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Introduction

Understanding how the nuclei are react with other nuclei is one of the fundamental goals
of nuclear physics. Elastic and inelastic nucleus-nucleus scattering has been studied for
years to extract information on the nuclear structure and different aspects of the nuclear
reactions. The other interesting topic is a manifestation of the quarks in the reactions.
In high energy interactions quarks and gluons received high transverse momentum are
observed as jets of hadrons. At lower energies the jet production cross section becomes
extraordinary small, and the jets have not been registered at experimental studies until
now. At the same time it is known that reactions with participation of the 4He nucleus can
not be described quite well within the framework of standard nuclear physics. In paper by
L.G.Dakno and N.N.Nikolaev [1] it was assumed and shown that 12% admixture of twelve
quark bag configuration in the ground state wave function of the He nucleus allows one
to understand the irregularities of proton -*He elastic scattering at high energies. We
returned to the hypothesis in our previous paper [2], and have shown that it really gives
an opportunity to describe p *He-scattering in a wide energy range. In present paper we
continue our study, and consider d *He elastic scattering.

Experimental data on the d * He elastic scattering at the laboratory momentum of 19.8
GeV/c were presented in Ref. [3]. They were analyzed in the framework of the Glauber
theory [4, 5]. The key quantities of the theory are characteristics of NN elastic scattering
amplitude and parametrization of the ground state wave function of the 4He nucleus. In
Ref. [3] it was chosen the simplest gaussian parametrization of the wave function. The
NN characteristics were considered as the fitting parameters. As a result, all of these hid
a big discrepancy between the experimental data and calculations with real parameters.
We show it in the next Sec. where the main technical details of our calculations are given.
Inclusion of the twelve quark bag state of the *He nucleus in the calculation scheme and
manifestation of the state in the elastic scattering is considered in Sec. 2. In the last Sec.
we summarize our results.

1 Calculation of d ‘*He elastic cross section

The Glauber amplitude of nucleus-nucleus scattering has a form [6, 7, 8]:

FAB(@) = % /de ei‘f'sf (E) ; (1)
A B
r(5) = (whyhi - IT k1] (1= - 5 + 7)) Witsh), @)

where b 1s the impact parameter, p is the momentum of the projectile nucleus, 1 R
and ¢ /A ¢vB are the initial and final states wave functions of the projectile and the target
nucleus, respectively, v is the NV elastic scattering amplitude in the impact parameter
representation. In high energy physics it is often parametrized as:

v(B) = g 12w, (3)

where § = o}, (1 — iann) / (4mBwn), oifl; is the NN total cross section, Byy is the
slope parameter of the NN differential elastlc cross section at zero momentum transfer,
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ann — the ratio of the real to imaginary parts of the NN elastic scattering amplitude at
zero momentum transfer.
The elastic nucleus-nucleus differential cross section is determined as

do 2

= = |Funl®.
1q = [Fasl 4
To take into account all terms of the expansion of the product in Eq. (2), one can
represent each term like that shown in Fig. 1, where the circles correspond to the

interacting nuclei, the black and white points — to the nucleons, the solid lines — to the
interactions between nucleons.
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Figure 1: Graphical representation of the multiple scattering terms

Using the diagrams, one can calculate how many the diagrams of whatever type are.
It is pure combinatorical problem which can be solved with a help of the graph theory.
In the graph theory the diagrams of . - Fig. 1 are called bi-colored labelled graphs. This
graphs can be represented with the help of an adjacency matrix. The adjacency matrix
D = [dy;] of a labelled graph G is a matrix of order A x B in which d;; = 1 if points i
and j are adjacent (are connected with a line) and d;; = 0 in other case. By the other
way, the graph can be represented by the set of crossing points of A horizontal and B
vertical lines with dark circles in the places corresponding to the elements d;; = 1. This
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representation is called net graph representation. We will refer to the net graphs as the
scattering diagrams.
Each term in the expansion of Eq. (2) has a form

A UH) (=7 -5+ 7)) Ivivh), (5)
ik

(4,k) € M C {1.} ® {In}
(I} = (1,2,3,..,4), {Is} = (1,2,3,..., B).

Because it can be represented by a graph G or by the corresponding matrix D we will
consider the term as a graph function €(D). The scattering amplitude T 45 now can be

re-written as
() = ; H,-8 (&) , (6)

where summation runs on the set of all nonisomorphic graphs. From the graph theory we
have that the combinatorial coefficient at the function of graph G, with [—components,
k1belonging to one class of isomorphism, k; to another class, etc., (I = ky+kp +- - + k;)
is equal to
Al
- X
(mat)r (mal)e - - - (myt)ki (A — T, miks)!

H, =

B! I (m,'n,')
(ma!)¥r(nal)¥e - - - (njt)% (B — Ti; miks)! iy \S(G3) /)

where m; and n; are the numbers of the points of the sets A and B, respectively, in
the component belonging to the i-th class of isomorphism, and S(G;) is the number of

symmetries of this component.
In the case of the elastic d *He scattering the D’s matrices will be

(7)

1000 1100 1000 1000 1110
(0000)(0000)(1000)(0100)(0000)
H =8 =12 3 =4 Hy=12 Hs=8
1100 1000 1111 1110 1110
1000)(1010)(0000)(1000)(0001)
H5=24 H7=24 H8—2 H9=24 H10=8
1100 1100 1100 0001 0011
(1 100 1010 0011 1111 0111
H11 =6 H12 =24 H13 =6 H14 =8 H15 =24
0011 0111 0111 0011 0111
(1101)(1011)(0111)(1111)(1111)
H16 =24 H17 =12 H18 = 4 H19 =12 H20 = 8
1111
(1111)
H21=1
At A =2 and B = 4 the amplitude F4p given by Eq. (1) is
Fou(@) = % / i ¢ (5), ®8)
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r (F) = (il - H T (17— 5+ ) o 9)

-

Introducing the distance between the nucleons in the deuteron, 7= (z, ), and 7, = —% =
7/2 we have

. . -
T (5) = (siigelt — kH (1 — (- % + )6+ % + ﬁc)) |YaWire) (10)
=1

and

4

Fu@ = ;—fr/dzbeii'g [1— I1 (1—’7(17—§+ﬁ)) (1—7(5+§+ﬁ))]-

k=1

P Womel 7 1 1)

k=1

For the square module of ¥; we use the following parametrization [11],

PP = S Wie ™, )

1 = 225(GeV/c)?, W, = 0.178/(4m,)*/?,
Yo = 45(GeV/c)?, W, = 0.287/(4ny,)%/?,
v3 = 25(GeV/c)?, W = 0.535/(4mys)%/2.

The square module of ¥z, was taken as [1]
2 4 4
[, 7 = 2 (37) TT o) (13)
i=1 i=1
We accept the two following parametrizations of ¢(7)
(1) (F) = exp[-7*/RY),
(II) () = exp[~7*/R{] + Diexp[~7 /R] — (1 + Dy — Dj)exp[—*/Rj)].

The parameters are given in Table 1.

Table 1: Values of used parameters (from [1])

R} R; R D, | D,
(GeV/e)2? | (GeV/c)2 | (GeV/c)~2
I 51.01
II 62.06 19.0 10.13 3.79 | 0.31

We will use a general form for the function ¢ as
N PR
6(7) =3 Cie”™ /™. (14)
i=1
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In the Eq. (13) p. is the normalization constant given in the Ref. [2]. Substituting
the Egs. (12), (13) and (14) in the Eq. (11) we have

B = o[ [1- 11 (1-26- 5 2) (12065 )

N
(Z W 64"-7 ) d31" H (Z Cker]/Rk—zar,) da

4 -
= ngc Z Z VVthngCuC,S/(fb e'ib [1 - H (1 _ ’)’(b— % + _;c))

i1=114;,j=2-5 k=1
= 8 £ Ty F/RE —idf,
1—q(b+5+7) )| e™ d®r [] ™™ dBry, (15)
k=2

where the integration on & is performed in order to account the  function in the Eq. (13)
(see for details i - Ref. [2]).
Using the graph functions, the Eq. (15) can be written in the form

. 3 ’
B@ = Py 3 S HWLC.0.0.C [ #5678 (D),

$1=14;,j=2-5 u=1

2 4
e dir ] R & . (16)

k=1

The result of the complete integration is [8]

_p det|al
det|A |"'”””[ 1 4det|A|] 17)

F24«n_””’”zz z: Wi, CiyCiyCiy Cig (1)1 8

n=14i1=14;,j=2-5

where .
a b
detlAl= |7 ~— 18
=2t (18)
1 d1y +dg) —dy1+d:
B+ Yt 0 0 0 Sytdy
1 dig+doo —djp+dp;
0 _?; + 2BNN 0 0 2BNN 1
1 dia+das ~di3+da3
a= 0 0 1_2?; + 2By N 0 2BNN 1
= dig+dag —di4+dag
0 0 0 T + 2BNN 2BNN 1
—dy+dgy —dig+dg) —dyatdas * diatdy 1. n_ g
2BNN 2BNN 2BNN 2BNN 4vy; 8BNN
1 1 1 1 0 0
b= ( _dytdy _u:I-_zx —dutdn _dutdy  diutdiutdiatdycdyodpodamdy  _n )
== 2BNN 2BNN By N 2BNN 2BNN

To consider the elastlc scattering at small momentum transfer we take into account
the Coulomb interaction (see - Ref. [3]) writing

2

5 _H%G(é")e‘“’ + v (@) (19)

dt P



where p is the laboratory momentum of the *He, n = Zg, - Z4/1378, Zy., Z4 are the
charge of He and d respectively, 8 = % is the “He velocity in the laboratory system

-

2
% = 2n1n(1.06/a|d); G(&*) = Cne(d®) - GalL)- (20)
Gre(t) is the *He form factor, and G4(t) is the deuteron form factor,
GHe(t) = ell.9-t,

Ga(z) = 0.34¢'15% + 0.58¢%14 + 0.08¢!554.

"To perform the calculations one needs the NN elastic scattering amplitude parameters.
A large number of publications both theoretical and experimental have been devoted to
processes the values of the parameters. We take the values of the parameters — o,
any and Byy as follows: o, and any were taken from the compilations [9] and [10],
respectively. Byy was estimated (2] using o}¢%, and 0§y taken form the compilation [9].
We call the set of the parameters as set A. Other set of the values (set B) was taken
from the paper by V.V.Avdeichikov [3], where the parameters were obtained at fitting the
experimental data on ‘He d elastic scattering.
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Figure 2: The He d differential cross sections at P, = 19.8GeV/c. Points are the experi-
mental data (3], lines are our calculations using the set of values A.

At the begining let us study the role of the different parametrizations of the modules
of the wave function of He. The top figure 2 gives the *He d elastic scattering differential
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cross section calculated with the simplest parametrization I and set A. The bottom figure
presents the ratio of two calculations with parametrization II and I. As seen, the difference
between the calculations is at the level of 3%. It is much smaller than the difference
between the experimental data and the calculations. Thus in the following we will use
only the parametrization I for simplicity.

The differential cross sections calculated with two sets of the NN amplitude parame-
ters A and B in a comparison with the experimental data [3] are shown in figure 3. As
one can see, the set B reproduces the data quite well. At the same time it is failed to
describe the other reactions like p *He scattering. The set A leads to a big disagreement
with the experimental data especially at large values of the momentum transfer ¢. So, the
main problem of the analysis is a choice of the NN parameters.
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Figure 3: The *He d differential cross sections at P, = 19.8GeV/c. Points are the experi-
mental data [3]. Solid and dashed lines are our calculations using the set of values B and
A, respectively.

In Ref. [11] the deutron - deutron scattering at momentum 8.9 GeV/c was analyzed.
The authors used two sets of the NN-parameters presented in the table 2 as C and D sets.
Both sets allowed to describe the dd-scattering quite well (see Ref. [11]).
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Table 2: The N N—amplitude parameter sets used in the calculations

T 3 T
ofin | obp | dip ONN Byn QNN

mb | mb | mb | mb | (GeV/c)?

A| 12 [41.67 |42.04 |4186| 7.39 |-0.33
B a1 79 | -0.55
C 124 63 |-043
D 424 73 | -043

As seen from . Fig. 4 both sets give a satisfactory description of the *He p elastic
scattering except the region of large z.
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Figure 4: The differential *He p elastic scattering at P, = 17.8 GeV/c. Points are the
experimental data [12]. Lines are our calculations with the different sets of N N-amplitude
parameters.

The differential cross sections of the *He d elastic scattering calculated with the sets
C and D are shown in Fig. 5 in a comparison with the experimental data [3]. As seen, we
have a big disagreement with the data in the region of the diffraction minimum and also
in the region of small momentum transfer ¢ with the set D. Inverse situation takes place
with the set C, the calculation are above the experimental data at small £ and above the
data at large ¢.
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Figure 5: The differential *He d elastic scattering at P;, = 19.8 GeV/c. Points are the
experimental data [3].  Short dashed and long dashed lines are our calculations using
the sets ¢’ and D, respectively. Solid lines — calculations performed with inclusion of the

12-quark bag state of “He and with the parameter set C.

Summing up we conclude that it is impossible to describe simultaneously the p “He and
d * He elastic scattering cross sections using the same set of the N N-amplitude parameters.
The parameters what are quite well for understanding dd-scattering [11] cannot be applied
in the case of d *He scattering.

2 Manifestation of the twelve-quark bag admixture

Let us neglect all transition amplitudes like that [AN > — |12 >, [12¢ > — |[4N >
following papers {1, 2]. In this case the d *He scattering amplitude will be

Fyapge = (1 — wizg) Faan + wizgF 12, (21)

where Fy4n is the Glauber amplitude of the deutron - four nucleon scattering given by
the Eq. (11), Fy,124 is the deutron - 12q bag scattering amplitude, and wyy, is the weight
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of the 12q bag quark state in the ground state of the He nucleus. The values of the 12g
bag weight was estimated in our previous paper [2] as w1z, = 10.5%.
Fy124 amplitude can be estimated as d p one

o % - 7 . 7
Farzg = ﬁ 2:1VVJ / dbe' ™ | Yn,10q(b - 5) + YN, 124(b + 5)—
J:

Y 124(B ~ —)’YN 12¢(B + )] e d® (22)
Using the gaussian parametrization for the nucleon - 12q bag scattering amplitude
Tinal®) = B T (23
Nizq 4T Bl2q ’
all intergations in the Eq. (22) can be done exactly. In particular,
Fing = /d be Ty, 12(8 — —)e‘” d’r
_(;_;)
_ 0la /aebeuzb Biag en, Lsdz
47 Bl2q
. 2
= iz / PbeiTPegp | - (M) (32 _ Li,‘)
47rBlgq 8B12q')'j 2B12q + o/
b2 =z
exp - e* d?sdz
2B12q + v
t P2
Olog [ 8Biagy;m drem)d / iqd b
= )7 | d2be'Terp |~
47 Biag (2B12q+'yj (4rm) P 2B1ag + 7;
O'igq 8B12q’)’j1[' 1 [ (2Blgq + 5
- dyym)¥ (2Brag + - () ¢
o (2 (o)} (@B +5) meap - (2 g
1 2B1a, + ¥;
= 27707y, (4v;7)? exp [— (——B'f?——fy—’) q“] . (24)
The second is given as
- - 3 -~ g =
Ft?,qu ES /d2be'q'b’)’)v’1zq(b— f)’)’N 12q(b+ —s—)e 415 d3r
t\? -(-§)° -(+4)°
= (. / d2beiTPe sy ¢ PP e“”: d*sdz
47 Buq
t 2 R < _2
= ( 1zg ) / d?be'Tbe” B exp [— (Blzq+7’) ]erd?sdz
47 Bygg 4B13g75
t 2
O19g 1 4B12q'y,-7r _Biyg e
— 4.V | —=__ | (B [}
() topm)? (5207 ) (B
(a{2q) ? Vi Bizg
= — " & . (25)
4T (Blzq + ’Yj)
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The d 12¢q bag amplitude will be

Bagtn)e  (oh

; 3
ip 1 : —( %
Fiing = -2 3. W; (4n7) ¥ |20y _\Ti2g) %
4,120 o 2 f (47r'y) [ Y0 g€ X Bizg 7i)e

_Biy
4

(26)

The values of the nucleon-12¢ bag amplitude parameters were estimated in the Ref. [2]:
Wizg = 10.5%, 0%y, = 34mb and Biy, = 23 (GeV) 2. These values have been used with
the parameter set C for the calculations of the differential cross section with and without
the 12¢ bag admixture shown in Fig. 5. One can see that when the 12¢ bag admixture
is included in the calculations it gives a good description of the data at small and large
values of . The discrepancy between the calculations and the experimental data in the
region 0.09 < |¢| < 0.13 (GeV/c)~2 can be erased at taking into account the D-wave of
the deuteron [5].

Conclusion

1. Within the framework of the Glauber theory it is impossible to describe simultane-
ously the p *He and d *He elastic scattering cross sections using the same set of the
N N-amplitude parameters.

2. The 12q bag admixture to the ground state of the *He nucleus manifests itself in
the d *He elastic scattering in all region of the momentum transfer. At small ¢ the
effect can be at the level of ~ 10 %. At large ¢ it can be ~ 30 %.

3. To study the effect at an experiment it is needed to measure the d He elastic cross
section with absolute normalization accuracy better than 10 %.
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MocauieM A. M., Yxunckuii B. B. E2-2002-199
Iposianenue cocrosnus 12-kBapkoBoro Meuika supa ‘He
B ynpyroM d “He-paccesnuu

Anamusupyercs ynpyroe ‘“He d-paccesinue nipu ummyinsce 19,8 I'sB/c B pamkax
r1ay6epoBCKOH TEOPHH. AMIUTUTYAa pacCesHHs HaldeHa NPH UCIIO/Ib30BaHHH pa3-
JIMYHBIX 3HAYEHHH MapaMeTPOB HYKJIOH-HYKJIOHHOH aMIUIMTYABI H IIPH MCIIOJIB30-
BaHHH IUTOTHOCTH sinpa ‘“He B Bume cynepnosuuuu rayccuanos. IlokasaHo, 4to He-
BO3MOXHO OJHOBPEMEHHO OMHCATh ceuenns ympyrux p *He- u  d*He-paccestnmii
TNIpM HCIIONB30BaHHM ONHOTO M TOTo Xe Habopa mapameTpoB NN-aMIMTynbl. Y4eT
B pacyeTax NpuMecH 12-KBapKOBOTO MEIIKa B OCHOBHOM COCTOSHHH sapa ‘He mo-
3BOJISET BOCIPOM3BECTH SKCIIEPUMEHTAIbHBIE JAHHbIE JOCTaTOYHO xopouo. IToka-
3aHO, 4TO IIPUMECH TIposiBiseTcs B YIpyroM d “He-paccesHuM pu Beex nepenadax
umnynbca. Ipu Mabix ¢ a¢pdexT Moxer ObiTh Ha ypoBHE ~ 10 %, npu 60/bLINX
t — nopsiaxa 30 %.

PaGora BemonHeHna B Jlaboparopuu uH(popMalMoHHbIX TexHonmoruit OMSH.

Coobienne O6bequHEHHOrO MHCTHTYTa ANepHbIX HccnegoBanui. ly6na, 2002

Mosallem A. M., Uzhinskii V. V. E2-2002-199
Manifestation of 12-Quark Bag State
of “He Nucleus in Elastic d“*He Scattering

The *He d elastic scattering at the momentum of 19.8 GeV/c is analyzed
in the framework of the Glauber theory. The scattering amplitude was evaluated
using different sets of values of the nucleon-nucleon amplitude parameters
and the *He density function as a superposition of the Gaussian functions. It is
shown that it is impossible to describe simultaneously the p*He and d *He elastic
scattering cross sections using the same set of the NN-amplitude parameters. In-
clusion of the twelve-quark bag admixture to the ground state of the “He nucleus
in the calculations allows one to reproduce the experimental data quite well. It is
shown that the admixture manifests itself in the d*He elastic scattering
in the whole region of the momentum transfer. At small ¢ the effect can be
at the level of ~ 10 %. At large ¢ it can be ~ 30 %.

The investigation has been performed at the Laboratory of Information
Technologies, JINR.

Communication of the Joint Institute for Nuclear Research. Dubna, 2002
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