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We suggest a way of introduction of the GribovÄZwanziger horizon functional H for YangÄMills
theories by means of composite ˇelds technique, as σ(φ) = H . A different form of the same horizon
functional in gauges χ and χ′ is taken into account via (gauged) ˇeld-dependent BRST transforma-
tions connecting quantum YangÄMills actions in these gauges. We introduce generating functionals
of Green's functions with composite ˇelds and derive the corresponding Ward identities. A study of
gauge dependence shows that the effective action in YangÄMills theories with the composite ˇeld H
does not depend on the gauge on the extremals determined by the YangÄMills ˇelds φ alone.

PACS: 12.10.-g; 12.15.-y

INTRODUCTION

The BRST symmetry concept, expressing a gauge invariance via a one-parameter global
supersymmetry [1], appears as a deˇning tool for quantum description of the gauge theory,
because of all known fundamental interactions are described in terms of YangÄMills type
theories [2], provides the success of perturbative calculations at high energy as well as strong
evidence that the interactions of quarks and gluons are correctly described by QCD.

The problem of gauge-ˇxing with the help of a differential condition (like Coulomb
or Landau gauges) as shown by V.Gribov [3] and developed by I. Singer [4] for YangÄ
Mills (YM) theories cannot be correctly realized within FaddeevÄPopov (FP) procedure [5]
even perturbatively for a whole spectrum of the momenta distribution for the gauge ˇelds, Aa

μ,
in the deep IR region, due to an inˇnitely large number of discrete gauge copies, appearing
outside of so-called ˇrst Gribov region, Ω(A). The resolution of this problem can be realized
by an addition to the quantum action, constructed by FP receipt, of the special horizon
functional, H(A) [6] known as the GribovÄZwanziger (GZ) theory, which was constructed
only for the Landau gauge and is not BRST invariant.

Until recently, the study of the complete GZ theory has been carried out almost entirely
within the Landau gauge (see, e.g., [7] and references therein), whereas a restriction to Ω(A)
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in the path integral has been made for YM theories in the approximation being quadratic in
the ˇelds and using the covariant [8] and maximal Abelian gauges [9]. At the same time,
there is a signiˇcant arbitrariness in the choice of admissible gauges, related, in part, to the
choice of a reference frame, see, e.g., [10]. Thus, it is well known Green's functions depend
on the choice of a gauge; however, this dependence has a special structure, such that it
should be absent in physical quantities like the S-matrix. The contemporary study of gauge
dependence and unitarity in the Lorentz-covariant quantum description of gauge models is
based on BRST symmetry. Therefore, any violation of the BRST invariance may lead to
gauge-dependent and to non-unitary S-matrix. A consideration of the ˇrst problem within
so-called soft BRST symmetry breaking concept for YM and general gauge theories [11]
within BV quantization scheme [13] revealed a requirement on special transformation of
a gauge variation, δM , for BRST symmetry breaking term M in order to provide gauge
independence of the effective action (EA) on mass shell. Recently, in [14] it was shown
that this requirement on δM is always fulˇlled within class of general gauge theory with soft
breaking of BRST symmetry being based on the concept of ˇeld-dependent BRST symmetry
transformations introduced within YM theories in [15] to relate quantum FP action given in
a ˇxed gauge to the one in different gauge, and used to determine the GZ horizon functional
within GZ theory in Rξ-family of the gauges. This result solves the above problem of gauge
independence for the gauge models with soft BRST symmetry breaking, if for the model
given in any ˇxed gauge reference frame in addition to the quantum BV action the form of
the functional M is also changed in another gauge by the rule, ˇrstly, given in [11]. However,
an unitarity, analyzed for YM theories in [12], met the obstacle for the resulting quantum
theory within such an introduction of the soft BRST symmetry breaking term. We intend
to introduce another way to involve GZ horizon functional H(A) into path integral for YM
theory, as the composite ˇeld [16,17].

The purpose of the paper is, ˇrst, to consider an introduction of soft BRST symmetry
breaking terms into FP quantum action by means of composite ˇelds, second, to obtain Ward
identities for YM theory with composite ˇelds and study the gauge-dependence problem.

The paper is organized as follows. In Sec. 1 we remind on the key issues of the soft BRST
symmetry breaking in YM theories and derive the Ward identity for the EA, which provides a
basic result involving the variation of the EA under a variation of the gauge fermion. Section 2
is devoted to application of the above result to GZ theory. The use of the composite ˇeld
technique for an incorporation of the Gribov horizon functional H(A) and derivation of the
Ward identities together with describing gauge-dependence problem is considered in Sec. 3.

1. SOFT BRST SYMMETRY BREAKING IN YM THEORIES

An extended by antiˇelds, φ∗
A, generating functional of Green's functions, ZM =

ZM (J, φ∗), for YM theory with soft BRST symmetry breaking term, M = M(φ, φ∗),
[M(φ, 0) = m(φ)] is determined following [11] by the path integral depending on sources JA

to the total set of the ˇelds, φA, with classical gauge Aa
μ, ghost Ca, antighost Ca, NakanishiÄ

Lautrup Ba ˇelds, for a = 1, . . . , dimSU(N), μ = 0, 1, . . . , D−1 in the condensed DeWitt's
and Ref. [11] notations as follows:

ZM =
∫

dφ exp
{ ı

�

(
S0(A) + sψ(φ) + φ∗

AsφA + M + JAφA
)}

. (1)
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Here the classical action, S0(A), to be invariant under gauge transformations, δAa
μ = Dab

μ ξb,

with YM covariant derivative, Dab
μ , completely antisymmetric SU(N) structure constants fabc

and arbitrary functions ξb on Minkowski space-time R1,D−1, nilpotent Slavnov variation, s,
gauge fermion, ψ, are given by the relations

S0(A)=−1
4

∫
dDxF a

μνFμνa for [Dab
μ , F a

μν ]=[δab∂μ + facbAc
μ, ∂[μAa

ν] + fabcAb
μAc

ν ], (2)

sF (φ, φ∗) =
δF

δφA
sφA, sφA = (Dab

μ Cb,
1
2
fabcCbCc, Ba, 0), (3)

ψ(φ) = C
a
χa(A, B) for the gauge χa(A, B) = ∂μAa

μ +
ξ

2
Ba = 0. (4)

In terms of the operator s BRST non-invariance of the bosonic functionals, M , m means,
(sM, sm) �= (0, 0). For vanishing M we deal with usual path integral, Z ≡ Z0(J, φ∗).

The Ward identities for ZM and for EA (generating functional of vertex Green's functions),

ΓM = ΓM (φ, φ∗), introduced via Legendre transform of
�

ı
ln ZM with respect to JA: ΓM =

�

ı
ln ZM − Jφ for φ =

�

ı
(δ ln ZM )/(δJ), have the form(

JA + MA

(
�

i

δ

δJ
, φ∗

)) (
�

i

δ

δφ∗
A

− MA∗
(

�

i

δ

δJ
, φ∗

))
ZM = 0, (5)

δΓM

δφA

δΓM

δφ∗
A

=
δΓM

δφA
M̂A∗ + M̂A

δΓM

δφ∗
A

− M̂AM̂A∗, (6)

where the notations
(
MA, MA∗) (

�

i

δ

δJ
, φ∗

)
≡

(
δM

δφA
,
δM

δφ∗
A

)∣∣∣
φ→�

i
δ

δJ

and
(
M̂A, M̂A∗

)
≡(

MA, MA∗) ∣∣∣
φ→̂φ

have been used in accordance with [11,14] with operator-valued ˇelds

φ̂A = φA + ı� (Γ′′−1
M )AB δl

δφB
with (Γ′′−1

M )AC(Γ′′
M )CB = δA

B, (Γ′′
M )AB =

δl

δφA

(δΓM

δφB

)
. (7)

Note, in obtaining (5) and (6) we have not utilized the BRST symmetry breaking equation [11],
MA, MA∗ = 0. In turn, the result of gauge dependence research for ZM , ΓM can be presented
in the form, for δψ = ξ/2C

a
Ba,

δZM =
ı

�

[(
JA + MA

(
�

ı

δ

δJ
, φ∗

))
×

×
(

δ

δφ∗
A

− ı

�
MA∗

(
�

ı

δ

δJ
, φ∗

))
δψ

(
�

ı

δ

δJ

)
+ δM

(
�

ı

δ

δJ
, φ∗

)]
ZM , (8)

δΓM =
δΓM

δφA
F̂A

M δ̂Ψ − M̂AF̂A
M δ̂ψ + δ̂M (9)

for F̂A
M ≡ − δ

δφ∗
A

+ (−1)εB(εA+1)(Γ′′−1
M )BC

(
δl

δφC

δΓM

δφ∗
A

)
δl

δφB
and εA ≡ ε(φA). (10)
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On the extremals,
(
JA, δΓMδφA

)
= 0 respectively for ZM , ΓM the corresponding variations

are vanishing,
(
δZM

∣∣
J=0, δΓM

∣∣
ΓMA=0

)
= 0, provided that the gauge variation ψ → ψ + δψ

affects not only the BRST exact part of the action, changed on the term, sδψ, but also the

functional, M , δM = −(sM)
ı

�
δψ, which was shown in [14]. Now, we are able to apply

these results for special choice of BRST symmetry breaking term, when M = H(A).

2. GAUGE INDEPENDENCE FOR GRIBOVÄZWANZIGER THEORY

In case of GZ theory the Gribov horizon functional H(A) in the Landau gauge, ψ0(φ)
determined by Eq. (4) for ξ = 0 [6], and its Slavnov variation in non-local formulation read

H(A) = γ2
(
fabcAb

μ(K−1)adfdecAeμ + D(N2−1)
)

for (K−1)ad(K)db = δab, (11)

sH = γ2fabcf cde
[
2Dbq

μ Cq(K−1)ad − fmpnAb
μ(K−1)amKpqCq(K−1)nd

]
Aeμ, (12)

with a thermodynamic Gribov parameter, γ, to be determined in self-consistent way from

the gap equation,
∂

∂γ

(
�

i
ln ZH(0, 0)

)
= 0. The Ward identities for ZH(J, 0) and for EA,

ΓH(φ, 0), are easily obtained from Eqs. (5) and (6) as follows:

JA〈sφA〉 + 〈HμasAμa〉 = 0, where 〈O〉 = Z−1
H (J, 0)O

(
�

ı

δ

δJ

)
ZH(J, 0), (13)

δΓH(φ, 0)
δφA

sφA(φ̂) = ĤμasAμa(φ̂), where Hμa(A) =
δH

δAμa
, (14)

with the use of the Sec. 2 notations.
Equations (13) and (14), together with the representations (8)Ä(10), permit one to get the

variations for ZH(J, 0) and ΓH(φ, 0) as

δZH =
( ı

�

)2 (
JA〈(sφA)δψ〉 + 〈Hμa(sAμa)δψ〉 +

�

ı
〈δH〉

)
ZH , (15)

δΓH =
δΓH

δφA
F̂A

H 〈δΨ〉
∣∣
φ∗=0 − ĤμaF̂μa

H δ̂ψ
∣∣
φ∗=0 + δ̂H. (16)

Because the gauge variation, δG(A), is induced by the variation, δψ, of any functional,
G(A), given only on YM ˇelds conˇguration space may be presented by means of the gauge
transformation with parameters ξb constructing from δψ as

G(A) → G(A) + δG(A) = G(A) + GμaDμabξb for ξb = − ı

�
Cbδψ, (17)

which was, in fact, shown, ˇrstly, with the help of ˇeld-dependent BRST transformations
in [15], it is obvious from (15) and (16) that on mass-shell we have δZH

∣∣
J=0 = 0,

δΓH

∣∣
ΓHA=0 = 0. As byproduct, the representation for H(A) in new gauge reference frame,

ψ + δψ, not necessarily related by inˇnitesimal gauge variation follows from (17) for G = H .
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3. A COMPOSITE FIELD REPRESENTATION FOR
THE GRIBOV HORIZON FUNCTIONAL

Since unitarity cannot be veriˇed explicitly, due to BRST non-invariance of the action
with M(φ, φ∗) [H(A)] term for the model with ZM (1), in particular, for GZ model with
non-local H(A) (11) 1, we will treat this term as composite ˇeld, σ(A) = H(A). Doing so,
we deˇne generating functional of Green's functions with composite ˇelds, by the relation
ZLσ = ZM as

Z(J, φ∗, L) = ZLσ(J, φ∗) =

=
∫

dφ exp
{ ı

�

(
S0(A) + sψ + φ∗

AsφA + Lmσm(φ) + JAφA
)}

, (18)

with sources Lm, ε(Lm) = 0, for σm. Restricted by the case m = 1, we introduce EA,
Γ(φ, φ∗, Σ) ≡ ΓΣ, with composite ˇeld via Legendre transform of ln ZLσ w.r.t. J, L by the
formulae following [16]:

ΓΣ =
�

ı
ln ZLσ−Jφ−L(Σ+σ(φ)) for φA =

�

ı

δ ln ZLσ

δJA
and Σ =

�

ı

δ ln ZLσ

δσ
−σ(φ), (19)

where

(JA, L) =
(
−δΓΣ

δφA
+

δΓΣ

δΣ
δσ(φ)
δφA

,−δΓΣ

δΣ

)
≡ Nα and Φα ≡ (φA, Σ). (20)

Note, ˇrst, that tree approximation for ΓΣ in loop expansion, ΓΣ =
∑

n �Γ(n)
Σ , coincides with

FP action, Γ(0)
Σ = S0 + sψ + φ∗sφ, providing an in	uence of the composite ˇeld beyond

the tree level. Second, the boundary conditions for L = 0: Z(J, φ∗, 0) = Z0(J, φ∗), and for
L = 1: Z(J, φ∗, 1) = ZH(J, φ∗), are fulˇlled.

The Ward identities for ZLσ(J, 0) and ΓΣ take the form being inherited from (13) and
(14),

JA〈sφA〉L + L〈HμasAμa〉L = 0 for 〈O〉L = Z−1
Lσ (J, 0)O

(
�

ı

δ

δJ

)
ZLσ(J, 0), (21)

δΓ(φ, 0, Σ)
δφA

sφA(φ̂) = −δΓ(φ, 0, Σ)
δΣ

(
Ĥμa − Hμa(φ)

)
sAμa(φ̂). (22)

Again with the use of (21) and (22) the study of gauge dependence for ZLσ(J, 0) and
ΓΣ looks like

δZLσ =
( ı

�

)2
(

JA〈(sφA)δψ〉L + L

{
〈Hμa(sAμa)δψ〉L +

�

ı
〈δH〉L

})
ZLσ, (23)

δΓΣ =
δΓΣ

δφA
F̂A

Lσ 〈δΨ〉
∣∣
φ∗=0 −

δΓΣ

δΣ

{
δ̂H −

(
Ĥμa − Hμa(A)

)
F̂μa

Lσ δ̂ψ
∣∣∣φ∗=0

}
(24)

for F̂μa
Lσ ≡ − δ

δA∗
μa

+ (−1)εβ (K ′′−1)βα

(
δl

δΦα

δΓΣ

δA∗
μa

)
δl

δΦβ
and (K ′′)βα =

δNα

δΦβ
, (25)

1For local representation of Gribov horizon functional in different gauges and study of the gauge dependence
problem considered in Sec. 2, see [14, 15].
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where we have used Eqs. (18)Ä(20) and Ward identities (21) and (22). Note that in the above
representations for the variations δZLσ, δΓΣ we have taken into account the variation of the
composite ˇeld itself (cf. with [17]).

Resuming, we state that on mass-shell determined by the surfaces JA = 0 and (δΓΣ)/
(δφA) = 0 and due to the rules of transforming of H(A) under gauge variation δψ, the
generating functional ZLσ(J, 0) and EA ΓΣ(φ, 0Σ), respectively, do not depend on the choice
of the gauge for any corresponding values of the source L and additional extremal (δΓΣ)/(δΣ),
providing basis for consistency of this approach.

Concluding, we may use the latter concept of consideration of Gribov horizon functional
as the composite ˇeld to study unitarity of the GZ theory starting from some ˇxed gauge.
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