåò ñîáîé ñòåðæåíü

ïðÿìîóãîëüíîé ôîðìû ñ çàïðåññîâàííû-

ìè ïî òîðöàì âûâîäàìè (1). Îáúåìíàÿ

òîêîïðîâîäÿùàÿ êîìïîçèöèÿ (2) ïðÿìî-

óãîëüíîãî ñå÷åíèÿ ãåðìåòè÷íî çàùèùå-

íà êåðàìè÷åñêîé îáîëî÷êîé (3) è ñëîåì

ñòåêëîýìàëè (4) òîëùèíîé 0,2 ìì. Ýëåê-

òðè÷åñêèå êîíòàêòû ìåæäó ïðîâîäÿùåé

êîìïîçèöèåé (2) è ïëàòèíîâûìè âûâîäà-

ìè (1) îñóùåñòâëÿþòñÿ ïóòåì äèôôóçèè

ñåðåáðÿíîãî ïîðîøêà (5) ïðè ñïåêàíèè è

ïðåññîâàíèè â ïðîöåññå ïðîèçâîäñòâà,

ïîýòîìó îíè ãåðìåòè÷íû è èìåþò ïîâû-

øåííóþ ïðî÷íîñòü. Òîêîïðîâîäÿùàÿ

êîìïîçèöèÿ ñîñòîèò èç ìåëêîäèñïåðñ-

íîé (50–200 C) ãàçîâîé ñàæè (3–5%),

áîðíî-ñâèíöîâîãî ôëþñà è êîðóíäîâîãî

ìèêðîïîðîøêà. Ìàññà ðåçèñòîðà ñîñòà-

âëÿåò 0,075 ã. Âåëè÷èíó åãî òåïëîåìêîñòè ïðè íèçêèõ òåìïåðàòóðàõ ìîæíî

îïèñàòü ýìïèðè÷åñêîé çàâèñèìîñòüþ

Ñ T TT = +−10 0 99 1706 3( , , ) [Äæ/ã⋅Ê].

Ïðè òåìïåðàòóðå 4,2 Ê ýòà âåëè÷èíà ñîñòàâëÿåò 1,3⋅10-4 Äæ/ã⋅Ê.

Ñîïðîòèâëåíèå ðåçèñòîðà ÒÂÎ íåëèíåéíî ðàñòåò ñ ïîíèæåíèåì òåìïåðà-

òóðû. Çàâèñèìîñòè R f T= ( ) ÒÂÎ è ÷àñòî ïðèìåíÿåìûõ äëÿ èçìåðåíèÿ íèçêèõ

òåìïåðàòóð ðåçèñòîðîâ ôèðìû «Àëëåí-Áðåäëè» àíàëîãè÷íû: â îáîèõ ñëó÷àÿõ

îíè èìåþò âèä, áëèçêèé ê ãèïåðáîëå. Èçìåíåíèå ÷óâñòâèòåëüíîñòè ðåçèñòî-

ðîâ â çàâèñèìîñòè îò èçìåðÿåìîé òåìïåðàòóðû ïîêàçàíî â òàáë. 6.
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Ðèñ.11. Êîíñòðóêöèÿ è ðàçìåðû êîìïî-

çèòíîãî ðåçèñòîðà ÒÂÎ-0,125: 1 —

ïëàòèíîâûå âûâîäû; 2 — òîêîïðîâî-

äÿùàÿ îáúåìíàÿ êîìïîçèöèÿ; 3 — êå-

ðàìè÷åñêàÿ îáîëî÷êà; 4 — ñòåêëî-

ýìàëü; 5 — ñåðåáðÿíûé ïîðîøîê



Òàáëèöà 6. ×óâñòâèòåëüíîñòü ðåçèñòîðîâ ÒÂÎ è «Àëëåí-Áðåäëè», Îì/K

Òåìïåðàòóðà, Ê 4,2 20,4 77,4 273 400

Ðåçèñòîð ÒÂÎ (1000 Îì) 714 26,5 3,8 0,8 0,5

«Àëëåí-Áðåäëè» (100 Îì) 360 7,0 0,47 0,04 —

Ïîñêîëüêó ïðîìûøëåííîñòü âûïóñêàåò ðåçèñòîðû ÒÂÎ ñ îòêëîíåíèÿìè

îò íîìèíàëüíûõ ñîïðîòèâëåíèé îò 5 äî 20%, êàæäûé òåðìîïðåîáðàçîâàòåëü,

ñîçäàâàåìûé íà èõ îñíîâå, òðåáóåò èíäèâèäóàëüíîé ãðàäóèðîâêè. Äëÿ îïèñà-

íèÿ ðåçóëüòàòîâ ãðàäóèðîâêè èñïîëüçóåòñÿ óðàâíåíèå

T K R Rn
n=∑ ( / ) ,0

ãäå êîýôôèöèåíòû Kn ïîëèíîìà îïðåäåëÿþòñÿ ïî êàëèáðîâî÷íûì äàííûì ìå-

òîäîì íàèìåíüøèõ êâàäðàòîâ, îáû÷íî R0 = 1000 Îì. Äëÿ èíòåðïîëÿöèè ñ ïî-

ãðåøíîñòüþ ïî òåìïåðàòóðå äî 0,5% â èíòåðâàëå 4,2 ÷ 300 Ê íåîáõîäèìî áðàòü

ñåìü êîýôôèöèåíòîâ ïîëèíîìà.

Äëÿ ãðàäóèðîâêè òåðìîìåòðîâ â Ëàáîðàòîðèè âûñîêèõ ýíåðãèé ÎÈßÈ

ñîçäàí ñïåöèàëüíûé ñòåíä, èçìåðåíèÿ íà êîòîðîì ïðîèçâîäÿòñÿ îäíîâðåìåí-

íî äëÿ ïàðòèè èç 20 òåðìîïðåîáðàçîâàòåëåé. Èñïîëüçóåòñÿ ÷åòûðåõïðîâîäíàÿ

ñõåìà ñ ïèòàíèåì ïîñòîÿííûì èçìåðèòåëüíûì òîêîì 10 ìêÀ co ñòàáèëüíî-

ñòüþ íå õóæå 10–5. Òåìïåðàòóðà êîíòðîëèðóåòñÿ ïî îáðàçöîâîìó ãåðìàíèåâî-

ìó òåðìîìåòðó ÒÑÃ-1 â äèàïàçîíå 4,2 ÷ 30 Ê ñ òî÷íîñòüþ 0,02 Ê è â äèàïàçîíå

30 ÷ 273 Ê ïî ïëàòèíîâîìó òåðìîìåòðó ÒÑÏÍ-Ç ñ òî÷íîñòüþ 0,05 Ê. Ïðîèçâî-

äèòåëüíîñòü ñòåíäà è ðàçðàáîòàííûå ïðîãðàììû äëÿ îáðàáîòêè ïîëó÷àåìûõ

ðåçóëüòàòîâ ïîçâîëèëè íå òîëüêî îñíàñòèòü âñå ñèñòåìû íóêëîòðîíà íåîáõî-

äèìîé òåðìîìåòðèåé, íî è ïðåäîñòàâèòü òåðìîìåòðû äëÿ öåëîãî ðÿäà èññëå-

äîâàíèé, âåäóùèõñÿ â ÎÈßÈ è ìíîãèõ äðóãèõ îðãàíèçàöèÿõ â Ðîññèè.

3. ÎÑÍÎÂÍÛÅ ÝËÅÌÅÍÒÛ ÂÍÅØÍÅÉ ÊÐÈÎÃÅÍÍÎÉ ÑÈÑÒÅÌÛ

Ãåëèåâûé ðåôðèæåðàòîð ÊÃÓ-1600/4,5[20]. Êðèîãåííàÿ ãåëèåâàÿ

óñòàíîâêà ÊÃÓ-1600/4,5 ñïðîåêòèðîâàíà ìîñêîâñêèì îáúåäèíåíèåì ÍÏÎ

«Ãåëèéìàø» ïî çàêàçó è ñ ó÷àñòèåì ñïåöèàëèñòîâ Ëàáîðàòîðèè âûñîêèõ ýíåð-

ãèé ÎÈßÈ. Ãîëîâíîé îáðàçåö, èñïûòàíèÿ êîòîðîãî áûëè íà÷àòû â 1980 ã.,

ïðåäíàçíà÷àëñÿ äëÿ êðèîñòàòèðîâàíèÿ ñâåðõïðîâîäÿùåãî ìîäåëüíîãî ñèíõðî-

òðîíà ÑÏÈÍ è ñæèæåíèÿ ãåëèÿ äëÿ íóæä ðàçëè÷íûõ ýêñïåðèìåíòàëüíûõ ñòåí-

äîâ ÎÈßÈ, ðàáîòàâøèõ êàê äëÿ èññëåäîâàíèé ñâåðõïðîâîäÿùèõ ìàãíèòîâ â

ðàìêàõ ïðîãðàììû ñîçäàíèÿ íóêëîòðîíà, òàê è äëÿ äðóãèõ öåëåé. Âïîñëåä-

ñòâèè íà êðèîãåííîì êîìïëåêñå íóêëîòðîíà áûëè ñìîíòèðîâàíû åùå òðè òà-

êèå óñòàíîâêè.

782 ÀÃÀÏÎÂ Í.Í.



Àãðåãàò îõëàæäåíèÿ ÊÃÓ-1600/4,5 âêëþ÷àåò ïÿòü îñíîâíûõ áëîêîâ

(ðèñ.12), çàêëþ÷åííûõ â ñîáñòâåííûå âàêóóìíûå òåïëîèçîëèðóþùèå êîæóõè

è ñîåäèíåííûõ ñ äðóãèìè ïîñðåäñòâîì òåïëîèçîëèðîâàííûõ òðóáîïðîâîäîâ.

Áëîê (1) ïðåäñòàâëÿåò ñîáîé ñîñòîÿùóþ èç äâóõ- è òðåõïîòî÷íûõ âèòûõ òåïëî-

îáìåííèêîâ ãèðëÿíäó, èç ñîîòâåòñòâóþùèõ ìåñò êîòîðîé ïî ðàñïîëîæåííîìó

â öåíòðå âàêóóìíîìó êîæóõó îòõîäÿò òðè ïàðû òðóáîïðîâîäîâ âõîäà è âûõîäà

ãåëèÿ òóðáîäåòàíäåðîâ ñòóïåíè ïðåäâàðèòåëüíîãî îõëàæäåíèÿ. Òóðáîäåòàí-

äåðíûé áëîê (2) êîíñòðóêòèâíî ðàçìåùåí â âåðõíåé ÷àñòè áëîêà (1).

Î÷èñòêà ãåëèÿ îò ïðèìåñåé ïðè òåìïåðàòóðå æèäêîãî àçîòà îñóùåñòâëÿåò-

ñÿ â äâóõ ïåðåêëþ÷àþùèõñÿ áëîêàõ 3(1) è 3(2) ñ ðàçìåùåííûìè â íèõ óãîëüíû-

ìè àäñîðáåðàìè. Âî âðåìÿ ðàáîòû îäíîãî áëîêà âòîðîé íàõîäèòñÿ â ïðîöåññå

ðåãåíåðàöèè. Îíà ïðîèçâîäèòñÿ ïðîãðåâîì ãîðÿ÷èì ãàçîì è ïîñëåäóþùèì âà-

êóóìèðîâàíèåì. Àäñîðáåð î÷èñòêè îò ïðèìåñåé Ne è Í2 óñòàíîâëåí âíóòðè

áëîêà ñæèæåíèÿ (4). Âîçìîæíîñòåé åãî ðåãåíåðàöèè â õîäå ðàáîòû íå ïðåäó-
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Ðèñ.12. Ñõåìà óñòàíîâêè ÊÃÓ-1600/4,5: 1 — îñíîâíîé áëîê òåïëîîáìåííèêîâ; 2 —
òóðáîäåòàíäåðíûé áëîê; 3 — áëîêè î÷èñòêè îò ïðèìåñåé N2 è Î2; 4 — áëîê ñæèæåíèÿ;
5 — áëîê ïàðîæèäêîñòíîãî òóðáîäåòàíäåðà



ñìàòðèâàëîñü: êàê ïðàâèëî, îíà îñóùåñòâëÿåòñÿ íà òåïëîé óñòàíîâêå ïåðåä

êàæäûì äëèòåëüíûì ñåàíñîì ýêñïëóàòàöèè. Áëîê ñæèæåíèÿ (4), êðîìå òîãî,

âêëþ÷àåò ñáîðíèê æèäêîãî ãåëèÿ îáúåìîì îêîëî 1000 ëèòðîâ, òåïëîîáìåííè-

êè è íèçêîòåìïåðàòóðíóþ àðìàòóðó óïðàâëåíèÿ óñòàíîâêîé è ðàñïðåäåëåíèÿ

æèäêîãî ãåëèÿ ïî ïîòðåáèòåëÿì. Ê áëîêó ñæèæåíèÿ ïðèìûêàåò áëîê ïàðîæèä-

êîñòíîãî òóðáîäåòàíäåðà (5).

Êàê èçâåñòíî, ïðè êðèîñòàòèðîâàíèè ñâåðõïðîâîäÿùèõ ìàãíèòíûõ ñè-

ñòåì ãåëèåâûå ðåôðèæåðàòîðû ðàáîòàþò â òàêèõ ðåæèìàõ, êîãäà îäíîâðåìåí-

íî ñ ïðîèçâîäñòâîì õîëîäà äîïîëíèòåëüíî âûðàáàòûâàåòñÿ è íåêîòîðîå êîëè-

÷åñòâî æèäêîãî ãåëèÿ, êîòîðîå íåîáõîäèìî äëÿ çàïîëíåíèÿ êðèîñòàòîâ è îõëà-

æäåíèÿ òîêîââîäîâ. Ïîýòîìó áûëè ýêñïåðèìåíòàëüíî èçó÷åíû õàðàêòå-

ðèñòèêè óñòàíîâêè ÊÃÓ-1600/4,5 ïðè ðàáîòå â ïîäîáíûõ êîìáèíèðîâàííûõ

ðåæèìàõ.

Ìåòîäèêà èçìåðåíèé ñîñòîÿëà â òîì, ÷òî ïðè êàêîì-òî çíà÷åíèè õîëîäî-

ïðîèçâîäèòåëüíîñòè, èìèòèðóåìîì âñòðîåííûì â ñáîðíèê æèäêîãî ãåëèÿ

ýëåêòðîíàãðåâàòåëåì, èçìåðÿåòñÿ êîëè÷åñòâî ñæèæàåìîãî ãåëèÿ. Ïîëó÷åííûå

òàêèì îáðàçîì ðåçóëüòàòû ïðåäñòàâëåíû íà ðèñ.13. Äàâëåíèå ñæàòîãî ãàçà íà

âõîäå â óñòàíîâêó â ïðîöåññå èçìåðåíèé ïîääåðæèâàëîñü îêîëî 2,0 ÌÏà, ñóì-

ìàðíàÿ ïðîèçâîäèòåëüíîñòü êîìïðåññîðîâ ñîñòàâëÿëà 3600 Íì3/÷àñ.

Õàðàêòåðèñòèêà (1) ñîîòâåòñòâóåò ðåæèìàì ñ äðîññåëèðîâàíèåì â ñòóïå-

íè îêîí÷àòåëüíîãî îõëàæäåíèÿ. Ïðè çàìåíå äðîññåëÿ íà ïàðîæèäêîñòíûé

òóðáîäåòàíäåð (êðèâàÿ 2) õîëîäîïðîèçâîäèòåëüíîñòü ñóùåñòâåííî âîçðàñòà-

åò: â ÷èñòî ðåôðèæåðàòîðíîì ðåæèìå — ñ 1100 äî 1700 Âò, ò.å. áîëåå ÷åì â

1,5 ðàçà.

Äëÿ ôîðñèðîâàíèÿ óñòàíîâêè â äðîññåëüíîì ðåæèìå ìîæíî ïîäêëþ÷èòü

ðåçåðâíûé êîìïðåññîð (êðèâàÿ 3), óâåëè÷èâ ðàñõîä ãåëèÿ äî 4800 Íì3/÷. Õî-

ëîäîïðîèçâîäèòåëüíîñòü ïðè ýòîì âîçðàñòàåò ïðèìåðíî íà 400 Âò, îäíàêî óâå-

ëè÷èâàåòñÿ äàâëåíèå â ñáîðíèêå æèäêîãî ãåëèÿ ñ 0,028 äî 0,044 ÌÏà, ÷òî ïî-

âûøàåò òåìïåðàòóðó êðèîñòàòèðîâàíèÿ íà 0,13 Ê.

Ñ ïðèìåíåíèåì ïàðîæèäêîñòíîãî äåòàíäåðà ïîðøíåâîãî òèïà (êðèâàÿ 4)

óñòàíîâêà ÊÃÓ-1600/4,5 îáëàäàåò íåñêîëüêî áîëüøåé õîëîäîïðîèçâîäèòåëü-

íîñòüþ è ýíåðãåòè÷åñêîé ýôôåêòèâíîñòüþ, ÷åì â ñëó÷àå ïàðîæèäêîñòíîãî

òóðáîäåòàíäåðà. Îäíàêî èç ñîîáðàæåíèé íàäåæíîñòè íàìè, êàê ïðàâèëî, áûëè

èñïîëüçîâàíû òóðáîìàøèíû.

Ïðèâåäåííûå âûøå õàðàêòåðèñòèêè ïîëó÷åíû â ðåæèìàõ, êîãäà â ñòóïåíè

ïðåäâàðèòåëüíîãî îõëàæäåíèÿ èñïîëüçóåòñÿ æèäêèé àçîò. Îñóùåñòâèòü ýô-

ôåêòèâíóþ ðàáîòó íà ðàçëè÷íûõ òî÷êàõ õàðàêòåðèñòèêè â îòñóòñòâèå æèäêîãî

àçîòà â öèêëå äîâîëüíî ñëîæíî. Ýòî îáóñëîâëåíî íåðåãóëèðóåìîñòüþ ïðîõîä-

íûõ ñå÷åíèé ñîïëîâûõ àïïàðàòîâ ïîñëåäîâàòåëüíî âêëþ÷åííûõ òóðáîäåòàí-

äåðîâ: ïðè ïåðåõîäå îò îäíîãî ðåæèìà ê äðóãîìó òðåáóåòñÿ ñóùåñòâåííîå ïå-

ðåðàñïðåäåëåíèå ïîòîêîâ. Ïóòåì ðàñ÷åòíîãî àíàëèçà ïåðåìåííûõ ðåæèìîâ
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ðåôðèæåðàòîðîâ íàéäåíû è ðåàëèçîâàíû òåõíè÷åñêèå ðåøåíèÿ, êîòîðûå ïî-

çâîëÿò ýôôåêòèâíî ðàáîòàòü íà çíà÷èòåëüíîé ÷àñòè õàðàêòåðèñòèêè è áåç ïî-

òðåáëåíèÿ æèäêîãî àçîòà. Ìåòîäè÷åñêèå îñíîâû àíàëèçà ïåðåìåííûõ ðåæè-

ìîâ è ðåçóëüòàòû ðàñ÷åòîâ äëÿ ÊÃÓ-1600/4,5 ðàññìîòðåíû íèæå.

Äîñòèæåíèå âûñîêîé ýôôåêòèâíîñòè ðåôðèæåðàòîðîâ îáåñïå÷åíî ñîâðå-

ìåííûì óðîâíåì ðàçðàáîòîê òàêèõ åãî îñíîâíûõ ýëåìåíòîâ, êàê òóðáîäåòàí-

äåðû è òåïëîîáìåííàÿ àïïàðàòóðà.

Òóðáîäåòàíäåðû [35,39,58] óñòàíîâêè ÊÃÓ-1600/4,5 ÿâëÿþòñÿ âûñîêî-

ñêîðîñòíûìè ìàëîðàçìåðíûìè òóðáèíàìè, íå èìåþùèìè àíàëîãîâ â ìèðîâîé

ïðàêòèêå. Ïðîòî÷íàÿ ÷àñòü òóðáîìàøèí ñ ðàäèàëüíî-îñåâûì ðàáî÷èì êîëåñîì

èìååò ñïåöèàëüíóþ ïðîôèëèðîâêó, îáåñïå÷èâàþùóþ âûñîêóþ ýôôåêòèâ-

íîñòü ðàñøèðåíèÿ ðàáî÷åãî òåëà.

Êîíñòðóêòèâíî òóðáîäåòàíäåðû âûïîëíåíû ïî îäíîòèïíîé ñõåìå. Ðàáî-

÷åå êîëåñî òóðáîäåòàíäåðà êîíñîëüíî çàêðåïëåíî íà âåðòèêàëüíî ðàñïîëî-

æåííîì âàëó, îïèðàþùåìñÿ íà ðàäèàëüíûé ãàçîñòàòè÷åñêèé è ðàäèàëüíî-îñå-

âîé ãèäðîñòàòè÷åñêèé ìàñëÿíûé ïîäøèïíèêè. Ãàçîâûé ïîäøèïíèê ðàñïîëî-

æåí íåïîñðåäñòâåííî ó ðàáî÷åãî êîëåñà è õîðîøî ãåðìåòèçèðóåò

íèçêîòåìïåðàòóðíóþ ïðîòî÷íóþ ÷àñòü îò ïîïàäàíèÿ ïàðîâ ìàñëà. Îí ìàëî-

÷óâñòâèòåëåí ê èçìåíåíèÿì òåìïåðàòóðû è âûäåëÿåò íåçíà÷èòåëüíîå êîëè÷å-

ñòâî òåïëîòû òðåíèÿ, ÷òî óìåíüøàåò òåïëîïðèòîê ê êðèîãåííîé ÷àñòè òóðáè-

íû. Âûñîêàÿ âèáðîóñòîé÷èâîñòü ðîòîðà â îñíîâíîì îáåñïå÷èâàåòñÿ ñïåöèàëü-
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Ðèñ.13. Õàðàêòåðèñòèêè óñòàíîâêè ÊÃÓ-1600/4,5 ïðè îäíîâðåìåííîì ïðîèçâîäñòâå
õîëîäà íà óðîâíå 4,5 Ê è æèäêîãî ãåëèÿ: 1 — ðåæèìû ñ äðîññåëèðîâàíèåì â ñòóïåíè
îêîí÷àòåëüíîãî îõëàæäåíèÿ; 2 — ñ ðàñøèðåíèåì â ïàðîæèäêîñòíîì òóðáîäåòàíäåðå;
3 — äðîññåëüíûå ðåæèìû ïðè ïîâûøåííîì ðàñõîäå ñæàòîãî ãåëèÿ (÷åòûðå êîìïðåñ-
ñîðà 305ÍÏ20/30); 4 — ñ ïîðøíåâûì ïàðîæèäêîñòíûì äåòàíäåðîì



íûì ãèäðîñòàòè÷åñêèì ïîäøèïíèêîì, â êîòîðîì â ðàáî÷åì ðåæèìå

ïðîèñõîäèò èíòåíñèâíîå îáðàçîâàíèå ýìóëüñèè ìàñëà, áëàãîäàðÿ ÷åìó ñóùå-

ñòâåííî ñíèæàåòñÿ ìîìåíò ñîïðîòèâëåíèÿ âðàùåíèþ ðîòîðà. Ãèäðîñòàòè÷å-

ñêèé ïîäøèïíèê âîñïðèíèìàåò âñå ðàäèàëüíûå è îñåâûå íàãðóçêè ñî ñòîðîíû

òóðáèíû. Ìîùíîñòü, ðàçâèâàåìàÿ òóðáèíîé, ðàñõîäóåòñÿ íà òðåíèå â ïîä-

øèïíèêàõ è íàãðåâ ìàñëà, öèðêóëÿöèÿ è îõëàæäåíèå êîòîðîãî îñóùåñòâëÿåò-

ñÿ ãåðìåòè÷íîé ñèñòåìîé ìàñëîîáåñïå÷åíèÿ.

Õîëîäíàÿ è òåïëàÿ ÷àñòè òóðáîäåòàíäåðà ðàçäåëåíû íà âàëó äâóõñåêöèîí-

íûì ëàáèðèíòíûì óïëîòíåíèåì ñ ïðîìåæóòî÷íîé êàìåðîé, ïðåäíàçíà÷åííîé

äëÿ ïîäâîäà òåïëîãî ãåëèÿ ïîä äàâëåíèåì ñ öåëüþ ñîçäàíèÿ äîïîëíèòåëüíîãî

ãàçîâîãî çàòâîðà. Ðàáî÷åå êîëåñî è íàïðàâëÿþùèé àïïàðàò, à òàêæå ñèñòåìà

ïîäâåñêè ðîòîðà è íàãðóçî÷íîå óñòðîéñòâî âûïîëíåíû â åäèíîì áëîêå — ìî-

äóëå. Òåì ñàìûì ñóùåñòâåííî óïðîùåíà òåõíîëîãèÿ èçãîòîâëåíèÿ êîíñòðóê-

öèè; ðåìîíò îñóùåñòâëÿåòñÿ ïðîñòîé çàìåíîé ìîäóëÿ áåç íàðóøåíèÿ ãåðìå-

òèçàöèè âàêóóìíîãî òåïëîèçîëÿöèîííîãî êîæóõà.

Áëàãîäàðÿ îïòèìàëüíîìó âûáîðó çàçîðîâ â ïîäøèïíèêàõ, äàâëåíèþ ìàñ-

ëà è ðàñïðåäåëåíèþ ðîòîðíûõ ìàññ óäàëîñü ïðè âåñüìà âûñîêèõ ñêîðîñòÿõ ðî-

òîðà äîáèòüñÿ âðàùåíèÿ ïðàêòè÷åñêè áåç ïðåöåññèè. Òóðáèíû ñïîñîáíû äëè-

òåëüíî ðàáîòàòü ïðè ÷àñòîòå âðàùåíèÿ ðîòîðà äî 300000 îá/ìèí. Ðàáî÷èå ÷à-

ñòîòû âðàùåíèÿ ñóùåñòâåííî íèæå, ïîýòîìó òóðáîäåòàíäåðû îáëàäàþò âûñî-

êîé íàäåæíîñòüþ ðàáîòû è ñïîñîáíû âûäåðæèâàòü ñóùåñòâåííûå

ïåðåãðóçêè.

Òóðáèííûå ñòóïåíè ñìîíòèðîâàíû â âàêóóìíîì êîæóõå, êîòîðûé îáúåäè-

íåí ñ ñèñòåìîé öèðêóëÿöèè è îõëàæäåíèÿ ìàñëà â åäèíûé áëîê — òóðáîäåòàí-

äåðíûé àãðåãàò.

Îñîáûì äîñòèæåíèåì ñëåäóåò ñ÷èòàòü ñîçäàíèå óíèêàëüíîãî ïàðîæèä-

êîñòíîãî òóðáîäåòàíäåðà [35]. Êàê èçâåñòíî, äëÿ ïîâûøåíèÿ ýíåðãåòè÷åñêîé

ýôôåêòèâíîñòè êðèîãåííûõ ðåôðèæåðàòîðîâ è îæèæèòåëåé áîëüøîå çíà÷å-

íèå èìååò âîçìîæíîñòü çàìåíû ñâÿçàííîãî ñ áîëüøèìè ïîòåðÿìè ýêñåðãèè

ïðîöåññà äðîññåëèðîâàíèÿ Äæîóëÿ — Òîìñîíà íà áîëåå ñîâåðøåííûé ïðî-

öåññ àäèàáàòíîãî ðàñøèðåíèÿ â äåòàíäåðå. Â 1965 ã. çàìåíà äðîññåëÿ íà äå-

òàíäåð áûëà ïðåäëîæåíà è ðåàëèçîâàíà â öèêëå âîäîðîäíîãî îæèæèòåëÿ â

ÎÈßÈ [36]. Íà ãåëèåâîì îæèæèòåëå òàêóþ ìîäåðíèçàöèþ âïåðâûå (1970 ã.)

óäàëîñü ïðîèçâåñòè Ñ.Êîëëèíçó [37], â èòîãå ïîâûñèâøåìó ïðîèçâîäèòåëü-

íîñòü óñòàíîâêè â îæèæèòåëüíîì ðåæèìå ñ 60 äî 80 ë/÷, à â ðåôðèæåðàòîð-

íîì — ñî 180 äî 250 Âò. Â îáîèõ ñëó÷àÿõ áûëè èñïîëüçîâàíû äåòàíäåðû

ïîðøíåâîãî òèïà.

Ïîðøíåâûå äåòàíäåðû âìåñòî äðîññåëÿ ïðèìåíÿëèñü è â ïåðâîíà÷àëüíîì

âàðèàíòå ãîëîâíîãî îáðàçöà ðåôðèæåðàòîðà ÊÃÓ-1600/4,5. Ñëåäóåò îòìåòèòü,

÷òî áûëî äîñòèãíóòî äîâîëüíî âûñîêîå (ðèñ.13) ïîâûøåíèå ýôôåêòèâíîñòè

(îêîëî 70%) ïî ñðàâíåíèþ ñ äðîññåëüíûì ðåæèìîì.

786 ÀÃÀÏÎÂ Í.Í.



Ìåæäó òåì ôèðìà «Çóëüöåð» ñîîáùèëà (1980 ã.) îá óñïåøíîé çàìåíå

äðîññåëèðîâàíèÿ Äæîóëÿ — Òîìñîíà íà ðàñøèðåíèå â òóðáîäåòàíäåðàõ ñðàçó

â íåñêîëüêèõ ãåëèåâûõ ñèñòåìàõ. Àâòîð ñîîáùåíèÿ [38] îòìå÷àë, ÷òî âî èçáå-

æàíèå òåõíè÷åñêèõ ïðîáëåì, êîòîðûå ìîãóò ïðîÿâèòüñÿ ïðè ðàñøèðåíèè ïî-

òîêà â äâóõôàçíîé ïàðîæèäêîñòíîé îáëàñòè, ïðåäïî÷òèòåëüíåå îñóùåñòâëÿòü

ðàáîòó òóðáèíû òîëüêî â îäíîôàçíîé îáëàñòè. Ýòî äîñòèãàëîñü òåì, ÷òî íà

âûõîäå äåòàíäåðà óñòàíàâëèâàëñÿ âåíòèëü, ïîñðåäñòâîì êîòîðîãî äàâëåíèå

ïîñëå òóðáîìàøèíû ïîääåðæèâàëîñü îêîëî 0,25 ÌÏà, ò.å. ÷óòü âûøå, ÷åì

êðèòè÷åñêîå äàâëåíèå ãåëèÿ. Âïðî÷åì, â õîäå ýêñïåðèìåíòîâ áûëè ñëó÷àè, êî-

ãäà âåíòèëü áûë îòêðûò ñëèøêîì ñèëüíî, è äåòàíäåð âõîäèë â ïàðîæèäêîñò-

íóþ îáëàñòü. Â òå÷åíèå íåïðîäîëæèòåëüíîãî âðåìåíè, êîãäà ýòî ñëó÷àëîñü,

êàêèõ-ëèáî ïðîáëåì ñ ðàáîòîñïîñîáíîñòüþ òóðáèíû íå âîçíèêàëî.

Â 1985 ã. ìû òàêæå ïîïûòàëèñü çàìåíèòü ïîðøíåâîé ïàðîæèäêîñòíûé ãå-

ëèåâûé äåòàíäåð óñòàíîâêè ÊÃÓ-1600/4,5 íà äåòàíäåð òóðáèííîãî òèïà. Íà-

ðÿäó ñ ïðîáëåìîé íàäåæíîñòè òàêàÿ ìîäåðíèçàöèÿ ïîçâîëÿëà ðàçðåøèòü è

çíà÷èòåëüíûå ýêñïëóàòàöèîííûå òðóäíîñòè, âîçíèêàþùèå â ìîìåíòû ïîëî-

ìîê ïîðøíåâûõ ìàøèí: ïîäîáíûå ñëó÷àè, êàê ïðàâèëî, âûçûâàëè ðåçêîå ïî-

âûøåíèå äàâëåíèÿ ñæàòîãî ãàçà íà âõîäå â óñòàíîâêó è, ñîîòâåòñòâåííî, áû-

ñòðîå ïîíèæåíèå óðîâíÿ ãàçãîëüäåðà âïëîòü äî ñðàáàòûâàíèÿ êîíöåâûõ âû-

êëþ÷àòåëåé, áëîêèðóþùèõ âîçìîæíîå âñàñûâàíèå ìàñëà è àòìîñôåðíîãî

âîçäóõà â ãåëèåâóþ ñèñòåìó è, âî èçáåæàíèå àâàðèè, îòêëþ÷àþùèõ âñå ðàáî-

òàþùèå êîìïðåññîðû. Â ñëó÷àå æå ñàìîïðîèçâîëüíîé îñòàíîâêè ìàøèíû

òóðáèííîãî òèïà ýòî íåïðèÿòíîå ïîñëåäñòâèå îòñóòñòâóåò: ñîïëîâûé àïïàðàò

ïðîäîëæàåò ïðîïóñêàòü íåîáõîäèìîå êîëè÷åñòâî ãåëèÿ, ò.å. òóðáèíà êàê áû

ñàìà ïðåâðàùàåòñÿ â äðîññåëü.

Îïûòíûé îáðàçåö ïàðîæèäêîñòíîãî ãåëèåâîãî òóðáîäåòàíäåðà áûë ñî-

çäàí â ÍÏÎ «Ãåëèéìàø» ïî çàêàçó ÎÈßÈ è ïðîõîäèë äîâîäêó è èñïûòàíèÿ â

ñîñòàâå ñèñòåìû êðèîãåííîãî îáåñïå÷åíèÿ óñòàíîâêè ÑÏÈÍ. Òóðáîäåòàíäåð

áûë ðàññ÷èòàí äëÿ ðåôðèæåðàòîðíîãî ðåæèìà ðàáîòû ÊÃÓ-1600/4,5 ñ îäíî-

âðåìåííûì ÷àñòè÷íûì ïîëó÷åíèåì æèäêîãî ãåëèÿ è èìåë ñëåäóþùèå ïðîåêò-

íûå ïàðàìåòðû: äàâëåíèå íà âõîäå — 1,8 ÌÏà, òåìïåðàòóðà íà âõîäå — 5,2 Ê,

äàâëåíèå íà âûõîäå — 0,15 ÌÏà, ðàñõîä ðàáî÷åé ñðåäû — 2400 Íì3/÷, ìîù-

íîñòü — 0,85 êÂò.

Â öåëÿõ îáåñïå÷åíèÿ îäíîòèïíîñòè ðàñøèðèòåëüíûõ ìàøèí, êîìïëåêòó-

þùèõ óñòàíîâêè ÊÃÓ-1600/4,5, ãåëèåâûé ïàðîæèäêîñòíûé òóðáîäåòàíäåð

áûë âûïîëíåí ïî ïðèíöèïèàëüíîé ñõåìå, ïðèíÿòîé ðàíåå è äëÿ ãàçîâûõ òóðáî-

äåòàíäåðîâ ïðåäâàðèòåëüíîãî îõëàæäåíèÿ. Â òóðáîäåòàíäåðå èñïîëüçîâàíà

öåíòðîñòðåìèòåëüíàÿ ðåàêòèâíàÿ òóðáèííàÿ ñòóïåíü ñ ðàäèàëüíî-îñåâûì ïî-

ëóîòêðûòûì êîëåñîì. Íàðóæíûé äèàìåòð êîëåñà 15 ìì, ÷àñòîòà âðàùåíèÿ

140000–180000 îá/ìèí, âûñîòà ëîïàòîê íàïðàâëÿþùåãî àïïàðàòà 0,5 ìì.

ÊÐÈÎÃÅÍÍÛÅ ÒÅÕÍÎËÎÃÈÈ Â ÑÂÅÐÕÏÐÎÂÎÄßÙÅÌ ÓÑÊÎÐÈÒÅËÅ 787



Èç ðèñ.13 âèäíî, ÷òî â ðåôðèæåðàòîðíîì ðåæèìå ýôôåêòèâíîñòü

ÊÃÓ-1600/4,5 ñ ïàðîæèäêîñòíûì òóðáîäåòàíäåðîì ïî ñðàâíåíèþ ñ äðîññåëåì

áîëåå ÷åì íà 50% âûøå. Ïðèíöèïèàëüíî âàæíî, ÷òî, íåñìîòðÿ íà îòñóòñòâèå

âîçìîæíîñòåé ðåãóëèðîâàíèÿ ïðîõîäíûõ ñå÷åíèé ñîïëîâîãî àïïàðàòà òóðáî-

äåòàíäåðà, ýôôåêòèâíàÿ ðàáîòà óñòàíîâêè ÊÃÓ-1600/4,5 îáåñïå÷èâàåòñÿ íà

âñåõ òî÷êàõ õàðàêòåðèñòèêè. Òàêîé ýôôåêò «ñàìîðåãóëèðîâàíèÿ» ïîòîêîâ â

ïåðåìåííûõ ðåæèìàõ îáúÿñíÿåòñÿ òåì, ÷òî ïðè ìàêñèìàëüíîì ðàñõîäå ãåëèÿ

÷åðåç òóðáèíó (ðåôðèæåðàòîðíûé ðåæèì) îïòèìàëüíàÿ òåìïåðàòóðà íà âõîäå

ìèíèìàëüíà è ñîñòàâëÿåò 5,2 Ê. Ïðè ïåðåõîäå ê îæèæèòåëüíîìó ðåæèìó òðå-

áóåìûé ðàñõîä ãåëèÿ â ñòóïåíè îêîí÷àòåëüíîãî îõëàæäåíèÿ äîâîëüíî ñóùå-

ñòâåííî óìåíüøàåòñÿ, íî ýòî êîìïåíñèðóåòñÿ ðîñòîì îïòèìàëüíîé òåìïåðàòó-

ðû íà âõîäå òóðáîìàøèíû, äîñòèãàþùåé â ýòîì ñëó÷àå 8,5 Ê. Ýòîò ðîñò òåì-

ïåðàòóðû íà âõîäå ñíèæàåò êîëè÷åñòâî ïåðåðàáàòûâàåìîãî ãåëèÿ êàê ðàç

íàñòîëüêî, ÷òîáû ýôôåêòèâíî ïåðåðàñïðåäåëèòü ïîòîêè.

Ïîëó÷åííûé íàìè ïîëîæèòåëüíûé îïûò ïðèìåíåíèÿ ïàðîæèäêîñòíîãî

ãåëèåâîãî òóðáîäåòàíäåðà íà ãîëîâíîì îáðàçöå ÊÃÓ-1600/4,5 ïîçâîëèë â

äàëüíåéøèõ ðàáîòàõ ïî ñîçäàíèþ íóêëîòðîíà öåëèêîì îòêàçàòüñÿ îò ðàñøè-

ðèòåëüíûõ ìàøèí ïîðøíåâîãî òèïà, ÷òî ñóùåñòâåííî ñêàçàëîñü íà ïîâûøå-

íèè íàäåæíîñòè âñåé ñèñòåìû. Äëèòåëüíàÿ ðàáîòà ïîêàçàëà àáñîëþòíîå îò-

ñóòñòâèå êàêèõ-ëèáî òåõíè÷åñêèõ ïðîáëåì, êîòîðûõ ìîæíî áûëî îæèäàòü â

ðåæèìàõ ñ îêîí÷àíèåì ïðîöåññà ðàñøèðåíèÿ â äâóõôàçíîé ïàðîæèäêîñòíîé

îáëàñòè.

Òåïëîîáìåííàÿ àïïàðàòóðà [59] êðèîãåííîé ãåëèåâîé óñòàíîâêè

ÊÃÓ-1600/4,5 ñîñòîèò èç îðèãèíàëüíûõ âûñîêîýôôåêòèâíûõ âèòûõ òðóá÷àòûõ

òåïëîîáìåííèêîâ. Îíè âûïîëíåíû èç ìåäíûõ òðóá ìàëîãî äèàìåòðà, îðåáðåí-

íûõ ìåäíîé ïðîâîëîêîé. Íàìîòêà òðóá ìíîãîñëîéíàÿ, áåç äèñòàíöèîííûõ

ïðîñòàâîê ìåæäó ñëîÿìè. Ñïèðàëüíî íàâèòàÿ íà êàæäóþ òðóáó ìåäíàÿ ïðîâî-

ëîêà îáðàçóåò õîðîøî îáòåêàåìóþ ôîðìó îðåáðåíèÿ è ÿâëÿåòñÿ íå òîëüêî èí-

òåíñèôèêàòîðîì òåïëîîáìåíà, íî è äèñòàíöèîííûì ýëåìåíòîì ìåæäó ñëîÿìè

òðóá.

Òàêàÿ êîíñòðóêöèÿ ïîçâîëÿåò îáåñïå÷èòü ìàëûé ýêâèâàëåíòíûé äèàìåòð

ìåæòðóáíîãî ïðîñòðàíñòâà. Ýòè îñîáåííîñòè ïðåäîïðåäåëÿþò âûñîêóþ êîì-

ïàêòíîñòü òåïëîîáìåííèêîâ. Â êîíñòðóêöèè òåïëîîáìåííèêîâ ïðåäóñìîòðåíà

íàâèâêà òðóá ïî ñïåöèàëüíîé ìåòîäèêå ñ ïåðåìåííûìè çíà÷åíèÿìè ïðîäîëü-

íîãî è ïîïåðå÷íîãî øàãîâ, ÷òî ñâîäèò ê ïðåäåëüíî ìèíèìàëüíûì çíà÷åíèÿì

íåðàâíîìåðíîñòü ðàñïðåäåëåíèÿ ãàçîâ ïî êàíàëàì ìåæòðóáíîãî ïðîñòðàíñòâà

è ïðîäîëüíóþ òåïëîïðîâîäíîñòü ïî ýëåìåíòàì êîíñòðóêöèè. Áëàãîäàðÿ ýòîìó

äîñòèãàåòñÿ âûñîêàÿ ýôôåêòèâíîñòü òåïëîîáìåííèêîâ.

Òåïëîîáìåííèêè îòëè÷àþòñÿ âûñîêîé íàäåæíîñòüþ â êðèîãåííûõ óñëî-

âèÿõ ðàáîòû, ïîñêîëüêó îáëàäàþò ñàìîêîìïåíñàöèåé òåìïåðàòóðíûõ íàïðÿ-

æåíèé â øèðîêîì äèàïàçîíå òåìïåðàòóð áëàãîäàðÿ åñòåñòâåííîé äåôîðìèðóå-

ìîñòè âûâîäîâ êîíöîâ òðóá íà êîëëåêòîðû.

788 ÀÃÀÏÎÂ Í.Í.



Â ðåôðèæåðàòîðå ÊÃÓ-1600/4,5 áîëåå äåñÿòêà êðèîãåííûõ òåïëîîáìåí-

íèêîâ, íî èõ êîìïàêòíîñòü ïîçâîëÿåò ñâåñòè êðèîãåííûå áëîêè ê ñðàâíèòåëü-

íî íåáîëüøèì ðàçìåðàì.

Âèíòîâîé êîìïðåññîðíûé àãðåãàò «Êàñêàä-80/25» [21,40-43]. Îïûòíàÿ

ýêñïëóàòàöèÿ ãîëîâíîãî îáðàçöà êðèîãåííîé ãåëèåâîé óñòàíîâêè

ÊÃÓ-1600/4,5 ïîêàçàëà, ÷òî ãëàâíûå ïðîáëåìû ñ íàäåæíîñòüþ ñâÿçàíû ñ ïðè-

ìåíåíèåì êîìïðåññîðîâ ïîðøíåâîãî òèïà, â êîòîðûõ èìåëîñü áîëüøîå êîëè-

÷åñòâî òðåáóþùèõ ÷àñòîé çàìåíû è ðåìîíòà âïóñêíûõ è âûïóñêíûõ êëàïàíîâ.

Ïîýòîìó äàëüíåéøåå ðàçâèòèå ïðèâåëî ê íåîáõîäèìîñòè ïåðåõîäà íà âèíòîâîå

êîìïðåññîðíîå îáîðóäîâàíèå.

Ãåëèåâûé âèíòîâîé ìàñëîçàïîëíåííûé êîìïðåññîðíûé àãðåãàò «Êàñ-

êàä-80/25» ðàçðàáîòàí â ÍÏÎ «Êàçàíüêîìïðåññîðìàø» ïðèìåíèòåëüíî ê ñè-

ñòåìå êðèîãåííîãî îáåñïå÷åíèÿ óñêîðèòåëüíî-íàêîïèòåëüíîãî êîìïëåêñà

ÓÍÊ [44], ñîçäàâàâøåãîñÿ â Èíñòèòóòå ôèçèêè âûñîêèõ ýíåðãèé â Ïðîòâèíî.

Äëÿ ýòîãî ñîîðóæåíèÿ ïðåäïîëàãàëîñü âûïóñòèòü ñåðèþ òàêèõ ìàøèí â êîëè-

÷åñòâå 60 øò. Â ðàìêàõ ïðîòîêîëà î ñîâìåñòíîé íàó÷íî-èññëåäîâàòåëüñêîé ðà-

áîòå ìåæäó ÈÔÂÝ è ÎÈßÈ èñïûòàíèÿ è äîâîäêà ãîëîâíîãî îáðàçöà êîìïðåñ-

ñîðíîãî àãðåãàòà «Êàñêàä-80/25» ïðîâîäèëàñü â ËÂÝ ÎÈßÈ. Óñëîâèÿìè ïðî-

òîêîëà áûëà ïðåäóñìîòðåíà ïîñëåäóþùàÿ ýêñïëóàòàöèÿ àãðåãàòà â ñîñòàâå

êðèîãåííîãî êîìïëåêñà íóêëîòðîíà.

Âèíòîâîé êîìïðåññîðíûé àãðåãàò «Êàñêàä-80/25» — ìàøèíà âòîðîãî ïî-

êîëåíèÿ îòå÷åñòâåííûõ âèíòîâûõ ìàñëîçàïîëíåííûõ êîìïðåññîðîâ, èñïîëü-

çóåìûõ â êðèîãåííûõ óñòàíîâêàõ äëÿ êîìïðèìèðîâàíèÿ ãåëèÿ [21]. Â êðèîãåí-

íîé ñèñòåìå óñòàíîâêè «Òîêàìàê-15» ïðèìåíåí [23] êîìïðåññîðíûé àãðåãàò ñ

àíàëîãè÷íûìè ïî ïðîèçâîäèòåëüíîñòè ïàðàìåòðàìè, ñîñòîÿùèé èç äâóõ äâóõ-

ñòóïåí÷àòûõ óñòàíîâîê «Êàñêàä-40/16» è îäíîé äîæèìàþùåé ìàøèíû «Êàñ-

êàä-6/16-25». Â îòëè÷èå îò íåãî «Êàñêàä-80/25» âûïîëíåí â äâóõñòóïåí÷àòîì

âàðèàíòå ñ îäíèì ìàñëîîòäåëèòåëåì è îáùåé ìàñëîñèñòåìîé êîìïðåññîðîâ

ïåðâîé è âòîðîé ñòóïåíè.

Àãðåãàò «Êàñêàä-80/25» ñîñòîèò èç ÷åòûðåõ îñíîâíûõ áëîêîâ: ïåðâîé ñòó-

ïåíè, âòîðîé ñòóïåíè, áëîêà ìàñëîîõëàäèòåëåé è áëîêà óïðàâëåíèÿ. Ïåðâàÿ

ñòóïåíü ñîäåðæèò äâà ïàðàëëåëüíî ðàáîòàþùèõ êîìïðåññîðà, ïðèâîäÿùèõñÿ

â äåéñòâèå îäíèì ýëåêòðîäâèãàòåëåì ìîùíîñòüþ 0,63 ÌÂò ñ íàïðÿæåíèåì

ïèòàíèÿ 6 êÂ.

Âòîðàÿ ñòóïåíü ñîñòîèò èç îäíîãî âèíòîâîãî êîìïðåññîðà ñ çîëîòíèêî-

âûì ðåãóëÿòîðîì ïðîèçâîäèòåëüíîñòè, âåðòèêàëüíîãî ìàñëîîòäåëèòåëÿ è

ýëåêòðîäâèãàòåëÿ ñ òåìè æå ïàðàìåòðàìè, ÷òî è íà ïåðâîé ñòóïåíè. Â áëîê ìà-

ñëîîõëàäèòåëåé âõîäÿò ÷åòûðå ïðÿìîòî÷íûõ òåïëîîáìåííèêà ñ âîäÿíûì

îõëàæäåíèåì. Ñèñòåìà àâòîìàòèêè îñóùåñòâëÿåò ïîñòîÿííûé êîíòðîëü

îñíîâíûõ ïàðàìåòðîâ, çàùèòó îò àâàðèéíûõ ðåæèìîâ è àâòîìàòè÷åñêîå ïîä-

äåðæàíèå íîìèíàëüíîãî äàâëåíèÿ íàãíåòàíèÿ êîìïðåññîðîâ ïåðâîé ñòóïåíè

(ïðîìåæóòî÷íîãî äàâëåíèÿ).
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Èñïûòàíèÿ âèíòîâîãî êîìïðåññîðíîãî àãðåãàòà «Êàñêàä-80/25» ïðîâîäè-

ëèñü ïî çàìêíóòîé ñõåìå (ðèñ.14). Òðåáóåìîå äàâëåíèå íà âñàñûâàíèè ïåðâîé

ñòóïåíè îáåñïå÷èâàëîñü ðåñèâåðàìè (10) îáùèì îáúåìîì îêîëî 160 ì3. Ãàçî-

îáðàçíûé ãåëèé èç ðåñèâåðîâ ïîñòóïàåò â ïåðâóþ ñòóïåíü, ãäå ñæèìàåòñÿ äî

äàâëåíèÿ 0,6–0,7 ÌÏà è îäíîâðåìåííî îõëàæäàåòñÿ ìàñëîì, âïðûñêèâàåìûì

ïîä äàâëåíèåì â ïîëîñòü ñæàòèÿ, à çàòåì — âî âòîðóþ ñòóïåíü. Çäåñü ìàñëîãà-

çîâàÿ ñìåñü ñæèìàåòñÿ äî êîíå÷íûõ ïàðàìåòðîâ è ïîñòóïàåò â ìàñëîîòäåëè-

òåëü (2). Îòäåëèâøèéñÿ ãàç ïðîõîäèò ñåïàðàòîð (3), êîíöåâîé õîëîäèëüíèê (4)

è ÷åðåç âåíòèëü âíîâü ïîñòóïàåò íà âõîä êîìïðåññîðà. Ìàñëî èç ìàñëîîòäåëè-

òåëÿ ñëèâàåòñÿ â ìàñëîáàê è ÷åðåç ôèëüòð ãðóáîé î÷èñòêè (5) ïîñòóïàåò â ìàñ-

ëîîõëàäèòåëè (9), ãäå îõëàæäàåòñÿ âîäîé. Íà ïåðâóþ ñòóïåíü ìàñëî ïîñòóïà-

åò, ïðîéäÿ æèêëåð (13) è ðàçäåëèâøèñü íà äâå ëèíèè: ïî îäíîé ìàñëî âïðûñ-

êèâàåòñÿ íåïîñðåäñòâåííî â êàìåðó ñæàòèÿ, ïî âòîðîé ëèíèè, ïðîéäÿ ôèëüòðû

òîíêîé î÷èñòêè (6), ïîñòóïàåò íà ñìàçêó ïîäøèïíèêîâ è ñîçäàíèå ìàñëÿíîãî

çàòâîðà â êîíöåâîì óïëîòíåíèè. Âî âòîðóþ ñòóïåíü ìàñëî ïîäàåòñÿ ïîñðåä-

ñòâîì øåñòåðåí÷àòîãî íàñîñà (8), ãäå äàâëåíèå åãî ïîâûøàåòñÿ íà

790 ÀÃÀÏÎÂ Í.Í.

Ðèñ.14. Ïðèíöèïèàëüíàÿ ñõåìà àãðåãàòà «Êàñêàä-80/25» è ñòåíäà äëÿ èñïûòàíèé: 1 —
êîìïðåññîð; 2 — ìàñëîîòäåëèòåëü; 3 — ñåïàðàòîð; 4 — êîíöåâîé õîëîäèëüíèê; 5 —
ôèëüòð ãðóáîé î÷èñòêè; 6 — ôèëüòð òîíêîé î÷èñòêè ïåðâîé ñòóïåíè; 7 — ôèëüòð òîí-
êîé î÷èñòêè âòîðîé ñòóïåíè; 8 — øåñòåðåí÷àòûé ìàñëÿíûé íàñîñ; 9 — ìàñëîîõëàäè-
òåëè; 10 — ðåñèâåðû íà âñàñûâàíèè; 11 — âàêóóìíûå ëîâóøêè; 12 — íàñîñ âàêóóì-
íûé; 13 — æèêëåð; 14 — êëàïàí ïåðåïóñêíîé



0,4–0,5 ÌÏà. Â êàìåðó ñæàòèÿ ìàñëî âïðûñêèâàåòñÿ íåïîñðåäñòâåííî, à íà

ñìàçêó ïîäøèïíèêîâ, çîëîòíèêà è êîíöåâîãî óïëîòíåíèÿ — ÷åðåç ôèëüòð

òîíêîé î÷èñòêè (7).

Âàêóóìíûå íàñîñû (12) è ëîâóøêè (11) ïðåäíàçíà÷åíû äëÿ ïîñòàíîâêè

ñòåíäà ïîä ãåëèé. Êðîìå òîãî, îíè âåñüìà ýôôåêòèâíî èñïîëüçóþòñÿ ïðè ïîä-

ãîòîâêå ñèñòåìû ê ïóñêó äëÿ óäàëåíèÿ âëàãè èç ìàñëà, êîòîðûì çàïîëíÿåòñÿ

êîìïðåññîð. Äëÿ ýòîãî â õîëîäèëüíèêè (9) ïîäàåòñÿ ãîðÿ÷àÿ âîäà, è öèðêóëè-

ðóþùåå ïðè âêëþ÷åííîì íàñîñå (8) ìàñëî íàãðåâàåòñÿ äî òåìïåðàòóðû

70–80 °Ñ. Ïðè ïîñëåäóþùåé îòêà÷êå âëàãà çàäåðæèâàåòñÿ â ëîâóøêå (11), çà-

ëèâàåìîé æèäêèì àçîòîì. Ìàðêà ïðèìåíÿåìîãî ìàñëà — òóðáèííîå Ò-30.

Ãîëîâíîé îáðàçåö âèíòîâîãî êîìïðåññîðíîãî àãðåãàòà «Êàñêàä-80/25» õî-

ðîøî çàðåêîìåíäîâàë ñåáÿ â õîäå èñïûòàíèé è ïîñëåäóþùåé èíòåíñèâíîé

ýêñïëóàòàöèè. Èçîòåðìè÷åñêèé ê.ï.ä., ïîëó÷åííûé ïðè äàâëåíèè íà âñàñûâà-

íèè 0,072–0,0875 ÌÏà, ñîñòàâèë 0,52–0,55. Çàìåðû øóìîâûõ õàðàêòåðèñòèê,

ïðîâåäåííûå â òî÷êàõ íà ðàññòîÿíèè 1 ì îò àãðåãàòà, ïîêàçàëè, ÷òî óðîâíè çâó-

êîâîé ìîùíîñòè ñîñòàâëÿþò íå áîëåå 81–102 äÁ. Òàê, â òå÷åíèå îäíîãî ãîäà

àãðåãàò «Êàñêàä-80/25» îòðàáîòàë äëÿ íóæä êðèîãåííîãî êîìïëåêñà íóêëîòðî-

íà îêîëî 5000 ÷àñîâ ïðè ïðîèçâîäñòâå áîëåå 50 ïëàíîâûõ âêëþ÷åíèé è âû-

êëþ÷åíèé. Ïðè ýòîì íå âûÿâëåíî íè îäíîãî ñëó÷àÿ îòêàçîâ èëè îòêëîíåíèÿ

ïàðàìåòðîâ ìàøèíû îò íîðìû. Òàêèì îáðàçîì, àãðåãàò «Êàñêàä-80/25» ñòàë

íå òîëüêî îñíîâîé êîìïðåññîðíîãî îáåñïå÷åíèÿ êðèîãåííîé ñèñòåìû íóêëî-

òðîíà, íî è ðåêîìåíäîâàí äëÿ ñåðèéíîãî ïðîèçâîäñòâà è ïðèìåíåíèÿ â äðóãèõ

êðóïíûõ êðèîãåííûõ ñèñòåìàõ.

4. ÎÏÒÈÌÀËÜÍÛÅ ÏÀÐÀÌÅÒÐÛ ÊÐÈÎÃÅÍÍÎÉ ÑÈÑÒÅÌÛ
ÏÐÈ ÐÀÁÎÒÅ Â ÐÀÇËÈ×ÍÛÕ ÐÅÆÈÌÀÕ

Îõëàæäåíèå ñâåðõïðîâîäÿùèõ ìàãíèòîâ íóêëîòðîíà äî ðàáî÷åé òåì-
ïåðàòóðû [60,61]. Äëÿ îïèñàííûõ âûøå ìàãíèòîâ íóêëîòðîíà ïðàêòè÷åñêè

íåò êàêèõ-ëèáî îãðàíè÷åíèé ïî âðåìåíè îõëàæäåíèÿ â ñâÿçè ñ òåìïåðàòóðíû-

ìè ãðàäèåíòàìè è íàïðÿæåíèÿìè â êîíñòðóêöèÿõ. Âñå îíè ïðîõîäèëè èñïûòà-

íèÿ ïðè âðåìåíè îõëàæäåíèÿ äî ãåëèåâûõ òåìïåðàòóð íå áîëåå 10 ÷àñîâ. Ïî-

ýòîìó áûëî ðåøåíî îõëàæäàòü âñþ ìàãíèòíóþ ñèñòåìó óñêîðèòåëÿ çà ìèíè-

ìàëüíî âîçìîæíîå âðåìÿ. Àíàëèç ïîêàçàë, ÷òî íàèáîëåå ïðèåìëåìî â íàøåì

ñëó÷àå 80–100 ÷àñîâ. Ýòî ðåêîðäíî êîðîòêîå âðåìÿ îõëàæäåíèÿ ïî ñðàâíåíèþ

ñ àíàëîãè÷íûìè ñèñòåìàìè. Ïðèíÿòàÿ ñõåìà (ðèñ.15) èñïîëüçóåò ïðèíóäèòåëü-

íûé ïîòîê ãàçîîáðàçíîãî ãåëèÿ, îõëàæäåííûé â óñòàíîâêàõ ÊÃÓ-1600/4,5 ïî-

ñðåäñòâîì èñïàðåíèÿ îêîëî 80 ì3 çàðàíåå çàïàñåííîãî æèäêîãî àçîòà.

Ïðîöåññ îõëàæäåíèÿ ðåàëèçóåòñÿ áåç êàêîãî-ëèáî äîïîëíèòåëüíîãî îñíà-

ùåíèÿ: èñïîëüçóåòñÿ òîëüêî øòàòíîå îáîðóäîâàíèå ãåëèåâûõ ðåôðèæåðàòî-

ðîâ. Ïðÿìîé è îáðàòíûé ïîòîêè èìåþò òå æå íàïðàâëåíèÿ, ÷òî è ïðè îáû÷íîé
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ðàáîòå â íîìèíàëüíîì ðåæèìå, ò.å. ïðè êðèîñòàòèðîâàíèè ìàãíèòîâ íà ãåëèå-

âîì òåìïåðàòóðíîì óðîâíå. Îäíàêî ÷òîáû óñêîðèòü îõëàæäåíèå, óñòàíîâêè

ÊÃÓ-1600/4,5 ñíàáæåíû îáâîäíûìè ëèíèÿìè, ïîêàçàííûìè íà ðèñ.15. Êîëü-

öî óñêîðèòåëÿ ââîäèòñÿ â ðàáî÷èé ðåæèì â òðè ýòàïà, êàæäîìó èç êîòîðûõ ñî-

îòâåòñòâóåò îäíà èç ñõåì ýòîãî ðèñóíêà.

Íà ðèñ.16 ïðèâåäåíî ðàñïðåäåëåíèå òåìïåðàòóð ìàãíèòîâ ïî ïåðèìåòðó

êîëüöà â çàâèñèìîñòè îò âðåìåíè îõëàæäåíèÿ. Êàê âèäíî èç ðèñóíêà, â ðàñ-

ñìàòðèâàåìîì ñëó÷àå âðåìÿ ââîäà â ðåæèì ñîñòàâèëî îêîëî 80 ÷àñîâ. Íà

ðèñ.17 ïîêàçàíî, êàê èçìåíÿåòñÿ òåìïåðàòóðà ïîòîêà ãåëèÿ ïî ìåðå ïðîõîæäå-

íèÿ ðàçíûõ òî÷åê âíóòðåííèõ êàíàëîâ ìàãíèòîâ: íà âõîäå, âûõîäå èç ïîëîãî

ñâåðõïðîâîäÿùåãî êàáåëÿ è âûõîäå èç òðóáêè îõëàæäåíèÿ æåëåçíîãî ÿðìà.

Ðåæèìû ñ èçáûòî÷íûì îáðàòíûì ïîòîêîì («ñàòåëëèòíûå») [16]. Ïðè

êðèîñòàòèðîâàíèè êðóïíûõ óñêîðèòåëåé ñî ñâåðõïðîâîäÿùèìè ìàãíèòàìè

ïðåäïî÷òåíèå èíîãäà îòäàþò êðèîãåííûì ñèñòåìàì èç ðàâíîìåðíî ðàñïîëî-

æåííûõ ïî ïåðèìåòðó êîëüöà ðåôðèæåðàòîðîâ ñ èçáûòî÷íûì îáðàòíûì ïîòî-

êîì — ñàòåëëèòîâ [25,26]. Îíè ðàáîòàþò çà ñ÷åò æèäêîãî ãåëèÿ, ïîëó÷àåìîãî

îò öåíòðàëüíîãî îæèæèòåëÿ, ÷òî ïîçâîëÿåò â êàæäîì èç òàêèõ ðåôðèæåðàòîðîâ

792 ÀÃÀÏÎÂ Í.Í.

Ðèñ.15. Ïðèíöèïèàëüíûå ñõåìû ïåðåêëþ÷åíèé ïîòîêîâ ïðè îõëàæäåíèè êîëüöà íóê-
ëîòðîíà äî ðàáî÷åé òåìïåðàòóðû



îáîéòèñü ìèíèìóìîì îáîðóäîâàíèÿ â ñòóïåíÿõ ïðåäâàðèòåëüíîãî îõëàæäå-

íèÿ. Â ýòîì ñëó÷àå ðåôðèæåðàòîð, ÷àùå âñåãî ñîñòîÿùèé òîëüêî èç òåïëîîá-

ìåííèêîâ è ñáîðíèêà æèäêîãî ãåëèÿ, îáëàäàåò âûñîêîé íàäåæíîñòüþ è íå òðå-

áóåò îáñëóæèâàíèÿ, ò.ê. íàèìåíåå íàäåæíûå è òðåáóþùèå îáñëóæèâàíèÿ ýëå-

ìåíòû êðèîãåííîé ñèñòåìû ñîñðåäîòî÷åíû íà öåíòðàëüíîì îæèæèòåëå.

Âàæíî, ÷òî ïðè ýòîì ñîõðàíÿåòñÿ âûñîêàÿ òåðìîäèíàìè÷åñêàÿ ýôôåêòèâ-

íîñòü: áëàãîäàðÿ òîìó, ÷òî òåïëîåìêîñòü (ïðîèçâåäåíèå ðàñõîäà íà óäåëüíóþ
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Ðèñ.16 Ðàñïðåäåëåíèå òåìïåðàòóð ìàãíèòîâ ïî ïåðèìåòðó êîëüöà â çàâèñèìîñòè îò
âðåìåíè îõëàæäåíèÿ

Ðèñ.17. Òåìïåðàòóðà ïîòîêà ãåëèÿ ïî ìåðå ïðîõîæäåíèÿ ðàçíûõ òî÷åê âíóòðåííèõ êà-
íàëîâ ìàãíèòîâ: íà âõîäå (1), âûõîäå èç ïîëîãî ñâåðõïðîâîäÿùåãî êàáåëÿ (2) è âûõîäå
èç òðóáêè îõëàæäåíèÿ æåëåçíîãî ÿðìà (3)



òåïëîåìêîñòü) îáðàòíîãî ïîòîêà âñåãäà íåñêîëüêî âûøå òåïëîåìêîñòè ïðÿìî-

ãî ïîòîêà, ñàìîñòîÿòåëüíî óñòàíàâëèâàåòñÿ íàèáîëåå îïòèìàëüíîå ðàñïðåäå-

ëåíèå òåìïåðàòóð [62] â òåïëîîáìåííèêå, êîãäà ðàçíîñòü òåìïåðàòóð ìåæäó

ïîòîêàìè èçìåíÿåòñÿ ïðîïîðöèîíàëüíî òåìïåðàòóðå îáðàòíîãî ïîòîêà.

Äàæå åñëè â íîìèíàëüíîì ðåæèìå ðåôðèæåðàòîð ðàáîòàåò ïî îáû÷íîé

ñõåìå, êîãäà îáùèé ðàñõîä â ïðÿìîì ïîòîêå áîëüøå èëè ðàâåí ðàñõîäó â

îáðàòíîì ïîòîêå, ïîëåçíûì áûâàåò åãî ïðèìåíåíèå è â ñàòåëëèòíîì ðåæèìå.

Òàêàÿ ïîòðåáíîñòü âîçíèêàåò, íàïðèìåð, êîãäà âûõîäÿò èç ñòðîÿ äåòàíäåðû

ñòóïåíè ïðåäâàðèòåëüíîãî îõëàæäåíèÿ, à ðàáîòó ïî êðèîñòàòèðîâàíèþ îáúåê-

òà íåîáõîäèìî ïðîäîëæàòü. Â ýòîì ñëó÷àå èñïîëüçóåòñÿ çàðàíåå çàïàñåííûé

æèäêèé ãåëèé èëè æå îí ïîäëèâàåòñÿ îò ïàðàëëåëüíî ðàáîòàþùåãî íà òîò æå

îáúåêò ðåôðèæåðàòîðà. Â ÷àñòíîñòè, òàêîé ñïîñîá ðåçåðâèðîâàíèÿ ïðåäóñìîò-

ðåí è ñõåìîé êðèîñòàòèðîâàíèÿ íóêëîòðîíà (ðèñ.2).

Âîïðîñû ïðèìåíåíèÿ ðåôðèæåðàòîðîâ ñ èçáûòî÷íûì îáðàòíûì ïîòîêîì

ðàññìàòðèâàëèñü ìíîãèìè àâòîðàìè. Ïîäðîáíûé òåðìîäèíàìè÷åñêèé àíàëèç

îïóáëèêîâàí â [27], ãäå ïðèâîäÿòñÿ ñâåäåíèÿ îá îïòèìàëüíûõ ïàðàìåòðàõ ñà-

òåëëèòíûõ ðåôðèæåðàòîðîâ, óäåëüíûõ ðàñõîäàõ ýíåðãèè è íåîáõîäèìûõ ïî-

âåðõíîñòÿõ òåïëîîáìåííèêîâ. Îäíàêî ïîëó÷åííûå çäåñü äàííûå íåëüçÿ ñ÷è-

òàòü äîñòàòî÷íûìè â ñèëó òîãî, ÷òî â êà÷åñòâå îäíîãî èç êðèòåðèåâ ïðè ñîïî-

ñòàâëåíèè ðàçëè÷íûõ âàðèàíòîâ âûáèðàëàñü ìèíèìàëüíàÿ ðàçíîñòü òåì-

ïåðàòóð ìåæäó ïîòîêàìè â òåïëîîáìåííèêå ñàòåëëèòà. Ìåæäó òåì ïðè îäèíà-

êîâîé ìèíèìàëüíîé ðàçíîñòè òåìïåðàòóð íåîáõîäèìàÿ ïîâåðõíîñòü òåïëîîá-

ìåíà ñóùåñòâåííî çàâèñèò îò ñîîòíîøåíèÿ ïîòîêîâ â ýòîì òåïëîîáìåííèêå,

óâåëè÷èâàÿñü ïî ìåðå óìåíüøåíèÿ êîëè÷åñòâà èñïîëüçóåìîãî æèäêîãî ãåëèÿ.

Ïîýòîìó ðàçëè÷íûå âàðèàíòû ïàðàìåòðîâ è ýíåðãåòè÷åñêèõ ïîêàçàòåëåé ñà-

òåëëèòíûõ ðåôðèæåðàòîðîâ ìîæíî êîððåêòíî ñðàâíèâàòü ëèøü òîãäà, êîãäà

êàæäîìó èç íèõ áóäåò ñîîòâåòñòâîâàòü îäèíàêîâàÿ ïîâåðõíîñòü òåïëîîáìåíà.

Êðîìå òîãî, áîëüøîé ïðàêòè÷åñêèé èíòåðåñ âûçûâàåò àíàëèç ðîñòà èëè óõóä-

øåíèÿ ýíåðãåòè÷åñêîé ýôôåêòèâíîñòè îäíîé è òîé æå ñàòåëëèòíîé ðåôðèæå-

ðàòîðíîé óñòàíîâêè ñ èçìåíåíèåì åå ðåæèìà. Òàêèì îáðàçîì, íåîáõîäèìûå

óñëîâèÿ ìåòîäè÷åñêè âåðíîãî ñîïîñòàâëåíèÿ âàðèàíòîâ ñîáëþäàþòñÿ òîëüêî

â òîì ñëó÷àå, êîãäà â êà÷åñòâå èñõîäíûõ äàííûõ âçÿòû êîýôôèöèåíò òåïëîïå-

ðåäà÷è è ïîâåðõíîñòü òåïëîîáìåíà òåïëîîáìåííèêîâ ðåôðèæåðàòîðà. Òàêîé

ïîäõîä èçëîæåí â [16]. Â ñâîåé ðàáîòå ïî íàñòðîéêå ðåæèìîâ êðèîãåííîé ñè-

ñòåìû íóêëîòðîíà ìû ðóêîâîäñòâîâàëèñü ïîëó÷åííûìè çäåñü äàííûìè.

Ïî ýòèì äàííûì äëÿ ñàòåëëèòíîãî ðåôðèæåðàòîðà, ñõåìà êîòîðîãî ïîêà-

çàíà íà ðèñ.18, ðàñ÷åòíûå ïàðàìåòðû ïðèâîäÿòñÿ íà ðèñ.19 è 20. Ïåðâûé èç

íèõ ïîêàçûâàåò çàâèñèìîñòü ðàñõîäà g G Q= / ñæàòîãî ãàçà íà åäèíèöó õîëîäî-

ïðîèçâîäèòåëüíîñòè îò îòíîñèòåëüíîãî êîëè÷åñòâà ïîòðåáëÿåìîãî æèäêîãî

ãåëèÿ (îáîçíà÷åíèÿ äàíû íà ðèñ.18).

794 ÀÃÀÏÎÂ Í.Í.



Â êà÷åñòâå èñõîäíûõ äàííûõ

ïðèíÿòî kF Q/ =100 K–1, ãäå kF

— ïðîèçâåäåíèå êîýôôèöèåíòà

òåïëîïåðåäà÷è è ïîâåðõíîñòè òå-

ïëîîáìåíà òåïëîîáìåííèêà; òåì-

ïåðàòóðà îêðóæàþùåé ñðåäû

T3 = 293 K; òåìïåðàòóðà â èñïà-

ðèòåëå T2 = 4,4 K; äàâëåíèå â òî÷-

êå (4) — 0,105 ÌÏà.
Íà ðèñ.20 ïîêàçàíû ðåçóëü-

òàòû ðàñ÷åòîâ ïî çàòðàòàì ýíåð-
ãèè íà ïîëó÷åíèå õîëîäà â ñàòåë-
ëèòíîì ðåôðèæåðàòîðå. Êðîìå
ïðèíÿòûõ âûøå èñõîäíûõ äàí-
íûõ, ìû ïîëîæèëè: àäèàáàòè÷å-
ñêèé ê.ï.ä. òóðáîäåòàíäåðà —
0,7, èçîòåðìè÷åñêèé ê.ï.ä. âèíòî-
âîãî êîìïðåññîðà — 0,5, ýêñåðãå-
òè÷åñêèé ê.ï.ä. îæèæèòåëÿ ãåëèÿ
— 0,15. Êàê âèäíî èç ðèñóíêà,
èìåþòñÿ ìèíèìóìû ýíåðãåòè÷å-
ñêèõ çàòðàò êàê ïðè èñïîëüçîâà-
íèè äðîññåëÿ, òàê è â ðåæèìàõ ñ
ïàðîæèäêîñòíûì òóðáîäåòàíäå-
ðîì. Äëÿ ñëó÷àÿ ñ äðîññåëèðîâà-
íèåì îïòèìàëüíûå ïàðàìåòðû ðàáîòû — äàâëåíèå â ïðÿìîì ïîòîêå 1,2 ÌÏà è
êîýôôèöèåíò α= 10,5 %. Ýòè ïàðàìåòðû ñóùåñòâåííî èçìåíÿþòñÿ ïðè èñ-
ïîëüçîâàíèè ïàðîæèäêîñòíîãî äåòàíäåðà. Â ýòîì ñëó÷àå îíè ñîñòàâëÿþò, ñî-
îòâåòñòâåííî, 2,5 ÌÏà è 4–6 %. Ìèíèìóìû ýíåðãåòè÷åñêèõ çàòðàò íîñÿò äî-
ñòàòî÷íî ïîëîãèé õàðàêòåð. Ýòî ïîçâîëÿåò ïîëó÷àòü áëèçêóþ ê îïòèìàëüíîìó
çíà÷åíèþ ýôôåêòèâíîñòü äàæå â òåõ ñëó÷àÿõ, êîãäà ñèñòåìà ôóíêöèîíèðóåò ñ
áîëüøèì ðàçáðîñîì ïàðàìåòðîâ. Òàê, â ñõåìå ñ ðàñøèðåíèåì â äåòàíäåðå èç-
ìåíåíèÿ âåëè÷èíû α â ïðåäåëàõ 3–8% è äàâëåíèÿ 1,5–2,5 ÌÏà íå ïðèâîäÿò ê
áîëüøîìó èçìåíåíèþ îáùåé ýôôåêòèâíîñòè ñèñòåìû.

Ïî äàííûì ðèñ.19 è 20 ëåãêî îïòèìèçèðîâàòü ïàðàìåòðû ñèñòåìû. Îäíà-
êî äëÿ íóêëîòðîíà íåîáõîäèìî ó÷èòûâàòü îäíî îãðàíè÷åíèå: âåëè÷èíà ìàññî-
âîãî ïàðîñîäåðæàíèÿ íà âûõîäå èç ìàãíèòîâ ïî óñëîâèÿì ðàáîòû íóêëîòðîíà
îãðàíè÷åíà x5 ≤ 90 %. Ðàñõîä ñæàòîãî ãàçà íà åäèíèöó õîëîäîïðîèçâîäèòåëü-

íîñòè ìîæåò áûòü îïðåäåëåí êàê g rx≈ =1 5/ 0,057 [ã⋅ñ–1⋅Âò–1], ãäå r — òåïëîòà

ïàðîîáðàçîâàíèÿ. Òàêèì îáðàçîì, åñëè g < 0,057, ïàðîñîäåðæàíèå íà âûõîäå
èç ìàãíèòîâ áóäåò ïðåâûøàòü âåëè÷èíó, ïðèíÿòóþ êàê ïðåäåëüíî äîïóñòèìàÿ.
Îáëàñòü, ãäå ïàðîñîäåðæàíèå x5 âûøå ïðåäåëüíîãî, îòìå÷åíà íà ðèñ.19 ñåðûì
öâåòîì. Â öèêëå ñ äåòàíäåðîì, ê ñîæàëåíèþ, íåëüçÿ ðàáîòàòü íåïîñðåäñòâåí-
íî ïðè îïòèìàëüíûõ óñëîâèÿõ, îäíàêî íà ãðàíèöå ðàçðåøåííîé îáëàñòè
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Ðèñ.18. Ðàñ÷åòíàÿ ñõåìà ñàòåëëèòíîãî ðåôðè-
æåðàòîðà: G — êîëè÷åñòâî ñæàòîãî ãàçà èç
êîìïðåññîðà; Q — õîëîäîïðîèçâîäèòåëü-
íîñòü; α — äîëÿ ïîäâîäèìîãî æèäêîãî ãåëèÿ
îò ðàñõîäà ñæàòîãî ãàçà



(α=3,6 % äëÿ 2,5 ÌÏà, 4,4 % äëÿ 2,0 ÌÏà è 5,5% äëÿ 1,5 ÌÏà) ýôôåêòèâíîñòü
ëèøü íåçíà÷èòåëüíî íèæå áëàãîäàðÿ òîìó, ÷òî, êàê óæå îòìå÷àëîñü, ìèíèìó-
ìû ýíåðãåòè÷åñêèõ çàòðàò íîñÿò äîñòàòî÷íî ïîëîãèé õàðàêòåð.

Âûñîêàÿ ýíåðãåòè÷åñêàÿ ýôôåêòèâíîñòü ïîçâîëÿåò óñïåøíî èñïîëüçîâàòü

ñàòåëëèòíûå ðåæèìû äëÿ ðåãóëèðîâàíèÿ îáùåé õîëîäîïðîèçâîäèòåëüíîñòè

796 ÀÃÀÏÎÂ Í.Í.

Ðèñ.20. Óäåëüíûé ðàñõîä ýíåðãèè â çàâèñèìîñòè îò êîëè÷åñòâà ïîòðåáëÿåìîãî â ñàòåë-
ëèòíîì ðåôðèæåðàòîðå æèäêîãî ãåëèÿ äëÿ ðàçëè÷íûõ äàâëåíèé â ïðÿìîì ïîòîêå ðå-
ôðèæåðàòîðà

Ðèñ.19. Çàâèñèìîñòü ðàñõîäà g = G/Q ñæàòîãî ãàçà íà åäèíèöó õîëîäîïðîèçâîäèòåëü-
íîñòè äëÿ ðàçëè÷íûõ äàâëåíèé â ïðÿìîì ïîòîêå ñàòåëëèòíîãî ðåôðèæåðàòîðà



êðèîãåííîé ñèñòåìû. Òàê, âåñüìà ÷àñòî òðåáóåòñÿ ðàáîòàòü â ðåæèìàõ ñ ïîíè-

æåííîé — äî 2,0 êÂò — õîëîäîïðîèçâîäèòåëüíîñòüþ. Îáû÷íî â òàêîé ñèòó-

àöèè çàäåéñòâîâàíî äâà ðåôðèæåðàòîðà. Ïåðâûé ðàáîòàåò â ñâîåì íîìèíàëü-

íîì ðåæèìå, îí îõëàæäàåò ïåðâîå ïîëóêîëüöî è äîïîëíèòåëüíî ïðîèçâîäèò

æèäêèé ãåëèé. Õàðàêòåðèñòèêè òàêîãî «ñìåøàííîãî» ðåæèìà áûëè ïðåäñòàâ-

ëåíû íà ðèñ.13. Âòîðîé ðåôðèæåðàòîð, ïîëó÷àþùèé æèäêèé ãåëèé îò ïåðâî-

ãî, ðàáîòàåò â ñàòåëëèòíîì ðåæèìå ñ äðîññåëåì èëè ïàðîæèäêîñòíûì òóðáî-

äåòàíäåðîì.

Â òå÷åíèå âñåõ ñåàíñîâ ðàáîòû íà ôèçè÷åñêèå ýêñïåðèìåíòû è äëÿ èññëå-

äîâàíèé ñîáñòâåííî óñêîðèòåëÿ íà íóêëîòðîíå ïðàêòè÷åñêè íå áûëî ïðîñòîåâ

ïî ïðè÷èíàì, ñâÿçàííûì ñ êðèîãåííîé ñèñòåìîé. Îáû÷íî â ðåçåðâå èìåëîñü

äîñòàòî÷íîå êîëè÷åñòâî æèäêîãî ãåëèÿ, ÷òîáû ïåðåêëþ÷èòü ëþáîé èç ðåôðè-

æåðàòîðîâ â ñàòåëëèòíûé ðåæèì è ïðîäîëæàòü êðèîñòàòèðîâàíèå êîëüöà

óñêîðèòåëÿ ïðè îäíîâðåìåííî ïðîâîäèìûõ âîññòàíîâèòåëüíûõ èëè ðåãëà-

ìåíòíûõ ðàáîòàõ íà ýëåìåíòàõ ñèñòåìû êðèîãåííîãî îáåñïå÷åíèÿ.

Õàðàêòåðèñòèêè ðåôðèæåðàòîðà ïðè êîìáèíèðîâàííîì ïðîèçâîä-
ñòâå õîëîäà è æèäêîãî ãåëèÿ [13-15]. Êðèîãåííûé ãåëèåâûé ðåôðèæåðàòîð

ñîçäàþò íà îñíîâå ðàñ÷åòà ñîîòâåòñòâóþùåãî òåðìîäèíàìè÷åñêîãî öèêëà.

Åñëè åãî ïðåäïîëàãàåòñÿ èñïîëüçîâàòü â íåñêîëüêèõ ðàçëè÷íûõ ðåæèìàõ, òî

àíàëèçèðóþò âñå âàðèàíòû öèêëà è ïðîåêòèðîâàíèå ïðîäîëæàþò ïî òîìó èç

íèõ, êîòîðûé òðåáóåò íàèáîëüøåé òåïëîïåðåäàþùåé ïîâåðõíîñòè òåïëîîá-

ìåííèêîâ. Äåéñòâèòåëüíûé æå öèêë ðàáîòû ðåôðèæåðàòîðà ìîæåò ñóùåñòâåí-

íî îòëè÷àòüñÿ îò ðàñ÷åòíîãî êàê âñëåäñòâèå îòêëîíåíèÿ ôàêòè÷åñêèõ ïàðàìåò-

ðîâ ìàøèí è àïïàðàòîâ îò ïðèíÿòûõ â ðàñ÷åòå, òàê è èç-çà èçìåíåíèé óñëîâèé

ðàáîòû ïîòðåáèòåëÿ. Ïðè êðèîñòàòèðîâàíèè ñâåðõïðîâîäÿùèõ ìàãíèòíûõ

ñèñòåì ãåëèåâûå ðåôðèæåðàòîðû ðàáîòàþò â ðàçëè÷íûõ êîìáèíèðîâàííûõ ðå-

æèìàõ, êîãäà îäíîâðåìåííî ñ ïðîèçâîäñòâîì õîëîäà îñóùåñòâëÿåòñÿ è ñæèæå-

íèå ãåëèÿ. Çàâèñèìîñòü õîëîäîïðîèçâîäèòåëüíîñòè îò êîëè÷åñòâà îäíîâðå-

ìåííî âûðàáàòûâàåìîãî æèäêîãî ãåëèÿ ïðèíÿòî íàçûâàòü õàðàêòåðèñòèêîé

ðåôðèæåðàòîðà.

Ïîäîáíûå õàðàêòåðèñòèêè äàþò íàãëÿäíóþ ìåòîäè÷åñêóþ îñíîâó àíàëè-

çà êðèîãåííûõ ñèñòåì, ñîñòîÿùèõ èç ðåôðèæåðàòîðà è êðèîñòàòèðóåìîãî îáú-

åêòà. Ïî íèì, íàïðèìåð, ìîæíî îïðåäåëèòü ñêîðîñòü íàêîïëåíèÿ æèäêîñòè

ïðè çàäàííîì òåïëîïðèòîêå è, ñëåäîâàòåëüíî, êîëè÷åñòâåííî îöåíèòü òó ÷àñòü

ïóñêîâîãî ïåðèîäà, êîòîðàÿ ñîîòâåòñòâóåò âðåìåíè íàêîïëåíèÿ íåîáõîäèìîãî

óðîâíÿ æèäêîãî ãåëèÿ â êðèîñòàòå. Ïîëåçíî èñïîëüçîâàíèå õàðàêòåðèñòèê è â

ñèñòåìàõ ñ îõëàæäàåìûìè òîêîââîäàìè.

Õàðàêòåðèñòèêè ðåôðèæåðàòîðà ìîãóò áûòü ïîëó÷åíû êàê ýêñïåðèìåí-

òàëüíûì, òàê è ðàñ÷åòíûì ïóòåì. Ðàíåå íà ðèñ.13 óæå ïðèâîäèëèñü ýêñïåðè-

ìåíòàëüíûå õàðàêòåðèñòèêè, ñíÿòûå íàìè â õîäå èññëåäîâàíèÿ ðåæèìîâ êðèî-

ãåííîé ãåëèåâîé óñòàíîâêè ÊÃÓ-1600/4,5. Ïîëó÷åíèå õàðàêòåðèñòèê ïóòåì

ðàñ÷åòîâ — äîâîëüíî ñëîæíàÿ çàäà÷à, íî íåîáõîäèìîñòü åå ðåøåíèÿ ïðîÿâëÿ-
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åòñÿ, ïî êðàéíåé ìåðå, â äâóõ àñïåêòàõ. Âî-ïåðâûõ, ýêñïåðèìåíòàëüíîå èçó÷å-

íèå õàðàêòåðèñòèê êðóïíûõ óñòàíîâîê ñâÿçàíî ñ áîëüøèìè çàòðàòàìè ýëåê-

òðîýíåðãèè è äðóãèìè ýêñïëóàòàöèîííûìè çàòðàòàìè. Âî-âòîðûõ, ýòî åäèí-

ñòâåííîå ñðåäñòâî èçó÷åíèÿ â òåõ ñëó÷àÿõ, êîãäà èññëåäóåìûå ðåæèìû åùå íå

ðåàëèçîâàíû íà ïðàêòèêå.

Ìåòîäèêà ðàñ÷åòà ðåæèìîâ ðåôðèæåðàòîðîâ îñíîâàíà íà ñîâìåñòíîì ðå-

øåíèè óðàâíåíèé òåïëîïåðåäà÷è è ýíåðãåòè÷åñêîãî áàëàíñà òåïëîîáìåííè-

êîâ [14].

Íèæå ïðèâîäÿòñÿ ðàñ÷åòíûå äàííûå ïî ðàáîòå ÊÃÓ-1600/4,5 â ðåæèìàõ

áåç æèäêîãî àçîòà íà ðàçëè÷íûõ òî÷êàõ õàðàêòåðèñòèêè, ïîëó÷åííûå ñ öåëüþ

ïîñëåäóþùåãî íàèáîëåå ðàöèîíàëüíîãî ïðîåêòèðîâàíèÿ òóðáîìàøèí. Ðàñ-

÷åòíàÿ ñõåìà ïðèâåäåíà íà ðèñ.21. Â êà÷åñòâå èñõîäíûõ äàííûõ èñïîëüçîâà-

ëèñü ïëîùàäè ïîâåðõíîñòåé òåïëîîáìåíà òåïëîîáìåííèêîâ ÊÃÓ-1600/4,5,

êîýôôèöèåíòû òåïëîïåðåäà÷è è ãèäðàâëè÷å-

ñêîãî ñîïðîòèâëåíèÿ òåïëîîáìåííèêîâ äëÿ

îñíîâíîãî ïðîåêòíîãî ðåæèìà, â êîòîðîì

ïðè ñóììàðíîé ïðîèçâîäèòåëüíîñòè êîì-

ïðåññîðîâ 3600 Íì3/÷ óñòàíîâêà áåç èñïîëü-

çîâàíèÿ æèäêîãî àçîòà îäíîâðåìåííî äîëæíà

ïðîèçâîäèòü 1850 Âò õîëîäà íà óðîâíå 4,5 Ê

è 50 ë/÷ æèäêîãî ãåëèÿ. Ðàñõîä ñæàòîãî ãåëèÿ

ïðèíèìàëñÿ ðàâíûì 0,17 êã/ñ, äàâëåíèå ïî-

ñëå êîìïðåññîðîâ — 2,5 ÌÏà, àäèàáàòíûé

ê.ï.ä. âñåõ òóðáîäåòàíäåðîâ — 0,65.

Åñëè ïðèíÿòü îáîçíà÷åíèÿ: Gk — êîëè-

÷åñòâî ñæàòîãî ãåëèÿ, ïîäàâàåìîãî èç êîì-

ïðåññîðà, Gx — êîëè÷åñòâî æèäêîãî ãåëèÿ,

âûâîäèìîãî èç öèêëà, Q — õîëîäîïðîèçâî-

äèòåëüíîñòü, q Q Gk= / — óäåëüíàÿ õîëîäî-

ïðîèçâîäèòåëüíîñòü, x G Gx k= / — ñòåïåíü

îæèæåíèÿ, îïòèìèçàöèÿ ïàðàìåòðîâ ñâîäèò-

ñÿ ê îïðåäåëåíèþ ïðè çàäàííîì çíà÷åíèè õ

ìàêñèìóìà ôóíêöèè òðåõ ïåðåìåííûõ

q f T T Tb b b= ( , , ),2 6 8 ãäå T2b, T6b, T8b — òåìïå-

ðàòóðû ñæàòîãî ãåëèÿ íà âõîäå â òóðáîäå-

òàíäåðû ñòóïåíè ïðåäâàðèòåëüíîãî îõëàæ-

äåíèÿ.

Ðåçóëüòàòû ïðîâåäåííûõ îïòèìèçàöèîí-

íûõ ðàñ÷åòîâ äëÿ ñëó÷àÿ ïðèìåíåíèÿ ïàðî-

æèäêîñòíîãî äåòàíäåðà ïðèâîäÿòñÿ íà

ðèñ. 22,23 è 24. Âèäíî, ÷òî äàæå äëÿ ïðèíÿ-

òûõ ñðàâíèòåëüíî íåâûñîêèõ ê.ï.ä. òóðáîäå-

798 ÀÃÀÏÎÂ Í.Í.

Ðèñ.21. Ðàñ÷åòíàÿ ñõåìà ðåôðè-
æåðàòîðà ÊÃÓ-1600/4,5 ïðè ðà-
áîòå áåç èñïîëüçîâàíèÿ æèäêîãî
àçîòà



òàíäåðîâ ýôôåêòèâíàÿ ðàáîòà áåç ïîòðåáëåíèÿ æèäêîãî àçîòà ìîæåò áûòü äî-

ñòèãíóòà âî âñåõ òî÷êàõ õàðàêòåðèñòèêè. Â ÷èñòî ðåôðèæåðàòîðíîì ðåæèìå

ïðè ìàêñèìàëüíîì çíà÷åíèè q= 12,8 êÄæ/êã, õîëîäîïðîèçâîäèòåëüíîñòü

ÊÃÓ-1600/4,5 ñîñòàâëÿåò Q gGk= = 12,8x0,17 = 2,18 êÂò. Ìàêñèìàëüíîå çíà÷å-

íèå x= 01, ñîîòâåòñòâóåò ïðîèçâîäèòåëüíîñòè â îæèæèòåëüíîì ðåæèìå

G xGx k= = 0,1x0,17 = 0,017 êã/ñ = 490 ë/÷.

Ýôôåêòèâíîñòü óñòàíîâêè ïðè ýòîì äîñòàòî÷íî âûñîêà. Óäåëüíûå çàòðà-

òû íà ïîëó÷åíèå õîëîäà è æèäêîãî ãåëèÿ ñîñòàâÿò 306 Âò/Âò õîëîäà ïðè 4,5 Ê

è 1,36 êÂò/÷ íà ëèòð æèäêîñòè (ïðè èçîòåðìè÷åñêîì ê.ï.ä. êîìïðåññîðà

50% — ñëó÷àé âèíòîâîé ìàøèíû).

Èç ïîëó÷åííûõ ðåçóëüòàòîâ ñëåäóåò, ÷òî òåìïåðàòóðû âêëþ÷åíèÿ äåòàí-

äåðîâ ñòóïåíè ïðåäâàðèòåëüíîãî îõëàæäåíèÿ, îáåñïå÷èâàþùèå îïòèìàëüíóþ

õàðàêòåðèñòèêó, ñîñòàâëÿþò 140, 50 è 19 Ê. Îíè ïðàêòè÷åñêè íå çàâèñÿò îò âå-

ëè÷èíû õ, ò.å. ïðèáëèçèòåëüíî îäèíàêîâû êàê äëÿ ÷èñòî ðåôðèæåðàòîðíîãî,

òàê è äëÿ îæèæèòåëüíîãî ðåæèìîâ. Âáëèçè îïòèìóìà ôóíêöèÿ
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Ðèñ.22. Ðàñ÷åòíûe xaðàêòåðè-

ñòèêè ÊÃÓ-1600/4,5 ïðè ðàç-

ëè÷íûõ çíà÷åíèÿõ òåìïåðàòó-

ðû T b8 ïåðåä òóðáîäåòàíäåðîì

III ñòóïåíè ïðåäâàðèòåëüíîãî

îõëàæäåíèÿ è èñïîëüçîâàíèè

ïàðîæèäêîñòíîãî òóðáîäåòàí-

äåðà IV. Îïòèìàëüíûå çíà÷åíèÿ

òåìïåðàòóð T b6 = 50 Ê è

T b2 = 140 Ê

Ðèñ.23. Ðàñ÷åòíûå õàðàêòåðè-

ñòèêè ÊÃÓ-1600/4,5 ïðè ðàç-

ëè÷íûõ çíà÷åíèÿõ òåìïåðàòó-

ðû Ò b6 ïåðåä òóðáîäåòàíäåðîì

II ñòóïåíè ïðåäâàðèòåëüíîãî

îõëàæäåíèÿ è èñïîëüçîâàíèè

ïàðîæèäêîñòíîãî òóðáîäåòàí-

äåðà IV. Îïòèìàëüíûå çíà÷åíèÿ

òåìïåðàòóð T b8 = 19 Ê è

T b2 = 140 Ê



q f T T Tb b b= ( , , )2 6 8 äîñòàòî÷íî ïîëîãà, è

äëÿ ïîëó÷åíèÿ ýôôåêòèâíûõ ðåæèìîâ ìî-

æåò áûòü âïîëíå äîïóñòèìî, åñëè ïðîòî÷-

íûå ÷àñòè âêëþ÷åííûõ ïîñëåäîâàòåëüíî

òóðáîäåòàíäåðîâ áóäóò îáåñïå÷èâàòü

ðàñïðåäåëåíèå òåìïåðàòóð íå áîëåå ÷åì

ñ 10% òî÷íîñòüþ: T b2 140 20= ±( ) Ê;

T b6 50 5= ±( ) Ê; T b8 19 2= ±( ) Ê.

Ñëåäóåò îòìåòèòü, ÷òî îïòèìàëüíûå

çíà÷åíèÿ òåìïåðàòóð T2b, T6b è T8b, îïðå-

äåëåííûå äëÿ ñëó÷àÿ ñ ïðèìåíåíèåì ïàðî-

æèäêîñòíîãî äåòàíäåðà, îñòàþòñÿ ïðàêòè-

÷åñêè íåèçìåííûìè è â ñëó÷àå äðîññåëè-

ðîâàíèÿ â ñòóïåíè îêîí÷àòåëüíîãî îõëàæ-

äåíèÿ. Ýòî ñâèäåòåëüñòâóåò î òîì, ÷òî óêà-

çàííûå çíà÷åíèÿ ìîãóò áûòü ðåêîìåíäîâà-

íû âíå çàâèñèìîñòè íå òîëüêî îò êîëè÷å-

ñòâà õ âûâîäèìîãî èç öèêëà æèäêîãî ãåëèÿ,

íî è îò âåëè÷èíû ê.ï.ä. ïàðîæèäêîñòíîãî

äåòàíäåðà. Ïðè äðîññåëèðîâàíèè â ñòóïå-

íè îêîí÷àòåëüíîãî îõëàæäåíèÿ ìàêñè-

ìàëüíî äîñòèæèìàÿ õîëîäîïðîèçâîäè-

òåëüíîñòü ñîñòàâëÿåò ëèøü q= 5,6 êÄæ/êã,

à êîýôôèöèåíò ñæèæåíèÿ x= 0,08. Êàê âè-

äèì, ïðè ïåðåõîäå ê äðîññåëèðîâàíèþ íàèáîëåå ñóùåñòâåííî ñíèæåíèå ïðî-

èçâîäèòåëüíîñòè äëÿ ðåôðèæåðàòîðíîãî ðåæèìà, ïðè êîòîðîì íàèáîëüøàÿ

÷àñòü ïîòîêà ïðîõîäèò ïî ñòóïåíè îêîí÷àòåëüíîãî îõëàæäåíèÿ è, ñëåäîâàòåëü-

íî, âåëèêè òåðìîäèíàìè÷åñêèå ïîòåðè.

Ââèäó íåðåãóëèðóåìîñòè ñîïëîâûõ àïïàðàòîâ äëÿ ðàáîòû â êàæäîé òî÷êå

èç ïðèâåäåííûõ âûøå õàðàêòåðèñòèê íåîáõîäèì ñâîé èíäèâèäóàëüíûé êîìï-

ëåêò èç òðåõ òóðáîäåòàíäåðîâ. Ðàñõîä ÷åðåç òóðáèíó æåñòêî îïðåäåëåí ãåî-

ìåòðèåé ïðîòî÷íîé ÷àñòè ìàøèíû è ïàðàìåòðàìè íà âõîäå — äàâëåíèåì è

òåìïåðàòóðîé. Ïðèáëèæåííûå çàâèñèìîñòè äëÿ ðàñõîäà êàê ôóíêöèè äàâëå-

íèÿ è òåìïåðàòóðû íà âõîäå ïðèâîäÿòñÿ â [28,29]. Ðåçóëüòàòû ðàñ÷åòîâ ñ ó÷å-

òîì ýòèõ îãðàíè÷åíèé ïîêàçàíû íà ðèñ.25 øòðèõîâûìè ëèíèÿìè (2). Êàê âè-

äèì, â ìàêñèìóìå ýòè êðèâûå êàñàþòñÿ îïòèìàëüíîé õàðàêòåðèñòèêè, íî ñëå-

âà è ñïðàâà îò íåãî ýôôåêòèâíîñòü óñòàíîâêè ðåçêî ñíèæàåòñÿ. Ýòî

ïðîèñõîäèò ïîòîìó, ÷òî ïðè èçìåíåíèè õ ñòàíîâèòñÿ äðóãîé îïòèìàëüíàÿ äîëÿ

ãàçà, îòâîäèìîãî íà äåòàíäåðû ïðåäâàðèòåëüíîãî îõëàæäåíèÿ, à ýòà îïòè-

ìàëüíàÿ äîëÿ íå ìîæåò áûòü îáåñïå÷åíà ââèäó íåðåãóëèðóåìîñòè òóðáèí. Ïî-

ýòîìó ïàðàìåòðû óñòàíîâêè áûñòðî óõîäÿò îò îïòèìàëüíûõ çíà÷åíèé.

800 ÀÃÀÏÎÂ Í.Í.

Ðèñ.24. Ðàñ÷åòíûå õàðàêòåðèñòèêè

ÊÃÓ-1600/4,5 ïðè ðàçëè÷íûõ çíà÷å-

íèÿõ òåìïåðàòóðû Ò b2 ïåðåä òóðáî-

äåòàíäåðîì I ñòóïåíè ïðåäâàðè-

òåëüíîãî îõëàæäåíèÿ è èñïîëüçîâà-

íèè ïàðîæèäêîñòíîãî òóðáîäåòàí-

äåðà IV. Îïòèìàëüíûå çíà÷åíèÿ

òåìïåðàòóð T b8 = 19 Ê è T b6 = 50 Ê



Ïîäíÿòü ýôôåêòèâíîñòü

óñòàíîâêè ïðè ðàáîòå ñ îäíèì

êîìïëåêòîì òóðáîäåòàíäåðîâ íà

äîñòàòî÷íî áîëüøîì ó÷àñòêå õà-

ðàêòåðèñòèêè ìîæíî ïóòåì èç-

ìåíåíèÿ êîëè÷åñòâà ñæàòîãî ãå-

ëèÿ, ïîñòóïàþùåãî íà óñòàíîâêó

îò êîìïðåññîðîâ, â çàâèñèìîñòè

îò òåêóùåãî ðåæèìà. Íà ðèñ.25

òàêîé âàðèàíò ïîêàçàí êðèâûìè

(3). Íà ñðåäíåé èç íèõ ïðè

x= 0,01 êîëè÷åñòâî ïåðåðàáàòû-

âàåìîãî ãàçà ðàâíî 0,22 êã/ñ, à

ïðè x= 0,07 óìåíüøåíî äî

0,13 êã/ñ. Óêàçàííûé ñïîñîá ïî-

ëó÷åíèÿ îïòèìàëüíîé õàðàêòå-

ðèñòèêè, âïåðâûå ïðîäåìîí-

ñòðèðîâàí íà îïûòå ñ ïîäîáíîé

óñòàíîâêîé ìåíüøåãî ìàñøòàáà

â [57]. Â êðèîãåííîé ñèñòåìå íó-

êëîòðîíà îí ïðèìåíèì äîñòà-

òî÷íî ïðîñòî, ò.ê. â êà÷åñòâå ðåçåðâíîãî îáîðóäîâàíèÿ ñèñòåìà ñîäåðæèò ñåìü

ñðàâíèòåëüíî íåáîëüøèõ ïîðøíåâûõ êîìïðåññîðîâ, ïîñëåäîâàòåëüíîå ïîä-

êëþ÷åíèå êîòîðûõ îáåñïå÷èâàåò âîçìîæíîñòü ýôôåêòèâíî è â øèðîêèõ ïðå-

äåëàõ èçìåíÿòü ïðîèçâîäèòåëüíîñòü êîìïðåññîðíîãî öåõà.

ÇÀÊËÞ×ÅÍÈÅ

Ïåðâîå îõëàæäåíèå ïîëíîãî êîëüöà íóêëîòðîíà ïîñëå ñáîðêè âñåõ ýëå-

ìåíòîâ â òîííåëå è êîìïëåêñíîé ïðîâåðêè ïîäñèñòåì áûëî íà÷àòî 17 ìàðòà

1993 ã. Çà 100 ÷àñîâ íà âñåõ ýëåìåíòàõ áûëà äîñòèãíóòà òåìïåðàòóðà îêîëî

4,5 Ê, à âàêóóì â êàìåðå óñêîðèòåëÿ ñîñòàâèë 10–9 — 10–10 Òîð.

Äèïîëè è ìàãíèòíûå ëèíçû áûëè çàïèòàíû ïîñòîÿííûì òîêîì 90 À. Çà-

òåì â âàêóóìíóþ êàìåðó íóêëîòðîíà áûë èíæåêòèðîâàí ïó÷îê äåéòðîíîâ ñ

ýíåðãèåé 5 ÌýÂ è íà÷àëàñü ðàáîòà ïî ïðîâîäêå ïó÷êà. 26 ìàðòà áûëè çàðåãè-

ñòðèðîâàíû ïåðâûå îáîðîòû ïó÷êà â êîëüöå — ýòà äàòà îáùåïðèçíàíà êàê

äàòà ââîäà â äåéñòâèå íîâîãî ñâåðõïðîâîäÿùåãî óñêîðèòåëÿ òÿæåëûõ ÿäåð

[54–56].

Óñïåøíîìó çàïóñêó â ìàðòå 1993 ã. ïðåäøåñòâîâàëà òùàòåëüíî ñïëàíèðî-

âàííàÿ è öåëåíàïðàâëåííàÿ ðàáîòà ïî òåñòèðîâàíèþ âñåõ ýëåìåíòîâ êîëüöà

óñêîðèòåëÿ. Ïðè ãåëèåâûõ òåìïåðàòóðàõ íà ñïåöèàëüíî ñîçäàííûõ ñòåíäàõ
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Ðèñ.25. Ñðàâíåíèå îïòèìàëüíîé (1) õàðàêòå-
ðèñòèêè óñòàíîâêè ÊÃÓ-1600/4,5 ñ õàðàêòåðè-
ñòèêàìè äëÿ çàäàííûõ êîìïëåêòîâ òóðáîäå-
òàíäåðîâ ïðè ïîñòîÿííîì (2) è ïåðåìåííîì (3)
ðàñõîäå ãàçà, ïåðåðàáàòûâàåìîãî óñòàíîâêîé



áûëè èñïûòàíû (èíîãäà íåîäíîêðàòíî) âñå ìàãíèòîêðèîñòàòíûå ýëåìåíòû:

96 äèïîëüíûõ, 56 êâàäðóïîëüíûõ, öåëûé ðÿä íåñòàíäàðòíûõ ýëåìåíòîâ è òî-

êîââîäû. Ïðîâåäåíû èñïûòàíèÿ öåïî÷åê ìàãíèòîâ ðàçëè÷íîé äëèíû. Â ôåâ-

ðàëå 1990 ã. íà îòäåëüíîì ñòåíäå áûë èñïûòàí ðÿä èç 12 äèïîëüíûõ è 4 êâà-

äðóïîëüíûõ ìàãíèòîâ — îäíà âîñüìàÿ ÷àñòü ïîëíîé ìàãíèòíîé ñèñòåìû

óñêîðèòåëÿ. Ìàãíèòû âûäåðæàëè 2⋅105 öèêëîâ âîçáóæäåíèÿ ñ ðàáî÷èì òîêîì

6,5 êÀ. Â ôåâðàëå 1992 ã. óæå íà ñâîåì ìåñòå â òîííåëå áûë ñìîíòèðîâàí ïåð-

âûé êâàäðàíò íóêëîòðîíà, ñîñòîÿùèé èç 28 äèïîëåé è 11 êâàäðóïîëåé. Ïîñëå

îõëàæäåíèÿ äî ðàáî÷åé òåìïåðàòóðû â êâàäðàíò áûë èíæåêòèðîâàí è ïðîâå-

äåí ïî âñåé äëèíå ïó÷îê ïîëÿðèçîâàííûõ äåéòðîíîâ.

Â òå÷åíèå âðåìåíè, ïðîøåäøåãî ïîñëå ïåðâîãî çàïóñêà ïîëíîãî êîëüöà,

ñåàíñû ðàáîòû íóêëîòðîíà ïðîâîäÿòñÿ ðåãóëÿðíî. Íà ýòèõ ñåàíñàõ êðèîãåí-

íàÿ ñèñòåìà áûëà çàäåéñòâîâàíà â òå÷åíèå áîëåå 3000 ÷àñîâ. Êðîìå òîãî, ïî

çàÿâêàì äðóãèõ ïîòðåáèòåëåé îòðàáîòàíî îêîëî 5000 ÷àñîâ ïðè ãîäîâîì ïðî-

èçâîäñòâå äî 1 ìëí. ëèòðîâ æèäêîãî ãåëèÿ. Ïðè ýòîì íå çàôèêñèðîâàíî îòêà-

çîâ, ïðèâîäèâøèõ ê ïðîñòîþ îáîðóäîâàíèÿ èëè ñðûâó ïëàíîâûõ ðàáîò.

Ïîäâîäÿ èòîã, íåîáõîäèìî ñêàçàòü, ÷òî êðèîãåííàÿ ñèñòåìà íóêëîòðîíà

ïðåäñòàâëÿåò ñîáîé äîâîëüíî äåðçêèé ïðîåêò ñ áîëüøèì êîëè÷åñòâîì ðàíåå

íå ïðèìåíÿâøèõñÿ òåõíè÷åñêèõ èäåé è ðåøåíèé. Ýòà ñèñòåìà îïèñûâàåòñÿ â

òàêèõ îñíîâíûõ òåðìèíàõ, êàê «áûñòðîöèêëèðóþùèå ñâåðõïðîâîäÿùèå ìàã-

íèòû», «êðèîñòàòèðîâàíèå ïîòîêîì äâóõôàçíîãî ãåëèÿ», «âåñüìà êîðîòêîå

âðåìÿ îõëàæäåíèÿ äî ðàáî÷åé òåìïåðàòóðû», «ïàðàëëåëüíîå ñîåäèíåíèå âñåõ

ìàãíèòîâ», «ïàðîæèäêîñòíûå òóðáîäåòàíäåðû», «âèíòîâîé êîìïðåññîð ñî

ñòåïåíüþ ïîâûøåíèÿ äàâëåíèÿ áîëåå 25 â äâóõ ñòóïåíÿõ». Ýòè òåõíè÷åñêèå

ðåøåíèÿ [66] ïîçâîëèëè ñîçäàòü íå òîëüêî âåñüìà ýôôåêòèâíóþ è íàäåæíóþ

ñèñòåìó, íî è ñäåëàòü åå íåîáû÷íî äåøåâî. Ýòî ïðèíöèïèàëüíî âàæíî äëÿ

îñóùåñòâèìîñòè áóäóùèõ óñêîðèòåëåé. Âàæíî íàñòîëüêî, ÷òî «íèçêàÿ ñòîè-

ìîñòü» ïðèñóòñòâóåò â ñàìîì íàçâàíèè îäíîãî èç òàêèõ ïðîåêòîâ [30], ðàññ÷è-

òàííîãî íà èñïîëüçîâàíèå êîëüöà äëèíîé îêîëî 1000 êì ñ îòêëîíÿþùèìè

ìàãíèòàìè, ñîçäàþùèìè ïîëÿ ìåíåå 2 Òë. Â êà÷åñòâå ïðîòîòèïà òàêîãî ìàãíè-

òà ðàññìàòðèâàþòñÿ ñâåðõïðîâîäÿùèå ìàãíèòû òèïà íóêëîòðîíà [64].

Àâòîð áëàãîäàðåí çà äîïîëíèòåëüíóþ ïîääåðæêó äàííîé ðàáîòû îòäåëîì

ôèçèêè ìíîãî÷àñòè÷íûõ ñèñòåì ÔÈÀÍ.
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ÓÄÊ 539.12.01

Íåïåðòóðáàòèâíûå ýôôåêòû â ÊÕÄ ïðè êîíå÷íîé òåìïåðàòóðå è ïëîòíîñòè.
Ðîáåðòñ Ê.Ä. Ôèçèêà ýëåìåíòàðíûõ ÷àñòèö è àòîìíîãî ÿäðà, 1999, òîì 30, âûï.3,

ñ.537.

Â ðàáîòå ïîêàçàíî ïðèìåíåíèå óðàâíåíèé Äàéñîíà–Øâèíãåðà â ÊÕÄ. Áîëüøàÿ

÷àñòü îáçîðà ïîñâÿùåíà èçëîæåíèþ ñîâðåìåííîãî ïîäõîäà, îñíîâàííîãî íà ðåøåíèè

óðàâíåíèÿ Áåòå–Ñîëïèòåðà, âîñïðîèçâîäÿùåãî òî÷íûå ìàññîâûå ôîðìóëû ÊÕÄ, îïè-

ñûâàþùèå îäíîâðåìåííî êàê ëåãêèå, òàê è òÿæåëûå ïñåâäîñêàëÿðíûå ìåçîíû, è íà âû-

÷èñëåíèè ýëåêòðîìàãíèòíîãî ôîðìôàêòîðà ïèîíà è ñå÷åíèÿ ýëåêòðîðîæäåíèÿ âåêòîð-

íûõ ìåçîíîâ ïðè íóëåâîé òåìïåðàòóðå è õèìè÷åñêîì ïîòåíöèàëå. Ýòè èññëåäîâàíèÿ,

êîòîðûå îáúåäèíÿþò òàêèå ðàçíûå ÿâëåíèÿ, êà÷åñòâåííî óêàçûâàþò íà âàæíîñòü èì-

ïóëüñíîé çàâèñèìîñòè îäåòûõ ýëåìåíòàðíûõ ôóíêöèé Øâèíãåðà â ÊÕÄ. Îíè îáåñïå-

÷èâàþò ïðî÷íóþ îñíîâó äëÿ îáîáùåíèÿ ðàññìàòðèâàåìîãî ïîäõîäà íà ñëó÷àé íåíóëå-

âîé òåìïåðàòóðû è õèìè÷åñêîãî ïîòåíöèàëà. Ñóùåñòâåííî, ÷òî îïèñàíû ôîðìàëüíûå

ýëåìåíòû èñïîëüçóåìîãî ïîäõîäà è ïðèâåäåíû ÷åòûðå ïðèìåðà â êà÷åñòâå èëëþñòðà-

öèè ìåòîäà è åãî ýôôåêòèâíîñòè. Ñ èõ ïîìîùüþ èçó÷àåòñÿ ãðàíèöà ôàçîâîãî ïåðåõîäà

äëÿ äåêîíôàéíìåíòà è âîññòàíîâëåíèÿ êèðàëüíîé ñèììåòðèè, âû÷èñëÿåòñÿ íàáîð òåð-

ìîäèíàìè÷åñêèõ ñâîéñòâ êâàðê-ãëþîííîé ïëàçìû è çàâèñèìîñòü π- è ρ-ìåçîííûõ íà-

áëþäàåìûõ îò Ò è µ. Àíàëîãè÷íûì îáðàçîì ââåäåíû íåïðåðûâíûé ïàðàìåòð ïîðÿäêà

äëÿ äåêîíôàéíìåíòà, àíòèêîððåëÿöèÿ ìåæäó çàâèñèìîñòüþ ìàññ è êîíñòàíò ðàñïàäà

îò Ò è èõ æå çàâèñèìîñòüþ îò µ è (Ò, µ)-çàâèñèìîñòü äëÿ ìàëûõ è óëüòðàðåëÿòèâèñò-

ñêèõ çíà÷åíèé òåðìîäèíàìè÷åñêèõ âåëè÷èí. Ðàññìîòðåííûå ýôôåêòû òàêæå îãðàíè-

÷èâàþòñÿ èìïóëüñíîé çàâèñèìîñòüþ îäåòûõ ýëåìåíòàðíûõ ôóíêöèé Øâèíãåðà.

Òàáë.5. Èë.41. Áèáëèîãð.:83.

ÓÄÊ 539.171.1

Êâàçèïîòåíöèàëüíûé ïîäõîä â ôîðìàëèçìå êâàíòîâîé òåîðèè ïîëÿ íà
íóëü-ïëîñêîñòè. Ãàðñåâàíèøâèëè Â.Ð., Òàâõåëèäçå À.Í. Ôèçèêà ýëåìåíòàðíûõ ÷àñòèö

è àòîìíîãî ÿäðà, 1999, òîì 30, âûï.3, ñ.613.

Â îáçîðå îáñóæäàåòñÿ ðÿä ïðèíöèïèàëüíûõ ïðîáëåì, êàñàþùèõñÿ îïèñàíèÿ ïðî-

öåññîâ ðàññåÿíèÿ ñ ó÷àñòèåì ñâÿçàííûõ ñîñòîÿíèé â ðàìêàõ êâàçèïîòåíöèàëüíîé ôîð-

ìóëèðîâêè òåîðèè ïîëÿ íà íóëü-ïëîñêîñòè. Îñíîâíîå âíèìàíèå óäåëåíî ïîñòðîåíèþ

óïðóãèõ è íåóïðóãèõ àìïëèòóä â òåðìèíàõ âîëíîâûõ ôóíêöèé è îïåðàòîðîâ. Ïîäðîá-

íî îïèñàíî ïîñòðîåíèå ýëåêòðîìàãíèòíûõ ôîðìôàêòîðîâ ñâÿçàííûõ ñîñòîÿíèé, è ïî-

ëó÷åíû ïðåäñòàâëåíèÿ äëÿ ãëóáîêîíåóïðóãèõ ôîðìôàêòîðîâ. Ñ ïîìîùüþ ýòèõ ïðåä-

ñòàâëåíèé èçó÷åíû âîïðîñû àñèìïòîòè÷åñêîãî ïîâåäåíèÿ ñå÷åíèé è ïðèáëèæåíèé,

ïðèâîäÿùèõ ê êâàðê-ïàðòîííîé êàðòèíå.

Èë.9. Áèáëèîãð.: 49.

ÓÄÊ 539.17

Äèàãíîñòèêà ñâåðõïëîòíîé ìàòåðèè â óëüòðàðåëÿòèâèñòñêèõ ñòîëêíîâåíèÿõ
ÿäåð. Ëîõòèí È.Ï., Ñàðû÷åâà Ë.È., Ñíèãèðåâ À.Ì. Ôèçèêà ýëåìåíòàðíûõ ÷àñòèö è

àòîìíîãî ÿäðà, 1999, òîì 30, âûï.3, ñ.660.

Èññëåäîâàíèå ïðîöåññîâ ðîæäåíèÿ ÷àñòèö â ÿäðî-ÿäåðíûõ âçàèìîäåéñòâèÿõ ïðè

âûñîêèõ ýíåðãèÿõ ïðåäñòàâëÿåòñÿ àêòóàëüíîé ïðîáëåìîé â ñâÿçè ñ âîçìîæíîñòüþ ãå-
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íåðàöèè ñâåðõïëîòíîé ìàòåðèè â îáúåìàõ, êîòîðûå ÿâëÿþòñÿ êâàçèìàêðîñêîïè÷åñêè-

ìè ïî îòíîøåíèþ ê õàðàêòåðíûì àäðîííûì ìàñøòàáàì. Ýòî îòêðûâàåò ïóòü äëÿ ïðî-

âåðêè îñíîâíûõ ïðåäñêàçàíèé ñòàòèñòè÷åñêîé ÊÕÄ: êâàðêîâîãî äåêîíôàéíìåíòà è

âîññòàíîâëåíèÿ êèðàëüíîé ñèììåòðèè äëÿ ñèñòåì ñ äîñòàòî÷íî âûñîêîé òåìïåðàòó-

ðîé è (èëè) ïëîòíîñòüþ áàðèîííîãî çàðÿäà. Â îáçîðå ðàññìàòðèâàþòñÿ ñïîñîáû ðåãè-

ñòðàöèè è îïðåäåëåíèÿ îñíîâíûõ ïàðàìåòðîâ ñâåðõïëîòíîé àäðîííîé ìàòåðèè, îáðà-

çóþùåéñÿ â óëüòðàðåëÿòèâèñòñêèõ ñòîëêíîâåíèÿõ ÿäåð. Âî ââåäåíèè îáñóæäàþòñÿ îá-

ùèå âîïðîñû, ñâÿçàííûå ñ êâàðê-àäðîííûì ôàçîâûì ïåðåõîäîì è óñëîâèÿìè åãî

ðåàëèçàöèè (ðàííÿÿ Âñåëåííàÿ, ïëîòíûå íåéòðîííûå çâåçäû, ýêçîòè÷åñêèå ñîáûòèÿ â

ýêñïåðèìåíòàõ ñ êîñìè÷åñêèìè ëó÷àìè, óñêîðèòåëè óëüòðàðåëÿòèâèñòñêèõ ÿäåð).

Âòîðîé ðàçäåë ïîñâÿùåí àíàëèçó ðàçëè÷íûõ ïîäõîäîâ äëÿ îïèñàíèÿ ýâîëþöèè

ÿäðî-ÿäåðíûõ ñîóäàðåíèé: ìèêðîñêîïè÷åñêèõ ãåíåðàòîðîâ Ìîíòå-Êàðëî è ìàêðîñêî-

ïè÷åñêèõ ãèäðîäèíàìè÷åñêèõ ìîäåëåé. Â òðåòüåì ðàçäåëå ðàññìàòðèâàþòñÿ «ìÿãêèå»

òåñòû, ïðåäëàãàåìûå äëÿ ýêñïåðèìåíòàëüíîãî èçó÷åíèÿ ñâîéñòâ ÿäåðíîé ìàòåðèè, íà-

õîäÿùåéñÿ â ýêñòðåìàëüíûõ óñëîâèÿõ: ñïåêòðû àäðîíîâ è áîçîííàÿ èíòåðôåðîìåòðèÿ,

ñïåêòðû ôîòîíîâ è äèëåïòîíîâ, ðîæäåíèå ñòðàííûõ ÷àñòèö.

Áîëüøîå âíèìàíèå óäåëÿåòñÿ «æåñòêèì» òåñòàì, äàþùèì èíôîðìàöèþ î ðàííèõ

ñòàäèÿõ ýâîëþöèè «ãîðÿ÷åé» ñèëüíîâçàèìîäåéñòâóþùåé ìàòåðèè: ðîæäåíèè òÿæåëûõ

êâàðêîíèåâ (÷åòâåðòûé ðàçäåë) è àäðîííûõ ñòðóé (ïÿòûé ðàçäåë). Ïðèâîäÿòñÿ âîçìîæ-

íûå èíòåðïðåòàöèè îñîáåííîñòåé, íàáëþäàåìûõ â ýêñïåðèìåíòàõ ïî ðåëÿòèâèñòñêèì

ñòîëêíîâåíèÿì ÿäåð íà äåéñòâóþùèõ óñêîðèòåëÿõ (AGS, SPS), ïî ñðàâíåíèþ ñ ñîîò-

âåòñòâóþùèìè àäðîí-àäðîííûìè ñîóäàðåíèÿìè: óøèðåíèÿ èìïóëüñíûõ ñïåêòðîâ

àäðîíîâ, ïîâûøåííîãî âûõîäà äèëåïòîíîâ íåáîëüøèõ ìàññ, óñèëåííîãî ðîæäåíèÿ

ñòðàííûõ ÷àñòèö, ïîäàâëåíèÿ âûõîäà Ψ-ðåçîíàíñîâ è äð. Îáñóæäàþòñÿ ïåðñïåêòèâû

áóäóùèõ ýêñïåðèìåíòîâ íà êîëëàéäåðàõ RHIC è LHC. Íà îñíîâå ìîäåëüíûõ ïðåäñòà-

âëåíèé àíàëèçèðóþòñÿ ýôôåêòû, âîçíèêàþùèå â ðåçóëüòàòå ïðîõîæäåíèÿ æåñòêèõ

ñòðóé öâåòîçàðÿæåííûõ ïàðòîíîâ ÷åðåç ïëîòíóþ ñðåäó: íåêîìïëàíàðíîñòü ïàðû

ñòðóé, âîçáóæäåíèå äèíàìè÷åñêèõ íåóñòîé÷èâîñòåé â ñðåäå, ñòîëêíîâèòåëüíûå è ðà-

äèàöèîííûå ïîòåðè ýíåðãèè ñòðóè, ïîäàâëåíèå âûõîäà ïàð ñòðóé è óâåëè÷åíèå âûõîäà

ìîíîñòðóé. Îïðåäåëÿþòñÿ ïàðàìåòðû ñðåäû, âëèÿþùèå â ïåðâóþ î÷åðåäü íà èçìåíå-

íèå õàðàêòåðèñòèê ñòðóé è âîçìîæíîñòü èõ ýêñïåðèìåíòàëüíîãî îáíàðóæåíèÿ. Îáñóæ-

äàþòñÿ òàêæå âîïðîñ èäåíòèôèêàöèè æåñòêèõ ÊÕÄ-ñòðóé â ñòîëêíîâåíèÿõ òÿæåëûõ

èîíîâ íà ôîíå áîëüøèõ ñòàòèñòè÷åñêèõ ôëóêòóàöèé ïîòîêà ïîïåðå÷íîé ýíåðãèè, îá-

óñëîâëåííûõ áîëüøîé ìíîæåñòâåííîñòüþ âòîðè÷íûõ ÷àñòèö.

Òàáë.2. Èë 15. Áèáëèîãð.:228.

ÓÄÊ 539.12.01

ÊÕÄ ïðè êîíå÷íîé òåìïåðàòóðå íà ðåøåòêå. Ëàåðìàíí Ý. Ôèçèêà ýëåìåíòàð-

íûõ ÷àñòèö è àòîìíîãî ÿäðà, 1999, òîì 30, âûï.3, ñ.720.

Â ðàáîòå ðàññìàòðèâàåòñÿ ñîâðåìåííîå ñîñòîÿíèå ðåøåòî÷íûõ èññëåäîâàíèé

ÊÕÄ ïðè êîíå÷íîé òåìïåðàòóðå. Ïîñëå îáîçðåíèÿ ôîðìóëèðîâêè è ÷èñëåííîãî ìîäå-

ëèðîâàíèÿ ÊÕÄ íà ðåøåòêå ðàññìîòðåíî ñîâðåìåííîå ïðåäñòàâëåíèå î êðèòè÷åñêîé

òåìïåðàòóðå ïåðåõîäà îò àäðîííîé ôàçû ê ôàçå êâàðê-ãëþîííîé ïëàçìû. Îáñóæäàåòñÿ

ñîñòîÿíèå èññëåäîâàíèé ïðèðîäû ýòîãî ïåðåõîäà. Êðîìå òîãî, ïðåäñòàâëåíû êàê àíà-

ëèç óðàâíåíèÿ ñîñòîÿíèÿ â âûñîêîòåìïåðàòóðíîé ôàçå, òàê è âû÷èñëåíèÿ ñïåêòðà âîç-

áóæäåíèé ïðè êîíå÷íîé òåìïåðàòóðå.

Òàáë.1. Èë.22. Áèáëèîãð.: 87.
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ÓÄÊ 621.384.63; 537.312.62

Êðèîãåííûå òåõíîëîãèè â ñâåðõïðîâîäÿùåì óñêîðèòåëå ðåëÿòèâèñòñêèõ ÿäåð —
íóêëîòðîíå. Àãàïîâ Í.Í. Ôèçèêà ýëåìåíòàðíûõ ÷àñòèö è àòîìíîãî ÿäðà, 1999, òîì 30,

âûï.3, ñ.760.

Ñèñòåìà êðèîãåííîãî îáåñïå÷åíèÿ íóêëîòðîíà îñíîâàíà íà òðåõ ãåëèåâûõ ðåôðè-

æåðàòîðàõ, êàæäûé èç êîòîðûõ èìååò íîìèíàëüíóþ õîëîäîïðîèçâîäèòåëüíîñòü

1600 Âò ïðè òåìïåðàòóðå 4,5 Ê. Ðåôðèæåðàòîðû îõëàæäàþò êîëüöåâîé óñêîðèòåëü ñ

ïåðèìåòðîì 251,5 ì è «õîëîäíîé» ìàññîé îêîëî 80 òîíí. Êîëüöî óñêîðèòåëÿ ñîñòîèò

èç 96 äèïîëüíûõ ìàãíèòîâ äëèíîé 1,5 ì è 64 êâàäðóïîëüíûõ ëèíç äëèíîé 0,45 ì. Ìàã-

íèòíîå ïîëå äî 2,0 Òë ôîðìèðóåòñÿ æåëåçíûì ñåðäå÷íèêîì è îáìîòêîé âîçáóæäåíèÿ

èç ïîëîãî ñâåðõïðîâîäíèêà, âíóòðè êîòîðîãî òå÷åò æèäêèé ãåëèé. Êðîìå òîãî, èìååòñÿ

28 êîððåêòèðóþùèõ ìàãíèòîâ äëèíîé 0,31 ì ñ 3 èëè 4 òèïàìè îáìîòîê â êàæäîì, 12

îõëàæäàåìûõ òîêîââîäîâ ñ òîêîì 6 êÀ, 234 òîêîââîäà ñ òîêîì 100 À äëÿ êîððåêòèðóþ-

ùèõ îáìîòîê, à òàêæå îêîëî 600 äàò÷èêîâ êðèîãåííîé òåìïåðàòóðû.

Îòìå÷åíî, ÷òî êðèîãåííàÿ ñèñòåìà íóêëîòðîíà ïðåäñòàâëÿåò ñîáîé äîâîëüíî

äåðçêèé ïðîåêò ñ áîëüøèì êîëè÷åñòâîì ðàíåå íå ïðèìåíÿâøèõñÿ òåõíè÷åñêèõ èäåé è

ðåøåíèé. Ñèñòåìà îïèñûâàåòñÿ â òàêèõ îñíîâíûõ òåðìèíàõ, êàê «áûñòðîöèêëèðóþ-

ùèå ñâåðõïðîâîäÿùèå ìàãíèòû», «êðèîñòàòèðîâàíèå ïîòîêîì äâóõôàçíîãî ãåëèÿ»,

«âåñüìà êîðîòêîå âðåìÿ îõëàæäåíèÿ äî ðàáî÷åé òåìïåðàòóðû», «ïàðàëëåëüíîå ñîåäè-

íåíèå âñåõ ìàãíèòîâ», «ïàðîæèäêîñòíûå òóðáîäåòàíäåðû», «âèíòîâîé êîìïðåññîð ñî

ñòåïåíüþ ïîâûøåíèÿ äàâëåíèÿ áîëåå 25 â äâóõ ñòóïåíÿõ».

Äàí îáçîð íîâûõ òåõíè÷åñêèõ ðåøåíèé, âïåðâûå ïðèìåíåííûõ â ïðîåêòå êðèî-

ãåííîé ñèñòåìû íóêëîòðîíà.

Òàáë.6. Èë.25. Áèáëèîãð.: 66.
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Ê ÑÂÅÄÅÍÈÞ ÀÂÒÎÐÎÂ

Â æóðíàëå «Ôèçèêà ýëåìåíòàðíûõ ÷àñòèö è àòîìíîãî ÿäðà» (Ý×Àß) ïå÷àòàþòñÿ îáçîðû ïî

àêòóàëüíûì ïðîáëåìàì òåîðåòè÷åñêîé è ýêñïåðèìåíòàëüíîé ôèçèêè ýëåìåíòàðíûõ ÷àñòèö è

àòîìíîãî ÿäðà, ïðîáëåìàì ñîçäàíèÿ íîâûõ óñêîðèòåëüíûõ è ýêñïåðèìåíòàëüíûõ óñòàíîâîê, àâ-

òîìàòèçàöèè îáðàáîòêè ýêñïåðèìåíòàëüíûõ äàííûõ. Ñòàòüè ïå÷àòàþòñÿ íà ðóññêîì è àíãëèé-

ñêîì ÿçûêàõ. Ðåäàêöèÿ ïðîñèò àâòîðîâ ïðè íàïðàâëåíèè ñòàòüè â ïå÷àòü ðóêîâîäñòâîâàòüñÿ èçëî-

æåííûìè íèæå ïðàâèëàìè.

1. Òåêñò ñòàòüè äîëæåí áûòü íàïå÷àòàí íà ìàøèíêå ÷åðåç äâà èíòåðâàëà íà îäíîé ñòîðîíå

ëèñòà (îáÿçàòåëüíî ïðåäñòàâëÿåòñÿ ïåðâûé ìàøèíîïèñíûé ýêçåìïëÿð). Ïîëÿ ñ îäíîé ñòîðîíû

äîëæíû áûòü íå óæå 3—4 ñì, ðóêîïèñíûå âñòàâêè íå äîïóñêàþòñÿ. Ýêçåìïëÿð ñòàòüè äîëæåí

âêëþ÷àòü àííîòàöèè è íàçâàíèå íà ðóññêîì è àíãëèéñêîì ÿçûêàõ, ðåôåðàò íà ðóññêîì ÿçûêå,

ÓÄÊ, ñâåäåíèÿ îá àâòîðàõ: ôàìèëèÿ è èíèöèàëû (íà ðóññêîì è àíãëèéñêîì ÿçûêàõ), íàçâàíèå èí-

ñòèòóòà, àäðåñ è òåëåôîí. Âñå ñòðàíèöû òåêñòà äîëæíû áûòü ïðîíóìåðîâàíû. Ñòàòüÿ äîëæíà

áûòü ïîäïèñàíà âñåìè àâòîðàìè. Òåêñò ñòàòüè ìîæåò áûòü íàïå÷àòàí íà ïðèíòåðå ñ ñîáëþäåíèåì

òåõ æå ïðàâèë.

2. Ôîðìóëû è îáîçíà÷åíèÿ äîëæíû áûòü âïèñàíû êðóïíî, ÷åòêî, îò ðóêè òåìíûìè ÷åðíè-

ëàìè (ëèáî íàïå÷àòàíû íà ïðèíòåðå è îáÿçàòåëüíî ðàçìå÷åíû). Æåëàòåëüíî íóìåðîâàòü òîëüêî òå

ôîðìóëû, íà êîòîðûå èìåþòñÿ ññûëêè â òåêñòå. Íîìåð ôîðìóëû óêàçûâàåòñÿ ñïðàâà â êðóãëûõ

ñêîáêàõ. Îñîáîå âíèìàíèå ñëåäóåò îáðàòèòü íà àêêóðàòíîå èçîáðàæåíèå èíäåêñîâ è ïîêàçàòåëåé

ñòåïåíåé: íèæíèå èíäåêñû îòìå÷àþòñÿ çíàêîì ïîíèæåíèÿ ∩, âåðõíèå — çíàêîì ïîâûøåíèÿ ∪;

øòðèõè íåîáõîäèìî ÷åòêî îòëè÷àòü îò åäèíèöû, à åäèíèöó — îò çàïÿòîé. Ñëåäóåò, ïî âîçìîæ-

íîñòè, èçáåãàòü ãðîìîçäêèõ îáîçíà÷åíèé è óïðîùàòü íàáîð ôîðìóë (íàïðèìåð, ïðèìåíÿÿ exp,

äðîáü ÷åðåç êîñóþ ÷åðòó).

Âî èçáåæàíèå íåäîðàçóìåíèé è îøèáîê ñëåäóåò äåëàòü ÿñíîå ðàçëè÷èå ìåæäó ïðîïèñíûìè

è ñòðî÷íûìè áóêâàìè, îäèíàêîâûìè ïî íà÷åðòàíèþ (V è v, U è u, W è w, O è o, K è k, S è s, C è c,

P è p, Z è z), ïðîïèñíûå ïîä÷åðêèâàþòñÿ äâóìÿ ÷åðòàìè ñíèçó, ñòðî÷íûå — äâóìÿ ÷åðòàìè

ñâåðõó (S è s, C è c). Íåîáõîäèìî äåëàòü ÷åòêîå ðàçëè÷èå ìåæäó áóêâàìè å, l, O (áîëüøîé) è î (ìà-

ëîé) è 0 (íóëåì), äëÿ ÷åãî áóêâû Î è î îòìå÷àþò äâóìÿ ÷åðòî÷êàìè, à íóëü îñòàâëÿþò áåç ïîä÷åð-

êèâàíèÿ. Ãðå÷åñêèå áóêâû ïîä÷åðêèâàþòñÿ êðàñíûì êàðàíäàøîì, âåêòîðû — ñèíèì, ëèáî çíà-

êîì ñíèçó ÷åðíèëàìè. Íå ðåêîìåíäóåòñÿ èñïîëüçîâàòü äëÿ îáîçíà÷åíèÿ âåëè÷èí áóêâû ãîòè-

÷åñêîãî, ðóêîïèñíîãî è äðóãèõ ìàëîóïîòðåáèìûõ â æóðíàëüíûõ ñòàòüÿõ øðèôòîâ, îäíàêî åñëè

òàêóþ áóêâó íåëüçÿ çàìåíèòü áóêâîé ëàòèíñêîãî èëè ãðå÷åñêîãî àëôàâèòà, òî åå ðàçìå÷àþò ïðî-

ñòûì êàðàíäàøîì (îáâîäÿò êðóæêîì). Â ñëó÷àå, åñëè íàïèñàíèå ìîæåò âûçâàòü ñîìíåíèå, íåîá-

õîäèìî íà ïîëÿõ äàòü ïîÿñíåíèå, íàïðèìåð, ζ — «äçåòà», ξ — «êñè», k — ëàò., ê — ðóññê.

3. Ðèñóíêè ïðåäñòàâëÿþò íà îòäåëüíûõ ëèñòàõ áåëîé áóìàãè èëè êàëüêè ñ óêàçàíèåì íà

îáîðîòå íîìåðà ðèñóíêà è íàçâàíèÿ ñòàòüè. Òîíîâûå ôîòîãðàôèè äîëæíû áûòü ïðåäñòàâëåíû â

äâóõ ýêçåìïëÿðàõ, íà îáîðîòå êàðàíäàøîì óêàçàòü: «âåðõ», «íèç». Ãðàôèêè äîëæíû áûòü òùà-

òåëüíî âûïîëíåíû òóøüþ èëè ÷åðíûìè ÷åðíèëàìè: íå ðåêîìåíäóåòñÿ çàãðîìîæäàòü ðèñóíîê íå-

íóæíûìè äåòàëÿìè: áîëüøèíñòâî íàäïèñåé âûíîñèòñÿ â ïîäïèñü, à íà ðèñóíêå çàìåíÿåòñÿ

öèôðàìè èëè áóêâàìè. Æåëàòåëüíî, ÷òîáû ðèñóíêè áûëè ãîòîâû ê ïðÿìîìó ðåïðîäóöèðîâàíèþ.

Ïîäïèñè ê ðèñóíêàì ïðåäñòàâëÿþòñÿ íà îòäåëüíûõ ëèñòàõ.

4. Òàáëèöû äîëæíû áûòü íàïå÷àòàíû íà îòäåëüíûõ ëèñòàõ, êàæäàÿ òàáëèöà äîëæíà èìåòü

çàãîëîâîê. Ñëåäóåò óêàçûâàòü åäèíèöû èçìåðåíèÿ âåëè÷èí â òàáëèöàõ.

5. Ñïèñîê ëèòåðàòóðû ïîìåùàåòñÿ â êîíöå ñòàòüè. Ññûëêè â òåêñòå äàþòñÿ ñ óêàçàíèåì íî-

ìåðà ññûëêè íà ñòðîêå â êâàäðàòíûõ ñêîáêàõ. Â ëèòåðàòóðíîé ññûëêå äîëæíû áûòü óêàçàíû: äëÿ

êíèã — ôàìèëèè àâòîðîâ, èíèöèàëû, íàçâàíèå êíèãè, ãîðîä, èçäàòåëüñòâî (èëè îðãàíèçàöèÿ), ãîä



èçäàíèÿ, òîì (÷àcòü, ãëàâà), öèòèðóåìàÿ ñòðàíèöà, åñëè íóæíî; äëÿ ñòàòåé — ôàìèëèè àâòîðîâ,

èíèöèàëû, íàçâàíèå æóðíàëà, ñåðèÿ, ãîä èçäàíèÿ, òîì (íîìåð, âûïóñê, åñëè ýòî íåîáõîäèìî),

ïåðâàÿ ñòðàíèöà ñòàòüè. Åñëè àâòîðîâ áîëåå ïÿòè, òî óêàçàòü òîëüêî ïåðâûå òðè ôàìèëèè.

Íàïðèìåð:

1.Ëåçíîâ À.Í., Ñàâåëüåâ Ì.Â.— Ãðóïïîâûå ìåòîäû èíòåãðèðîâàíèÿ íåëèíåéíûõ äèíàìè-

÷åñêèõ ñèñòåì. Ì.: Íàóêà, 1985, ñ.208.

2.Ãîäåí Ì. — Âîëíîâàÿ ôóíêöèÿ Áåòå: Ïåð. ñ ôðàíö. Ì.: Ìèð, 1987.

3.Turbiner A.V. — Comm. Math. Phys., 1988, v.118, p.467.

4.Óøâåðèäçå À.Ã. — Ý×Àß, 1989, ò.20, âûï.5, ñ.1185.

5.Endo I., Kasai S., Harada M. et al. — Hirosima Univ. Preprint, HUPD-8607, 1986.

6. Ðåäàêöèÿ ïîñûëàåò àâòîðó îäíó êîððåêòóðó. Èçìåíåíèÿ è äîïîëíåíèÿ â òåêñòå è ðèñóíêàõ

íå äîïóñêàþòñÿ. Êîððåêòóðà ñ ïîäïèñüþ àâòîðà è äàòîé åå ïîäïèñàíèÿ äîëæíà áûòü âûñëàíà â

ðåäàêöèþ â ìèíèìàëüíûé ñðîê.



Ðåäàêòîðû Å.Ê.Àêñåíîâà, Ý.Â.Èâàøêåâè÷.
Õóäîæåñòâåííûé ðåäàêòîð À.Ë.Âóëüôñîí.

Êîððåêòîð Ò.Å.Ïîïåêî.

Ñäàíî â íàáîð 23.12.98. Ïîäïèñàíî â ïå÷àòü 26.04.99. Ôîðìàò 60×90/16.

Áóìàãà îôñåòíàÿ ¹ 1. Ïå÷àòü îôñeòíàÿ. Óñë.ïå÷.ë. 17,5. Ó÷.-èçä.ë. 21,05.

Òèðàæ 400. Çàêàç 51341. Öåíà 15 ð.

141980 Äóáíà Ìîñêîâñêîé îáëàñòè

ÎÈßÈ, Èçäàòåëüñêèé îòäåë, òåë. (09621) 65-165.

ISSN 0367—2026. Ôèçèêà ýëåìåíòàðíûõ ÷àñòèö è àòîìíîãî ÿäðà

1999. Òîì 30. Âûï.3. 533—812.



®”ˆ‡ˆŠ� �‹…Œ…�’���›• —�‘’ˆ– ˆ �’�Œ��ƒ� Ÿ„��¯
1999, ’�Œ 30, ‚›�. 3

“„Š 539.12.01

NONPERTURBATIVE EFFECTS IN QCD
AT FINITE TEMPERATURE AND DENSITY

C.D.Roberts

Physics Division 203, Argonne National Laboratory,

Argonne IL 60439-4843, USA

INTRODUCTION 538
ESSENTIAL ELEMENTS OF THE DSEs 539

Gluon Propagator 540
Quark Propagator 542
Conˇnement 545
Hadrons: Bound States 547

A QCD MASS FORMULA 548
Dynamical Chiral Symmetry Breaking and Goldstone's
Theorem 549
Nonzero Quark Masses: A Mass Formula 550

AN ILLUSTRATIVE MODEL 552

Solving the Quark DSE 553
Solving the Pseudoscalar Meson BSE 556

ADDITIONAL PHENOMENOLOGICAL APPLICATIONS 562
Pion Electromagnetic Form Factor 563
Electroproduction of Vector Mesons 570

FINITE TEMPERATURE AND CHEMICAL POTENTIAL 575
Notes on Field Theory 579
Some Lattice Results 582

DSEs AT FINITE T AND µ 584
Quark DSE 584
Phase Transitions and Order Parameters 586
Illustration at (T 6= 0, µ = 0) 588
Complementary study at (T = 0, µ 6= 0) 592
Simultaneous study of (T 6= 0, µ 6= 0) 597
π and ρ properties 603

CLOSING REMARKS 609

REFERENCES 611



®”ˆ‡ˆŠ� �‹…Œ…�’���›• —�‘’ˆ– ˆ �’�Œ��ƒ� Ÿ„��¯
1999, ’�Œ 30, ‚›�. 3

“„Š 539.171.1

LIGHT-FRONT FORMALISM
IN THE QUASI-POTENTIAL APPROACH

IN QUANTUM FIELD THEORY
V.R.Garsevanishvili, A.N.Tavkhelidze

Mathematical Institute of the Georgian Academy of Sciences,

M.Alexidze Str. 1, 380093 Tbilisi, Georgia

E-mail: garse@rmi.acnet.ge

E-mail: aleko@presid.acnet.ge

INTRODUCTION 613
LIGHT-FRONT FORMULATION OF BOUND STATE AND
SCATTERING PROBLEMS 615

Equation for the Two-Body Bound State Wave Function 615
Equation for the Scattering Amplitude and Relation to the
Equation in the Inˇnite Momentum Frame 618
Equation for the Many-Body Bound State Wave Function 620
Spectral and Projective Properties of the
Two-Time Green Functions 623

RELATIVISTIC ELASTIC FORM FACTORS AND SCATTERING
AMPLITUDES FOR COMPOSITE SYSTEMS 630

Formulation of the Method 630
Elastic Form Factor in the Impulse Approximation 633
Relativistic Form Factor for the Many-Body System 634
Scattering of Relativistic Composite Systems 637
Constituent Interchange Mechanism 640

DEEP INELASTIC FORM FACTORS OF COMPOSITE SYSTEMS 641
Construction of the Tensor Wµν 642
Lowest Order in the Electromagnetic Interaction 645
Model Parametrisation of the Wave Function 648

INCLUSIVE PROCESSES IN LIGHT-FRONT FORMALISM 649
Some Preliminary Relations 649
Production of Leading Hadrons with Large Transverse
Momenta 650
Production of Hadron Systems with Large Transverse
Momenta 653

REFERENCES 657



®”ˆ‡ˆŠ� �‹…Œ…�’���›• —�‘’ˆ– ˆ �’�Œ��ƒ� Ÿ„��¯
1999, ’�Œ 30, ‚›�. 3

“„Š 539.17

„ˆ�ƒ��‘’ˆŠ� ‘‚…�•�‹�’��‰ Œ�’…�ˆˆ
‚ “‹œ’���…‹Ÿ’ˆ‚ˆ‘’‘Šˆ• ‘’�‹Š��‚…�ˆŸ•

Ÿ„…�
ˆ.�.‹µÌÉ¨´, ‹.ˆ.‘ ·ÒÎ¥¢ , �.Œ.‘´¨£¨·¥¢

� ÊÎ´µ-¨¸¸²¥¤µ¢ É¥²Ó¸±¨° ¨´¸É¨ÉÊÉ Ö¤¥·´µ° Ë¨§¨±¨, Œƒ“, Œµ¸±¢ 

‚‚…„…�ˆ… 661

Œ�„…‹ˆ Ÿ„��-Ÿ„…��›• ‚‡�ˆŒ�„…‰‘’‚ˆ‰ 665

Œ¨±·µ¸±µ¶¨Î¥¸±¨¥ ³µ¤¥²¨ 665
Œ ±·µ¸±µ¶¨Î¥¸±¨¥ ³µ¤¥²¨ 671

ªŒŸƒŠˆ…ª ’…‘’› �‹�’��‰ Œ�’…�ˆˆ
‚ “‹œ’���…‹Ÿ’ˆ‚ˆ‘’‘Šˆ• ‘�“„��…�ˆŸ• Ÿ„…� 676

C¶¥±É·Ò  ¤·µ´µ¢ 676
C¶¥±É·Ò ²¥¶Éµ´µ¢ ¨ ËµÉµ´µ¢ 684
�µ¦¤¥´¨¥ ¸É· ´´ÒÌ Î ¸É¨Í 687

ª†…‘’Šˆ…ª ’…‘’› �‹�’��‰ Œ�’…�ˆˆ
‚ “‹œ’���…‹Ÿ’ˆ‚ˆ‘’‘Šˆ• ‘�“„��…�ˆŸ• Ÿ„…�.
I. ’Ÿ†…‹›… Š‚��Š��ˆˆ 689

”¥´µ³¥´µ²µ£¨Ö ·µ¦¤¥´¨Ö ±¢ ·±µ´¨¥¢ ¢ Ö¤¥·´ÒÌ
¸Éµ²±´µ¢¥´¨ÖÌ 689
�±¸¶¥·¨³¥´É ²Ó´Ò¥ ¶¥·¸¶¥±É¨¢Ò 694

ª†…‘’Šˆ…ª ’…‘’› �‹�’��‰ Œ�’…�ˆˆ
‚ “‹œ’���…‹Ÿ’ˆ‚ˆ‘’‘Šˆ• ‘�“„��…�ˆŸ• Ÿ„…�.
II. �„����›… ‘’�“ˆ 695

�¥·¥· ¸¸¥Ö´¨¥ ¦¥¸É±¨Ì ¶ ·Éµ´´ÒÌ ¸É·Ê°
¢ ¶²µÉ´µ° ³ É¥·¨¨ 695
Œµ¤¥²Ó´Ò° ÊÎ¥É ¶µÉ¥·Ó Ô´¥·£¨¨ ¦¥¸É±µ° ¶ ·Éµ´´µ°
¸É·Ê¨ ¢ · ¸Ï¨·ÖÕÐ¥°¸Ö ¶²µÉ´µ° ³ É¥·¨¨ 700
�·¨·µ¤   ¤·µ´´ÒÌ ¸É·Ê° ¢ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±¨Ì
¸µÊ¤ ·¥´¨ÖÌ Ö¤¥· ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¶¥·¸¶¥±É¨¢Ò 705

‡�Š‹�—…�ˆ… 710

‘�ˆ‘�Š ‹ˆ’…��’“�› 712



®”ˆ‡ˆŠ� �‹…Œ…�’���›• —�‘’ˆ– ˆ �’�Œ��ƒ� Ÿ„��¯
1999, ’�Œ 30, ‚›�. 3

“„Š 539.12.01

FINITE TEMPERATURE QCD ON THE LATTICE∗

E.Laermann

Fakultéat f éur Physik, Universitéat Bielefeld, Postfach 100 131,

33501 Bielefeld, Germany

INTRODUCTION 720

LATTICE SIMULATIONS 721

CRITICAL TEMPERATURE 730

PHASE TRANSITION 735

Staggered NF = 2: Critical Behavior. 736
UA(1) Restoration. 740
Wilson Fermions NF = 2. 743
More than 2 Flavors. 745

EQUATION OF STATE 745

SCREENING LENGTHS AND MASSES 750

CONCLUSIONS 756

ACKNOWLEDGEMENTS 756

REFERENCES 757

∗Lectures presented at the ªResearch Workshop on Deconˇnement at Finite Temperature and
Densityª, Dubna, Russia, October 1Ä29, 1997



ÓÄÊ 621.384.63.537.312.62

ÊÐÈÎÃÅÍÍÛÅ ÒÅÕÍÎËÎÃÈÈ

Â ÑÂÅÐÕÏÐÎÂÎÄßÙÅÌ ÓÑÊÎÐÈÒÅËÅ

ÐÅËßÒÈÂÈÑÒÑÊÈÕ  ßÄÅÐ �

ÍÓÊËÎÒÐÎÍÅ

Í.Í.Àãàïîâ
Îáúåäèíåííûé èíñòèòóò ÿäåðíûõ èññëåäîâàíèé, Äóáíà

ÂÂÅÄÅÍÈÅ 761

ÎÑÎÁÅÍÍÎÑÒÈ ÊÐÈÎÑÒÀÒÈÐÎÂÀÍÈß ÆÈÄÊÈÌ ÃÅËÈÅÌ
ÑÂÅÐÕÏÐÎÂÎÄßÙÈÕ ÌÀÃÍÈÒÎÂ ÍÓÊËÎÒÐÎÍÀ 763

ÊÐÈÎÃÅÍÍÀß ÑÈÑÒÅÌÀ ÊÎËÜÖÀ ÍÓÊËÎÒÐÎÍÀ 767

ÎÑÍÎÂÍÛÅ ÝËÅÌÅÍÒÛ ÂÍÅØÍÅÉ
ÊÐÈÎÃÅÍÍÎÉ ÑÈÑÒÅÌÛ 782

ÎÏÒÈÌÀËÜÍÛÅ ÏÀÐÀÌÅÒÐÛ ÊÐÈÎÃÅÍÍÎÉ ÑÈÑÒÅÌÛ
ÏÐÈ ÐÀÁÎÒÅ Â ÐÀÇËÈ×ÍÛÕ ÐÅÆÈÌÀÕ 791

ÇÀÊËÞ×ÅÍÈÅ 801

ÑÏÈÑÎÊ ËÈÒÅÐÀÒÓÐÛ 802

«ÔÈÇÈÊÀ ÝËÅÌÅÍÒÀÐÍÛÕ ×ÀÑÒÈÖ È ÀÒÎÌÍÎÃÎ ßÄÐÀ»
1999, ÒÎÌ 30, ÂÛÏ.3


	Title
	Editors
	Abstracts
	Contents
	Info

