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QCD in d = 4 − 2ε space-time dimensions possesses a nontrivial critical point and there are good 
reasons to expect that this theory restricted to the gauge-invariant subsector is conformally invariant. The 
subtlety is that the conformal symmetry of the Lagrangian is broken by the Faddeev-Popov quantization 
procedure. We study this problem by tracing carefully the contributions of gauge non-invariant operators 
in conformal Ward identities and prove that all such contributions cancel in the correlation functions of 
gauge-invariant operators. This result gives further support to the application of the conformal symmetry 
based methods in high-order QCD calculations.

© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Coupling constants in quantum field theory (QFT) models usu-
ally depend on the renormalization scale. This dependence is de-
scribed by beta-functions which enter renormalization group equa-
tions (RGEs) for correlators of the fundamental fields and/or local 
composite operators. If the beta-functions vanish, the theory en-
joys scale invariance and the RGEs reduce to equations describing 
the behavior of the correlation functions under scale transfor-
mations. In four-dimensional models, the only zero of the beta-
functions accessible in perturbation theory corresponds to a trivial 
situation when all couplings vanish, i.e. the free theory. In non-
integer d = 4 − 2ε dimensions, the situation is different. In this 
case it is common that the beta-functions vanish for some special 
values of the couplings g =O(ε) (critical couplings). If ε is consid-
ered a small parameter, the critical couplings can be calculated in 
perturbation theory. QFT models at the critical point thus provide 
one with examples of scale-invariant theories.

As was first suggested by Polyakov [1], scale invariance of a 
quantum field theory usually implies conformal invariance. Re-
cently, considerable effort was invested to make this statement 
more precise [2–9]. In non-gauge theories a clear picture is emerg-
ing, but the case of gauge theories is less studied and still subject 
to considerable debate.

In non-abelian gauge theories and in particular QCD there are 
additional complications due to the gauge-fixing and ghost terms 
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in the Lagrangian that are not invariant under conformal trans-
formations even in d = 4 dimensions. As a consequence, there is 
no hope that correlators of fundamental fields may transform in 
a proper way under scale and conformal transformations — good 
symmetry properties can only be expected for the correlators of 
gauge-invariant operators. The subtlety is that gauge-invariant op-
erators mix under renormalization with gauge-variant operators of 
a special type (BRST variations) and Equation of Motion opera-
tors (EOMs). These counterterms — BRST and EOM operators — are 
believed to be artifacts of the Faddeev-Popov approach to quanti-
zation of gauge theories and all troubles caused by them are likely 
to be of technical character. In this letter we clarify the structure 
of such “unwanted” contributions in conformal Ward identities, 
which is important for practical applications. This analysis can be 
viewed as an extension of the work by Joglekar and Lee [10–12]
on the structure of gauge-variant operators in the RGE equations.

It has been observed, see e.g. [13–18], that apparently unre-
lated perturbative QCD observables differ only by terms involving 
the beta-function, and one possibility to understand this connec-
tion [17–19] is to start from the theory in d = 4 − 2ε dimen-
sions at the critical point where they are related by a conformal 
transformation. Similar ideas have been used to derive the RGEs 
for leading-twist QCD operators in general off-forward kinematics 
[20–23]. Our intention is to put these methods on a more rigorous 
footing.

To be specific, we will consider QCD near four dimensions, d =
4 − 2ε , in perturbation theory assuming the minimal subtraction 
renormalization scheme. With the above mentioned applications 
in mind, we are interested in the behavior of correlation functions 
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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of local operators in this theory under conformal transformations. 
This question can be answered, at least within perturbation theory, 
by the study of scale and conformal Ward identities. In this way 
conformal invariance of the correlators of fundamental fields in 
non-gauge theories can be proven along the lines of Refs. [24–26], 
see also [4] for recent developments. A detailed description of this 
technique and its extension to the case of local composite opera-
tors can be found in the book [27].

On a more technical level, let Oq , q = 1, 2, . . . , n be a (finite) set 
of local composite operators with the same quantum numbers so 
that they mix under renormalization. In Ref. [27] it was shown that 
in scalar theory the scale and conformal Ward identities for these 
operators at the critical point imply that the symmetry transfor-
mations take the following form:

δDOq(x) = (
D�(x)δqq′ + γqq′

)
Oq′(x),

δKμOq(x) = (
K μ

�(x)δqq′ + 2γqq′ xμ
)
Oq′(x) +Oμ

q (x), (1)

where the sum over q′ is implied. The generators of scale and con-
formal transformations D� and K μ

� are defined as

D�(x) = x∂x + �,

K μ
�(x) = 2xμ(x∂) − x2∂μ + 2�xμ − 2xν�μν, (2)

where � is the canonical scaling dimension of the operators Oq , 
�μν is the spin generator and Oμ

q are certain local operators with 
canonical dimension � − 1. These expressions can be simplified 
by going over to a basis of operators that diagonalize the anoma-
lous dimension matrix γ , Oq �−→O�α = cα qOq . Here cαq is a left 
eigenvector of γqq′ , 

∑
q cαqγqq′ = γαcαq′ , and �α = � + γα is the 

scaling dimension of the operator O�α . In this basis the transfor-
mations in Eqs. (1) simplify to

δDO�α (x) = D�α (x)O�α (x),

δKμO�α (x) = K μ
�α

(x)O�α (x) +Oμ
α (x), (3)

where Oμ
α = cαqOμ

q . Scale invariance implies that the operator Oμ
α

has definite scaling dimension equal to �α −1. The set of operators 
with the same anomalous dimensions (meaning that the difference 
of scaling dimensions of any two operators is an integer number), 
forms an infinite-dimensional representation (Verma module) of 
the conformal algebra. The expressions in Eqs. (3) define the action 
of scale and conformal generators on this representation. Since the 
scaling dimension of the operator Oμ

α is less than that of O�α by 
one, applying the conformal transformations subsequently to O�α , 
Oμ

α etc. one inevitably must come to an operator for which the ad-
dendum Oμ

α on the r.h.s. vanishes, i.e. an operator that transforms 
homogeneously under conformal transformations. Such an opera-
tor is called conformal and it is the lowest weight vector of the 
corresponding representation.

The analysis of scale and conformal Ward identities given in 
Ref. [27] can be extended to gauge theories. We will show that 
Eqs. (3) keep their form. The main result is that the inhomoge-
neous part, Oμ

α (x), in the expression for the conformal variation of 
a gauge-invariant operator is a gauge invariant operator again, up 
to terms that vanish in all correlation functions of gauge-invariant 
operators and can therefore always be dropped.

At first sight the appearance of a gauge non-invariant opera-
tor on the r.h.s. of Eqs. (3) can be ruled out by observing that its 
anomalous dimension would depend on the gauge-fixing parame-
ter. This is not always the case, however. To give an example, the 
gauge-invariant operator O = F F̃ in four dimensions can be writ-
ten as a divergence of the topological current K μ , F F̃ = ∂μK μ . 
Evidently, F F̃ and K μ have the same anomalous dimensions and 
the current K μ can be a natural candidate for the role of the non-
homogeneous term in Eqs. (3), δKμO(0) ∼ K μ(0). At the same time 
K μ is not a gauge-invariant operator.

2. We start with collecting the necessary definitions. The QCD ac-
tion in d = 4 − 2ε Euclidean space reads

S =
∫

ddx
{

q̄ /Dq + 1

4
F a
μν F a,μν − c̄a∂μ(Dμc)a + 1

2ξ
(∂μ Aa,μ)2

}
,

(4)

where Dμ = ∂μ − igB Aa
μT a with T a being the SU (Nc) generators 

in the fundamental (adjoint) representation for quarks (ghosts). 
The field strength tensor is defined as usual, F a

μν = ∂μ Aa
ν −∂ν Aa

μ +
gB f abc Ab

μ Ac
ν , where gB is the bare coupling, gB = gMε , and M

is the scale parameter. The theory is assumed to be multiplica-
tively renormalized and the renormalized action takes the form 
S R(�, e) = S(�0, e0), where � = {A, q, ̄q, c, ̄c}, e = {g, ξ} and �0 =
Z��, e0 = Zee. The renormalization factors in the minimal sub-
traction (MS) scheme have a series expansion in 1/ε ,

Z = 1 +
∞∑
j=1

ε− j
∞∑

k= j

z jk ak , a = αs/(4π) = g2/(4π)2 , (5)

where z jk are polynomials in ξ . Formally the theory has two 
charges: a and ξ . The corresponding beta-functions are defined as

βa(a) = M
dg

dM
= 2a

(− ε − γg
)
,

βξ (ξ,a) = M
dξ

dM
= −2ξγA(a, ξ) , (6)

with

γg = M∂M ln Z g = β0 a + β1 a2 +O(a3) , (7)

where the first two coefficients are β0 = 11/3Nc − 2/3N f , β1 =
2/3 

[
17N2

c − 5Nc N f − 3C F N f
]

for a SU (Nc) gauge group with N f

quark flavors. In this notation −2aγg is the usual QCD β-function 
in physical four dimensions. The anomalous dimensions of the 
fields � = {q, ̄q, A, c, ̄c} are defined as

γ� = M∂M ln Z� = (
βg∂g + βξ∂ξ

)
ln Z� . (8)

The QCD Lagrangian (4) is invariant under BRST transforma-
tions [28,29], δL = 0, where

δq = igtaqcaδλ , δAa
μ = (Dμc)aδλ ,

δca = 1

2
g f abccbccδλ , δc̄a = −1

ξ
(∂ Aa)δλ . (9)

The BRST transformation rules for the renormalized fields are ob-
tained by replacement � �→ �0, e → e0, δλ → δλ0 in the above 
equations and writing the bare fields and couplings in terms of the 
renormalized ones: �0 = Z��, e0 = Zee. The renormalized BRST 
transformation parameter δλ is defined as δλ0 = Zc Z Aδλ so that 
the last equation in Eqs. (9) has the same form for bare and renor-
malized quantities. The BRST operator s defined by δ� = s � δλ is 
nilpotent modulo EOM terms. Namely, s2� = 0 for all fields except 
for the anti-ghost in which case one finds

s2c̄ = −1

ξ
s(∂ A) = −1

ξ
Z 2

c (∂μDμ)c = 1

ξ

δS R

δc̄
. (10)

Thus the second BRST variation of an arbitrary local functional 
F(�) is an EOM operator
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s2F(�) = 1

ξ

∫
ddx

δS R

δc̄a(x)

δF(�)

δc̄a(x)
. (11)

BRST symmetry is the key ingredient in the analysis of the RGEs 
for gauge invariant operators [10–12]. The result, see Ref. [30] for a 
review, is that gauge invariant operators, O, mix under renormal-
ization with BRST operators, i.e. operators that can be written as 
a BRST variation of another operator, B = sB′ , and EOM operators, 
E = F (�)δS R/δ�. The mixing matrix has a triangular structure⎡
⎣O
B
E

⎤
⎦=

⎛
⎝ ZOO ZOB ZOE

0 ZBB ZBE
0 0 ZEE

⎞
⎠
⎛
⎝O

B
E

⎞
⎠ , (12)

so that renormalized gauge-invariant operators take the following 
generic form1

[O] = ZOOO + ZOBB + ZOEE . (13)

In both equations O, B, E are sets of operators of the correspond-
ing type, O = {O1, . . . , On}, etc., and the renormalization factors Z
are matrices in these spaces. Note that the renormalization matrix 
ZOO in the MS scheme does not depend on the gauge parameter 
ξ . For further use we introduce a notation

Ô = ZOOO

for the gauge-invariant part of the renormalized (gauge-invariant) 
operator. In principle it should be possible to constrain the opera-
tor structure of potential BRST and EOM counterterms for a given 
O. However, no such relation is known.

The significance of this result is that the contributions of BRST 
and EOM operators to physical observables have to vanish so that 
such terms can be dropped, at least in principle. In practice this 
requires some caution. Calculations are usually done in momen-
tum space. Within perturbation theory the radiative corrections to 
the matrix elements of composite operators develop ultra-violet 
divergences as well as infrared ones, which are regularized in d di-
mensions. In addition, the vanishing of physical matrix elements 
with BRST or EOM operators requires the on-shell limit with re-
spect to their external momentum q to be taken and, generally, 
the limits q2 → 0 and d → 4 do not commute. Therefore, theo-
rems on the renormalization of gauge invariant operators [10–12]
directly apply to matrix elements with the operators inserted at 
nonzero momentum. In practice, this requires the computation of 
three-point functions with off-shell legs, which poses certain dif-
ficulties at higher loops. Calculations of matrix elements based on 
two-point functions are technically easier, but are typically realized 
with operators inserted at zero momentum. In this case, physical 
matrix elements of gauge variant operators do not vanish, the mix-
ing matrix of operators is not triangular and matrix elements with 
insertions of BRST or EOM operators need to be accounted for as 
well, see refs. [31–34].

Considering operators with fixed position essentially corre-
sponds to nonzero momentum flow. In this case it is indeed easy 
to see that a correlation function of renormalized gauge-invariant 
operators localized at different space-time points �x = {x1 . . . xN } is 
equal to the correlation function of the gauge-invariant parts of the 
same operators〈∏

k

[Ok(xk)]
〉= 〈∏

k

Ôk(xk)
〉
. (14)

1 We use the standard notation [O] for the operator O renormalized in the MS
scheme [30].
The equality holds because the additional terms due to BRST and 
EOM operators are local, e.g.,〈
B(x1)[O2(x2)] . . . [ON(xN )]〉

= δ(x1 − x2)C2(�x) + . . . + δ(x1 − xN)CN(�x),
where Ck(�x) are some functions (not necessary finite at ε → 0), 
and similar for EOM terms, so they vanish if all xk are different but 
can contribute to integrals over the operator positions. Our goal 
in this paper is to show that at the critical point, βa(a∗) = 0, the 
correlators (14) behave in a proper way under scale and conformal 
transformations. The expression on the r.h.s. of (14) is the natural 
starting point for this undertaking.

3. Next, we introduce the relevant Ward identities. The correla-
tion function in Eq. (14) can be written in the path-integral repre-
sentation as follows〈∏

k

Ôk(xk)
〉= N

∫
D�

∏
k

Ôk(xk) exp
{− S R(�)

}
, (15)

where N is the normalization factor. Making the change of vari-
ables � �→ �′ = � + δω� in the integral (15), where δω� cor-
respond to the dilatation and special conformal transformation, 
ω = D, K μ , see Appendix A, and taking into account that the inte-
gration measure stays invariant, one obtains∑

j

〈
δωÔ j(x j)

∏
k 	= j

Ôk(xk)
〉= 〈

δω S R

∏
k

Ôk(xk)
〉
. (16)

Note the choice of the canonical dimensions for the fields in 
Eq. (A.3). For this choice the commutator of dilatation/conformal 
δω and gauge transformations δα is a gauge transformation again,

[δα, δω] = δαω , (17)

where αD = (x∂)α and αKμ =
(

2xμ(x∂) − x2∂μ
)
α.

The scale and conformal variations of the operators that appear 
on the l.h.s. of Eq. (16) are defined as

δωO(x) =
∫

dd y δω�(y)
(
δO(x)/δ�(y)

)
.

Assuming that Ô j have canonical dimensions � j they are given by 
the following expressions:

δDÔ j(x) = D� j Ô j(x) ,

δKμÔ j(x) = K μ
� j

Ô j(x) +
∑

k

p jkÔ
μ
k (x), (18)

where D� j , K μ
� j

are given in Eq. (2) and Ôμ
k are certain gauge 

invariant operators with canonical dimension � j − 1. Such inho-
mogeneous terms typically arise from the commutators of δw with 
derivatives in the operator O j , if they are present. Note that the 
coefficients p jk(ε) can be and, as a rule, are singular in the ε → 0
limit. It is easy to check that the property (17) ensures that there 
are no gauge-dependent addenda to these expressions.

The variation of the QCD action δω S R on the r.h.s. of the Ward 
identity (16), see Appendix, can be written as

δD S R =
∫

ddx 2εL′
R(x) ,

δKμ S R =
∫

ddx
(

4ε xμL′
R(x) − 2(d − 2)∂ρ [Bρ ](x)

)
, (19)
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where L′
R(x) = LR(x) − 1

2 Z 2
q ∂ρ

(
q̄(x)γρq(x)

)
and Bρ is a BRST op-

erator, see Eq. (A.9). This term does not contribute to the correla-
tion function, 

〈
Bρ(x)

∏
k Ôk(xk)

〉 = 0, so that the r.h.s. of Eq. (16)
takes the standard form

2ε

∫
ddxχω(x)

〈
L′

R(x)
∏

k

Ôk(xk)
〉
, (20)

where χD = 1 and χKμ = 2xμ for dilatation and conformal trans-
formations, respectively.

To proceed further we re-expand 2εL′
R(x) in terms of renor-

malized (finite) operators. The corresponding expression takes the 
form [21,22,35]

2εL′
R = −β(a)

a

[
LY M +Lg f

]
− (γq − ε)�qq̄ − (γA + γg)�A

− (γc − 2ε)�c̄ − γc�c + 2γA[Lg f ]
+ zb(g, ξ)∂μ[Bμ] + zc(g, ξ)∂μ[�μ]. (21)

Here �� = �(x)δS R/δ�(x), �qq̄ = �q + �q̄ and �μ = c̄Dμc −
(∂μc̄) c is a conserved current, ∂μ[�μ] = �c −�c̄ . The gauge fixing 
term Lg f = 1

2ξ
(∂ A)2 can be rewritten as a combination of BRST 

and EOM operators,

[Lg f ] = −[B] − �c̄, B = s
(
c̄a (∂ Aa)

)
. (22)

It can be shown that the coefficients zb(g, ξ) and zc(g, ξ) can be 
calculated explicitly in Landau gauge, ξ = 0,

zb(g, ξ) = γA + γg + O (ξ),

zc(g, ξ) = −(γA + γg)/2 + O (ξ) . (23)

Using Eq. (21) in Eq. (20) it is easy to see that only the contribu-
tions coming from small integration regions around the points xk

survive at the critical point. Indeed, let Bk be an arbitrary small 
ball centered at xk and split the integration region in two parts: 
the union of the (non-overlapping) small balls B =⋃

k Bk and their 
complement R = Rd\B . Integrating over the complement one can 
drop all EOM terms appearing in Eq. (21) and also the contribu-
tions of the BRST operators. Thus this contribution reduces to

−β(a)

a

∫
R

ddxχω(x)
〈[LY M(x)]

∏
k

Ôk(xk)
〉
. (24)

The remaining correlation function contains renormalized (finite) 
local operators at separated space points and is finite. The integral 
is also finite. This contribution vanishes, therefore, at the critical 
point since it comes with the factor β(a∗) = 0. Thus only the in-
tegral over the union of small balls around the operator insertions 
remains,

2ε
∑

n

∫
Bn

ddxχω(x)
〈
L′

R(x)
∏

k

Ôk(xk)
〉
. (25)

Our next aim is to bring this expression to a form suitable for 
further analysis.

4. Since the balls Bn do not overlap, it is sufficient to consider 
one term in the sum. The operator product 2εL′

R(x)Ôn(xn) for x →
xn is not necessarily finite and the argument which we used to 
claim that the integral over the complement R can be dropped 
does not work. To simplify the notation we suppress the subscript 
n and use x′ ≡ xn . The first step is to show that the product of 
the renormalized Lagrangian and a gauge-invariant renormalized 
operator Ô(x′) can be written in the following form
2εL′
R(x)Ô(x′) = −β(a)

a
[LY M(x)O(x′)] + LT(x, x′) + s(R(x, x′))

+ E(x, x′). (26)

The first term on the r.h.s. of this expression is the fully renormal-
ized product of two operators. LT stands for local terms that have 
a finite expansion of the form

LT(x, x′) = δ(x − x′)F(x′) + ∂
μ
x δ(x − x′)Fμ(x′) + . . . (27)

The next term is a BRST operator. Finally, the last term is an EOM 
operator which has the following property: its correlation func-
tion with a product of fundamental fields X (Y ) = ∏

p �p(yp), 
Y = {y1, . . . , yp} contains only delta functions of the type δ(x − yp)

or δ(x′ − yp) but not δ(x − x′). In other words if x, x′ 	= yp for any 
p then〈
E(x, x′)X (Y )

〉= 0. (28)

In order to prove Eq. (26) we start with the representation (21)
for the QCD Lagrangian. This expression contains several terms: 
EOM operators, BRST variations and the renormalized Yang-Mills 
part of the Lagrangian [LY M ] which comes with the factor β(a). In 
what follows we examine these contributions one-by-one.

• It is straightforward to show that the EOM terms give rise to

E(x)Ô(x′) = LT(x, x′) + E(x, x′). (29)

To this end consider the correlation function of E(x)Ô(x′) with 
a set of fundamental fields X (Y ) which we can write as

〈
�(x)

δS R

δ�(x)
Ô(x′)X

〉= 〈
�(x)

δÔ(x′)
δ�(x)

X
〉

+ 〈
�(x)

(
δS R

δ�(x)
Ô(x′) − δÔ(x′)

δ�(x)

)
X
〉
. (30)

The first term on the r.h.s. is a local operator while the second 
one is a EOM term, E(x, x′), that is easy to see integrating by 
parts in the path integral.

• The product B(x)Ô(x′) can be written as s(B′Ô(x′)) and, 
therefore, contributes to the R(x, x′) term only.

• The last term to consider is β(a)/a [LY M ] Ô(x′). Here we re-
place Ô(x′) by the complete renormalized operator [O(x′)]
and subtract the corresponding BRST and EOM counterterms. 
The latter ones contribute to LT(x, x′) and E(x, x′), cf. Eq. (29). 
The product of two renormalized operators [LY M(x)] and 
[Ô(x′)] can be written as a sum of the renormalized opera-
tor product and local pair counterterms,

[LY M(x)][Ô(x′)] = [LY M(x)Ô(x′)] + LT(x, x′) . (31)

We are left with the product of [LY M ](x) and the BRST 
counterterm to [O(x′)], call it BO (x′). Separating the gauge-
invariant part

[LY M ](x) = L̂Y M
L + BL(x) + EL (32)

we observe that the EOM term gives rise to the structure (29)
whereas the product L̂Y M

L BO (x′) contributes to the R(x, x′)
term. Finally, the product of two BRST operators BL(x) =
s(B′

L(x)) and BO (x′) = s(B′
O (x′)) can be rewritten as

BL(x)BO (x′) = s
(
B′

L(x)BO (x′)
)− B′

L(x)s
(
BO (x′)

)
. (33)
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The first term on the r.h.s. contributes to R(x, x′) and the
second term is the sum of local (LT) and E(x, x′) (EOM) con-
tributions. To see this, write s

(
BO (x′)

) = s2
(
B′

O (x′)
)

and use 
Eq. (11) to obtain

B′
L(x)s

(
B′

O (x′)
)

= B′
L(x)

1

ξ

∫
ddz

δS R

δc̄a(z)

δB′
O (x′)

δc̄a(z)

= 1

ξ

∫
ddz

δB′
L(x)

δc̄a(z)

δB′
O (x′)

δc̄a(z)
+ E(x, x′). (34)

Obviously, the first term on the r.h.s. of this identity is a local 
(LT) contribution. Collecting all of the above expressions we 
obtain Eq. (26).

Once Eq. (26) is established, we can use it in the correlation 
function (25). The EOM term E(x, x′) drops out thanks to Eq. (28)
and the BRST operator sR(x, x′) obviously does not contribute as 
well. The first term, − β(a)

a [LY M(x)O(x′)], vanishes at the critical 
point. Thus the sole contribution to the correlation function (25)
at the critical point is due to the local terms, LT(x, x′). As seen 
from the above analysis the local terms originate from different 
sources and separate contributions are clearly gauge non-invariant. 
Nevertheless, it is possible to show that the complete expression 
for LT(x, x′) can be written as a sum of the contributions of gauge-
invariant, BRST and EOM operators.

The proof follows closely the analysis of the RGEs for gauge-
invariant operators in Ref. [30]. To this end we consider the BRST 
variation of Eq. (26). Since the l.h.s. vanishes, one obtains

s
(
LT(x, x′)

)= β(a)

a
s
([LY M(x)O(x′)])− s2(R(x, x′)

)− s
(
E(x, x′)

)
.

(35)

Using〈
s
(
E(x, x′)

)
X
〉= −〈E(x, x′) s(X )

〉
,〈

s2(R(x, x′)
)
X
〉= 〈

R(x, x′) s2(X )
〉
, (36)

where, as above, X =∏
p �p(yp) and x, x′ 	= yp , it is easy to see 

that the last two terms in Eq. (35) are EOM operators, E(x, x′). 
Next, we want to show that s

([LY M(x)O(x′)]) is an EOM opera-
tor as well. The starting observation is that BRST variations of the 
fundamental fields are finite operators [30] and therefore the BRST 
variation of a renormalized operator is a finite operator as well, up 
to EOM operators. Using the same arguments that lead to Eq. (26)
one can show that for a product of any two gauge-invariant oper-
ators one gets

[O1(x)O2(x′)] = Ô1(x)Ô2(x′) + LT(x, x′) + s(R(x, x′)) + E(x, x′) ,

(37)

where all terms on the r.h.s. except for the first one are singu-
lar in 1/ε (do not contain finite contributions). Taking a BRST 
variation of the both sides we conclude that up to EOM terms 
s([O1(x)O2(x′)]) = s(LT(x, x′)). The operator on the l.h.s. of this re-
lation is a finite operator, while the one on the r.h.s. is singular. 
Therefore they both are equal to zero, up to EOM terms.

Going back to Eq. (35) we conclude that s(LT(x, x′)) = 0 modulo 
EOM operators. As shown by Joglekar and Lee [10], see also [36]
for a review, vanishing of the BRST variation implies that LT(x, x′)
and therefore the operators F , Fμ in Eq. (27) can be written as a 
sum of gauge invariant, BRST and EOM operators. The last ones can 
safely be neglected since they do not contribute to the correlation 
function in question.

5. The subsequent derivation of the scale and conformal proper-
ties of correlation functions of gauge-invariant operators follows 
the lines of Ref. [27]. Starting from the dilatation Ward identity in 
Eq. (16) and taking into account Eqs. (18), (25), (26) one obtains∑

j

〈(
D� j (x j)Ô j(x j) −F j(x j)

)∏
k 	= j

Ôk(xk)
〉= 0 . (38)

Taking into account that the operators in questions satisfy the RGEs

M∂M [Ok] +
∑

k′
γkk′ [Ok′ ] = 0 , (39)

and have definite canonical dimension(
M∂M −

∑
j

D� j (x j)
)〈∏

k

Ôk(xk)
〉= 0 , (40)

this identity implies that2∑
j

〈(∑
j′

γ j j′Ô j′(x j) +F j(x j)
)∏

k 	= j

Ôk(xk)
〉= 0 . (41)

Since this equation must hold for arbitrary operator insertions ∏
k 	= j Ôk(xk) one concludes that

F j(x j) = −
∑

j′
γ j j′Ô j′(x j). (42)

The same relation can alternatively be achieved by the analysis of 
the dilatation Ward identity for the correlation function of local 
operators with fundamental fields in Landau gauge. In this gauge 
βξ = 0 holds identically so that the both beta-functions vanish at 
the critical point and scale invariance holds for any Green’s func-
tion.

Using Eq. (42) we can rewrite the conformal Ward identity as 
follows:∑

j

〈(
K μ

� j
(x j)Ô j(x j) − 2xμF j(x j) + F̃μ

j (x j)
)∏

k 	= j

Ôk(xk)
〉= 0 ,

(43)

where F̃μ
j (x) = 2Fμ

j (x) −∑
k p jkÔμ

k (x), see Eq. (18). Note that all 
divergent terms in F̃μ

j (x) have to cancel.
Finally, using Eq. (18), we obtain

δDÔ j(x) =
(
δ j j′ D� j (x j) + γ j j′

)
Ô j′(x) ,

δKμÔ j(x) =
(
δ j j′ K� j (x j) + 2xμγ j j′

)
Ô j′(x) + Ôμ

j (x) , (44)

where Ôμ
j (x) = F̃μ

j (x) is a gauge-invariant operator and the op-
erator equality holds up to terms that vanish for all correlation 
functions with any number of gauge-invariant operators. Provided 
that the anomalous dimension matrix can be diagonalized3 one 
can go over to the basis of operators with definite scaling dimen-
sions and rewrite these equations in the form (3).

6. To summarize, we have shown by the BRST analysis of the 
corresponding Ward identities that correlation functions of gauge-
invariant operators in QCD in d = 4 − 2ε dimensions at the critical 
point transform properly under conformal transformations, as ex-
pected in a conformal invariant theory. This result gives further 
support to the methods based on using conformal invariance in 
higher-order perturbative QCD calculations [13–18,20–23] and can 
be also interesting in a broader context.

2 Our notations are a bit sloppy here. The sum over j′ goes over all operators 
which mix with O j(x j). We do not assume that the operators at different points 
belong to the same class.

3 This is not always possible in theories with fermions where the number of mix-
ing operators can be infinite, see Ref. [37].



V.M. Braun et al. / Physics Letters B 793 (2019) 78–84 83
Acknowledgements

We thank Yu. Pismak for a useful discussion. The work by AM 
was supported by the DFG grant MO 1801/1-3 and the RSF project 
14-11-00598.

Appendix A. Scale and conformal transformations

The dilatation (scale) D and conformal K transformations for 
the fundamental fields take the form

δD�(x) = D��(x)�(x) = (
x∂x + ��

)
�(x),

δKμ�(x) = K μ
��

(x)�(x)

= (
2xμ(x∂) − x2∂μ + 2��xμ − 2xν�μν

)
�(x) , (A.1)

in particular

Kμq(x) = (
2xμ(x∂) − x2∂μ + 2�q xμ

)
q(x) + 1

2
[γμ,/x]q(x),

Kμq̄(x) = (
2xμ(x∂) − x2∂μ + 2�q xμ

)
q̄(x) − q̄(x)

1

2
[γμ,/x],

Kμc(x) = (
2xμ(x∂) − x2∂μ + 2�c xμ

)
c(x),

Kμc̄(x) = (
2xμ(x∂) − x2∂μ + 2�c̄ xμ

)
c̄(x),

Kμ Aρ(x) = (
2xμ(x∂) − x2∂μ + 2�A xμ

)
Aρ(x) + 2gμρ(xA)

− 2xρ Aμ(x), (A.2)

where �� = dim� are the field canonical dimensions. It is conve-
nient to choose them in d = 4 − 2ε dimensions to be the same as 
in four-dimensional theory,

�A = 1, �q = �q̄ = 3/2, �c = 0, �c̄ = 2. (A.3)

For this choice the field strength tensor Fσρ transforms in a co-
variant way

KμFσρ =
(

2xμ(x∂) − x2∂μ + 4xμ

)
Fσρ

+ 2
(

gμρxν Fσν + gμσ xν Fνρ − xρ Fσμ − xσ Fμρ

)
,

(A.4)

and the covariant derivative of the ghost field Dνc transform as a 
vector field,

KμDρc(x) = (
2xμ(x∂) − x2∂μ + 2xμ

)
Dρc(x)

+ 2
(

gμρ(xD) − xρ Dμ

)
c(x) . (A.5)

A conformal variation of different pieces of the QCD action 
takes the form

δK

∫
ddxq̄ /Dq = 4ε

∫
ddx

(
xμq̄ /Dq + 1

2
q̄γμq

)
, (A.6a)

δK

∫
ddx

1

4
F 2 = 4ε

∫
ddx xμ 1

4
F 2 , (A.6b)

δK

∫
ddx

1

2ξ
(∂ A)2 = −1

ξ

∫
ddx

(
− 2ε xμ(∂ A)2

+ 2(d − 2)Aμ(∂ A)
)

, (A.6c)

δK

∫
ddx

(
− c̄∂μDμc

)
= 4ε

∫
ddxxμ

(
− c̄∂μDμc

)
+ 2(d − 2)

∫
ddx c̄Dμc. (A.6d)

Not
ma
all 

δD

δKμ

Her

Bμ

is a

Ref

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]
e that the ghost and the gauge fixing terms break the confor-
l symmetry explicitly even in d = 4 dimensions. Summing up 
contributions yields

S =
∫

ddx 2εL(x) , (A.7)

S =
∫

ddx

(
4ε xμ

(
L(x) − 1

2
∂ρJρ(x)

)
− 2(d − 2)∂ρBρ(x)

)
.

(A.8)

e Jρ(x) = q̄(x)γρq(x) is the flavor-singlet vector current and

= c̄Dμc − 1

ξ
Aμ(∂ A) (A.9)

 BRST operator, Bμ = s(c̄ Aμ).

erences

A.M. Polyakov, Conformal symmetry of critical fluctuations, JETP Lett. 12 (1970) 
381–383.
H. Osborn, Weyl consistency conditions and a local renormalization group 
equation for general renormalizable field theories, Nucl. Phys. B 363 (1991) 
486–526.
Z. Komargodski, A. Schwimmer, On renormalization group flows in four dimen-
sions, J. High Energy Phys. 12 (2011) 099, arXiv:1107.3987.
J.-F. Fortin, B. Grinstein, A. Stergiou, Limit cycles and conformal invariance, J. 
High Energy Phys. 01 (2013) 184, arXiv:1208 .3674.
Y. Nakayama, Scale invariance vs conformal invariance, Phys. Rep. 569 (2015) 
1–93, arXiv:1302 .0884.
A. Dymarsky, Z. Komargodski, A. Schwimmer, S. Theisen, On scale and con-
formal invariance in four dimensions, J. High Energy Phys. 10 (2015) 171, 
arXiv:1309 .2921.
A. Dymarsky, K. Farnsworth, Z. Komargodski, M.A. Luty, V. Prilepina, Scale in-
variance, conformality, and generalized free fields, J. High Energy Phys. 02 
(2016) 099, arXiv:1402 .6322.
A. Dymarsky, A. Zhiboedov, Scale-invariant breaking of conformal symmetry, J. 
Phys. A 48 (2015) 41FT01, arXiv:1505 .01152.
M. Hogervorst, S. Rychkov, B.C. van Rees, Unitarity violation at the Wilson-
Fisher fixed point in 4-ε dimensions, Phys. Rev. D 93 (2016) 125025, arXiv:
1512 .00013.
S.D. Joglekar, B.W. Lee, General theory of renormalization of gauge invariant 
operators, Ann. Phys. 97 (1976) 160.
S.D. Joglekar, Local operator products in gauge theories. 1, Ann. Phys. 108 
(1977) 233.
S.D. Joglekar, Local operator products in gauge theories. 2, Ann. Phys. 109 
(1977) 210.
D.J. Broadhurst, A.L. Kataev, Connections between deep inelastic and annihila-
tion processes at next to next-to-leading order and beyond, Phys. Lett. B 315 
(1993) 179–187, arXiv:hep -ph /9308274.
R.J. Crewther, Relating inclusive e+ e− annihilation to electroproduction sum 
rules in quantum chromodynamics, Phys. Lett. B 397 (1997) 137–142, arXiv:
hep -ph /9701321.
Y. Hatta, Relating e+ e− annihilation to high energy scattering at weak and 
strong coupling, J. High Energy Phys. 11 (2008) 057, arXiv:0810 .0889.
S. Caron-Huot, Resummation of non-global logarithms and the BFKL equation, 
J. High Energy Phys. 03 (2018) 036, arXiv:1501.03754.
A.A. Vladimirov, Correspondence between soft and rapidity anomalous dimen-
sions, Phys. Rev. Lett. 118 (2017) 062001, arXiv:1610 .05791.
A. Vladimirov, Structure of rapidity divergences in multi-parton scattering soft 
factors, J. High Energy Phys. 04 (2018) 045, arXiv:1707.07606.
V.M. Braun, A.N. Manashov, Evolution equations beyond one loop from confor-
mal symmetry, Eur. Phys. J. C 73 (2013) 2544, arXiv:1306 .5644.
D. Müller, Restricted conformal invariance in QCD and its predictive power for 
virtual two photon processes, Phys. Rev. D 58 (1998) 054005, arXiv:hep -ph /
9704406.
A.V. Belitsky, D. Müller, Broken conformal invariance and spectrum of anoma-
lous dimensions in QCD, Nucl. Phys. B 537 (1999) 397–442, arXiv:hep -ph /
9804379.
V.M. Braun, A.N. Manashov, S. Moch, M. Strohmaier, Two-loop conformal gen-
erators for leading-twist operators in QCD, J. High Energy Phys. 03 (2016) 142, 
arXiv:1601.05937.
V.M. Braun, A.N. Manashov, S. Moch, M. Strohmaier, Three-loop evolution equa-
tion for flavor-nonsinglet operators in off-forward kinematics, J. High Energy 
Phys. 06 (2017) 037, arXiv:1703 .09532.
J. Polchinski, Scale and conformal invariance in quantum field theory, Nucl. 
Phys. B 303 (1988) 226–236.

http://refhub.elsevier.com/S0370-2693(19)30259-X/bib506F6C79616B6F763A313937307864s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib506F6C79616B6F763A313937307864s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib4F73626F726E3A31393931676Ds1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib4F73626F726E3A31393931676Ds1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib4F73626F726E3A31393931676Ds1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib4B6F6D6172676F64736B693A32303131766As1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib4B6F6D6172676F64736B693A32303131766As1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib466F7274696E3A32303132686Es1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib466F7274696E3A32303132686Es1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib4E616B6179616D613A323031336973s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib4E616B6179616D613A323031336973s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib44796D6172736B793A32303133707161s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib44796D6172736B793A32303133707161s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib44796D6172736B793A32303133707161s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib44796D6172736B793A323031347A6A61s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib44796D6172736B793A323031347A6A61s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib44796D6172736B793A323031347A6A61s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib44796D6172736B793A323031356A6961s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib44796D6172736B793A323031356A6961s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib486F676572766F7273743A32303135616B74s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib486F676572766F7273743A32303135616B74s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib486F676572766F7273743A32303135616B74s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib4A6F676C656B61723A313937356E75s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib4A6F676C656B61723A313937356E75s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib4A6F676C656B61723A313937366562s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib4A6F676C656B61723A313937366562s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib4A6F676C656B61723A313937367065s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib4A6F676C656B61723A313937367065s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib42726F616468757273743A313939337275s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib42726F616468757273743A313939337275s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib42726F616468757273743A313939337275s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib43726577746865723A313939377578s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib43726577746865723A313939377578s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib43726577746865723A313939377578s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib48617474613A323030387374s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib48617474613A323030387374s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib4361726F6E2D48756F743A32303135626A61s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib4361726F6E2D48756F743A32303135626A61s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib566C6164696D69726F763A32303136646C6Cs1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib566C6164696D69726F763A32303136646C6Cs1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib566C6164696D69726F763A323031376B7363s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib566C6164696D69726F763A323031376B7363s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib427261756E3A32303133747661s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib427261756E3A32303133747661s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib4D75656C6C65723A31393937616Bs1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib4D75656C6C65723A31393937616Bs1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib4D75656C6C65723A31393937616Bs1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib42656C6974736B793A313939386763s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib42656C6974736B793A313939386763s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib42656C6974736B793A313939386763s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib427261756E3A32303136716C67s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib427261756E3A32303136716C67s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib427261756E3A32303136716C67s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib427261756E3A32303137636968s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib427261756E3A32303137636968s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib427261756E3A32303137636968s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib506F6C6368696E736B693A313938376479s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib506F6C6368696E736B693A313938376479s1


84 V.M. Braun et al. / Physics Letters B 793 (2019) 78–84
[25] A.N. Vasil’ev, S.É. Derkachev, N.A. Kivel’, A.S. Stepanenko, Proof of conformal 
invariance in the critical regime for models of Gross-Neveu type, Theor. Math. 
Phys. 92 (Sep 1992) 1047–1054.

[26] S.E. Derkachov, N.A. Kivel, A.S. Stepanenko, A.N. Vasiliev, On calculation in 1/n 
expansions of critical exponents in the Gross-Neveu model with the conformal 
technique, arXiv:hep -th /9302034.

[27] A.N. Vasil’ev, The Field Theoretic Renormalization Group in Critical Behavior 
Theory and Stochastic Dynamics, CRC Press, 2004.

[28] C. Becchi, A. Rouet, R. Stora, Renormalization of gauge theories, Ann. Phys. 98 
(1976) 287–321.

[29] I.V. Tyutin, Gauge invariance in field theory and statistical physics in operator 
formalism, arXiv:0812 .0580.

[30] J.C. Collins, Renormalization, Cambridge Monographs on Mathematical Physics, 
Cambridge University Press, 1984.

[31] R. Hamberg, W.L. van Neerven, The correct renormalization of the gluon oper-
ator in a covariant gauge, Nucl. Phys. B 379 (1992) 143–171.
[32] J.C. Collins, R.J. Scalise, The renormalization of composite operators in 
Yang-Mills theories using general covariant gauge, Phys. Rev. D 50 (1994) 
4117–4136, arXiv:hep -ph /9403231.

[33] B.W. Harris, J. Smith, Anomalous dimension of the gluon operator in pure Yang-
Mills theory, Phys. Rev. D 51 (1995) 4550–4560, arXiv:hep -ph /9409405.

[34] Y. Matiounine, J. Smith, W.L. van Neerven, Two loop operator matrix elements 
calculated up to finite terms, Phys. Rev. D 57 (1998) 6701–6722, arXiv:hep -ph /
9801224.

[35] V.P. Spiridonov, Anomalous dimension of G2
μν and β function, vol. IYaI-P-0378, 

1984.
[36] M. Henneaux, Remarks on the renormalization of gauge invariant operators in 

Yang-Mills theory, Phys. Lett. B 313 (1993) 35–40, arXiv:hep -th /9306101.
[37] Yao Ji, Alexander N. Manashov, Operator mixing in fermionic CFTs in noninte-

ger dimensions, Phys. Rev. D 98 (10) (2018) 105001, arXiv:1809 .00021 [hep -th], 
DESY-18-149.

http://refhub.elsevier.com/S0370-2693(19)30259-X/bib566173696C657631393932s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib566173696C657631393932s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib566173696C657631393932s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib4465726B6163686F763A313939337577s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib4465726B6163686F763A313939337577s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib4465726B6163686F763A313939337577s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib766173696C323030346669656C64s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib766173696C323030346669656C64s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib4265636368693A313937356E71s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib4265636368693A313937356E71s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib54797574696E3A31393735716Bs1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib54797574696E3A31393735716Bs1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib636F6C6C696E735F31393834s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib636F6C6C696E735F31393834s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib48616D626572673A313939317174s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib48616D626572673A313939317174s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib436F6C6C696E733A313939346565s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib436F6C6C696E733A313939346565s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib436F6C6C696E733A313939346565s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib4861727269733A313939347470s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib4861727269733A313939347470s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib4D6174696F756E696E653A313939386B79s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib4D6174696F756E696E653A313939386B79s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib4D6174696F756E696E653A313939386B79s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib48656E6E656175783A313939336A6Es1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib48656E6E656175783A313939336A6Es1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib4A693A32303138656D69s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib4A693A32303138656D69s1
http://refhub.elsevier.com/S0370-2693(19)30259-X/bib4A693A32303138656D69s1

	Conformal symmetry of QCD in d-dimensions
	Acknowledgements
	Appendix A Scale and conformal transformations
	References


