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Motivation

The non-Abelian 
hara
ter of QCD makes the ghost se
tor of the

theory non-trivial.

It is ne
essary to understand the ghost se
tor to 
orre
tly

des
ribe the gauge se
tor.

While the ghost propagator in Landau gauge is well understood

from Latti
e and 
ontinuum methods. . .

. . . the ghost verti
es are less known.

The ghost-gluon s
attering kernel has not been studied mu
h,

beyond perturbation theory.
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The ghost-gluon s
attering kernel is given by

Hνµ(q, p, r) = +
q q

ν ν

µ µr r

p p

and is 
losely related to the ghost-gluon vertex,

qνHνµ(q, p, r) = Γν(q, p, r) .

= Γµ(q, p, r)

µ ↓ r

րp տ q
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The ghost-gluon vertex is an ingredient in several S
hwinger-Dyson

Equations (SDEs), e.g. the gluon propagator

∆−1
µν (p) =

−1
+ 1

2 + 1
2

(a1)

(a2)

+ + 1
6

(a3) (a4)

+ 1
2

(a5)

and the ghost propagator

*

= +
q q q q − k q

k
→

)−1()−1(

*

A. C. Aguilar, D. Ibáñez and J. Papavassiliou, Phys. Rev. D 87 (2013) 11, 114020.

*

D. Dudal, O. Oliveira and J. Rodriguez-Quintero, Phys. Rev. D 86, 105005 (2012).
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The s
attering kernel, is a bit more unusual.

It appears in the Slavnov-Taylor identity (STI) for the three-gluon

vertex

*

,

rµΓαµν(q, r, p) = F (r)[∆−1(q)Pµ
α (q)Hµν(q, r, p)−∆−1(p)Pµ

ν (p)Hµα(p, r, q)] ,

where the gluon propagator, in Landau gauge is

∆µν(q) = −iPµν(q)∆(q) , Pµν(q) = gµν −
qµqν
q2

,

and the ghost propagator is denoted by

D(q) =
iF (q)

q2
.

If ∆(q), F (q) and Hνµ(q, p, r) are known, one 
an solve the STI

for the three-gluon vertex

*

.

Indeed, that was one of our main interests in studying

Hνµ(q, p, r)
**

.

*

J. S. Ball and T. W. Chiu, Phys. Rev. D 22, 2550 (1980) Erratum: [Phys. Rev. D 23,

3085 (1981)℄.

**

A. C. Aguilar, C. T. Figueiredo, M. N. F. and J. Papavassiliou, in preparation.
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Properties of the ghost-gluon s
attering

kernel

The most general tensor stru
ture of the ghost-gluon s
attering kernel

is

Hνµ(q, p, r) = gµνA1 + qµqνA2 + rµrνA3 + qµrνA4 + rµqνA5 ,

where Ai ≡ Ai(q, p, r).

Hνµ(q, p, r) = +
q q

ν ν

µ µr r

p p

The s
alar form fa
tors Ai(q, p, r) are the obje
ts to 
ompute.

At tree level, A
(0)
1 (q, p, r) = 1, and the others are zero, so that

H(0)
νµ (q, p, r) = gνµ .

Mauri
io N. Ferreira Infrared ghost-gluon s
attering kernel



7/42

In its turn, the ghost-gluon vertex has the Lorentz stru
ture

Γµ(q, p, r) = qµB1(q, p, r) + rµB2(q, p, r) .

= Γµ(q, p, r)

µ ↓ r

րp տ q

From, qνHνµ(q, p, r) = Γµ(q, p, r), we 
an relate

B1(q, p, r) =A1(q, p, r) + q2A2(q, p, r) + q · rA4(q, p, r) ,

B2(q, p, r) =q · rA3(q, p, r) + q2A5(q, p, r) .

At tree level, B
(0)
1 (q, p, r) = 1 and B

(0)
2 (q, p, r) = 0, so that

Γ(0)
µ = qµ .
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The Taylor theorem

*

guarantee's that in Landau gauge,

Hνµ(q, p, r) = gνµ + pρIρνµ(q, p, r) ,

i.e. the ghost momentum, p, fa
torizes.

This is an immediate 
onsequen
e of the transversality of the gluon

propagator.

*

Hνµ(q, p, r) = +
q q

ν ν

µ µr r

p p

Then, for p = 0 ⇒ Hνµ(q, 0,−q) = H(0)
νµ (q, 0,−q) = gνµ .

*

J. C. Taylor, Nu
l. Phys. B 33, 436 (1971).
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In parti
ular, this implies that Hνµ(q, p, r) is �nite in Landau gauge.

From qνHνµ(q, p, r) = Γµ(q, p, r), the renormalization 
onstant is the

same for both, the s
attering kernel and the vertex. Let

Γµ
R(q, p, r) = Z1Γ

µ(q, p, r) ,

then, Z1 is �nite in Landau gauge.

Moreover, if we renormalize in the Taylor s
heme

*

,

Γµ
R(q, 0,−q) = qµ ,

i.e. tree level for p = 0, then

Z1 = 1 .

We will see that in the MOM s
heme Z1 would be only slightly

di�erent.

*

P. Bou
aud, F. De Soto, J. P. Leroy, A. Le Yaouan
, J. Mi
heli, O. Pene and

J. Rodriguez-Quintero, Phys. Rev. D 79, 014508 (2009).
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Also in the Landau gauge, the �
lassi
al� form fa
tor of the vertex

has ghost-anti-ghost symmetry

*

B1(q, p, r) = B1(p, q, r) .

= Γµ(q, p, r)

µ ↓ r

րp տ q

*

A. C. Aguilar, D. Ibáñez and J. Papavassiliou, Phys. Rev. D 87 (2013) 11, 114020.

*

R. Alkofer and L. von Smekal, Phys. Rept. 353, 281 (2001).
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The ghost-gluon s
attering kernel satis�es the STI

*

rνF−1(r)Hµν (q, p, r) + pνF−1(p)Hµν(q, r, p) = −qµF
−1(q)C(r, p, q) ,

where

C(r, p, q) = 1 +

q

p

r

Contra
ting with Pµ
α (q) and rearranging one �nds

R(q2, p2, r2) =
F (r)[A1(q, r, p) + p2A3(q, r, p) + (q · p)A4(q, r, p)]

F (p)[A1(q, p, r) + r2A3(q, p, r) + (q · r)A4(q, p, r)]
= 1 .

*

D. Binosi and J. Papavassiliou, JHEP 1103, 121 (2011).
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The trun
ation of an SDE may lead to the violation of the symmetries

of the theory.

For instan
e,

R(q2, p2, r2) = 1 ,

may 
ease to hold for a trun
ated Hνµ(q, p, r).

In this 
ase, we may take

R(q2, p2, r2) ≡
F (r)[A1(q, r, p) + p2A3(q, r, p) + (q · p)A4(q, r, p)]

F (p)[A1(q, p, r) + r2A3(q, p, r) + (q · r)A4(q, p, r)]

as a measure of the violation of the STI.
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Trun
ation

We trun
ate the SDE for Hνµ(q, p, r) at the �one-loop dressed�

level

*

,

Hνµ(q, p, r) = +
q q

ν ν

µ µr r

p p

where

p

r

q

ν

µ

“One−loop dressed”

approximation
+

l

(d1)νµ

rµ

l
p

(d2)νµ

rµ

p ν
q

ν
q

*

A. C. Aguilar, C. T. Figueiredo, M. N. F. and J. Papavassiliou, in preparation.
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p

r

q

ν

µ

“One−loop dressed”

approximation
+

l

(d1)νµ

rµ

l
p

(d2)νµ

rµ

p ν
q

ν
q

Then,

Hνµ(q, p, r) = gνµ + (d1)νµ + (d2)νµ ,

where

(d1)νµ =
g2CA

2
pρ

∫

ℓ

∆ρ
ν(ℓ)D(ℓ+ p)D(ℓ− q)Γµ(q − ℓ, ℓ+ p, r)B1(−ℓ− p, p, ℓ) ,

(d2)νµ =
g2CA

2
pρ

∫

ℓ

∆α
ν (ℓ)∆

βρ(ℓ+ r)D(ℓ− q)Γµαβ(r, ℓ,−ℓ− r)B1(q − ℓ, p, ℓ+ r) ,

and we use the notation

∫

ℓ

≡
µǫ

(2π)d

∫

ddℓ .

Noti
e the overall fa
tors of pρ in both diagrams, in agreement with the

Taylor theorem.
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The renormalization of the SDE is a
hieved by repla
ing

∆R(q) =Z−1
A ∆(q) ,

FR(q) =Z−1
c F (q) ,

Γµ
R(q, p, r) =Z1Γ

µ(q, p, r) ,

Γµαβ
R (q, p, r) =Z3Γ

µαβ(q, p, r) ,

gR = Z−1
g g =Z−1

1 Z
1/2
A Zcg ,

and invoking the STI for the renormalization 
onstants

*

Z3

ZA
=

Z1

Zc
.

Then one �nds

Hνµ
R (q, p, r) = Z1[g

νµ + (d1)
νµ
R + (d2)

νµ
R ] ,

and may set Z1 = 1, in the Taylor s
heme.

**

*

J. C. Taylor, Nu
l. Phys. B 33, 436 (1971).

**

P. Bou
aud, F. De Soto, J. P. Leroy, A. Le Yaouan
, J. Mi
heli, O. Pene and

J. Rodriguez-Quintero, Phys. Rev. D 79, 014508 (2009).
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The ghost-anti-ghost symmetry is violated as a 
onsequen
e of

trun
ation keeping only 
orre
tions to the ghost leg.

p

r

q

ν

µ

“One−loop dressed”

approximation
+

l

(d1)νµ

rµ

l
p

(d2)νµ

rµ

p ν
q

ν
q

This is remedied by averaging over ghost and anti-ghost dressings

*

,

whi
h amounts to the substitutions

B1(−ℓ− p, p, ℓ) →V1(ℓ, q, p, r) =
1

2
[B1(−ℓ− p, p, ℓ) +B1(q, ℓ− q,−ℓ)] ,

B1(q − ℓ, p, ℓ+ r) →V2(ℓ, q, p, r) =
1

2
[B1(q − ℓ, p, ℓ+ r) +B1(q, ℓ− q,−ℓ)] ,

into (d1)νµ and (d2)νµ, respe
tively.

*

Similar pro
edures:

A. Blum, M. Q. Huber, M. Mitter and L. von Smekal, Phys. Rev. D 89, 061703 (2014).

A. K. Cyrol, M. Q. Huber and L. von Smekal, Eur. Phys. J. C 75, 102 (2015).
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With the �symmetrized� version of the one-loop dressed trun
ation we

preserve

the Taylor theorem, e�ortlessly;

and the ghost-anti-ghost symmetry, with only a slight

adjustment.

The STI for Hνµ(q, p, r), however, is violated, as we shall see.
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Inputs and additional approximations

We found by experien
e that the STI 
onstraint

R(q2, p2, r2) ≡
F (r)[A1(q, r, p) + p2A3(q, r, p) + (q · p)A4(q, r, p)]

F (p)[A1(q, p, r) + r2A3(q, p, r) + (q · r)A4(q, p, r)]
= 1 ,

is violated by the trun
ated Hνµ(q, p, r).

Moreover, the violation is worse in the UV.

This is due to higher order 
orre
tions that should 
an
el with

others that are missing.
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This problem 
an be somewhat mitigated by 
onstru
ting inputs that

redu
e 
ontinuously to tree level in the UV, then

Tree level in the UV as input ⇒ one-loop in the UV as output.

For instan
e, for the ghost dressing fun
tion we use a �t to latti
e

data

*

,

F (q) = 1 +
σ1

q2 + σ2
,

su
h that

lim
q2→∞

F (q) = 1 .

10-3 10-2 10-1 1 10 102
0.5

1

1.5

2

2.5

3

Throughout, we shall use µ = 4.3 GeV and αs(µ) = 0.22.

*

I. L. Bogolubsky, E. M. Ilgenfritz, M. Muller-Preussker and A. Sternbe
k, PoS

LATTICE 2007, 290 (2007).
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Something on the same lines may be used for the gluon propagator.

10-3 10-2 10-1 1 10 102
0

2

4

6

8

10-3 10-2 10-1 1 10 102
-0.5

0

0.5

1

1.5

Spe
i�
ally,

∆−1(q) = q2J(q) +m2(q) ,

where the kineti
 term is given by

J(q) = 1 +
CAαs

4π

(

τ1
q2 + τ2

)[

2 ln

(

q2 + ρlm
2(q)

µ2

)

+
1

6
ln

(

q2

µ2

)]

,

and the dynami
al mass by

m2(q) =
m2

0

1 + q2/ρ2m
.

I. L. Bogolubsky, E. M. Ilgenfritz, M. Muller-Preussker and A. Sternbe
k, PoS

LATTICE 2007, 290 (2007).
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For the ghost-gluon vertex that appears as input, we do the following:

1 Run the SDE with bare verti
es.

2 Keep only the tree level stru
ture

Γµ(q, p, r) → qµB1(q, p, r) .

3 Fit the resulting B1(q, p, r) in the symmetri
 point,

q2 =p2 = r2 = Q2 ,

q.p =q.r = p.r = −
Q2

2
,

B1(Q) = 1 +
τ1Q

2

(1 + τ2Q2)λ
,

whi
h satis�es

lim
Q2

→∞

B1(Q) = 1 .
0 5 10 15 20

1

1.05

1.1

1.15

1.2

1.25

1.3
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rµΓαµν(q, r, p) = F (r)[∆−1(q)Pµ
α (q)Hµν(q, r, p)−∆−1(p)Pµ

ν (p)Hµα(p, r, q)] ,

As for the three-gluon vertex, we keep only the tree level stru
ture

and use an �Abelianized� Ball-Chiu ansatz,

Γµαβ(r, ℓ, t) =gµα(r − ℓ)βX1(r, ℓ, t) + gαβ(ℓ− t)µX1(ℓ, t, r)

+ gβµ(t− r)αX1(t, r, ℓ) ,

where t = −r − ℓ and

X1(r, ℓ, t) =
1

2
[J(r) + J(ℓ)] .

This simpli�ed ansatz preserves the Bose symmetry of Γµαβ(r, ℓ, t)
and the feature of a zero-
rossing, and. . .

. . . redu
es to tree level as long as J(q) does.
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Numeri
al results for Hνµ(q, p, r)

In Eu
lidean spa
e it is 
onvenient to use spheri
al 
oordinates, su
h

that

A1(q, p, r) → A1(q
2, p2, θ) ,

where

q · p = |q||p| cos θ ,

and similarly for the other form fa
tors.
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Form fa
tor A1, re
alling A
(0)
1 = 1 and

Hνµ(q, p, r) = gνµ A1 + qµqνA2 + rµrνA3 + qµrνA4 + qνrµA5 .

θ = 0 θ = π

Di�ers signi�
antly from tree level in the IR.

Mauri
io N. Ferreira Infrared ghost-gluon s
attering kernel



25/42

Form fa
tor A2, re
alling A
(0)
2 = 0 and

Hνµ(q, p, r) = gνµA1 + qµqν A2 + rµrνA3 + qµrνA4 + qνrµA5 .

θ = 0 θ = π

Di�ers signi�
antly from tree level in the IR.
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Form fa
tor A3, re
alling A
(0)
3 = 0 and

Hνµ(q, p, r) = gνµA1 + qµqνA2 + rµrν A3 + qµrνA4 + qνrµA5 .

θ = 0 θ = π

Di�ers signi�
antly from tree level in the IR.
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Form fa
tor A4, re
alling A
(0)
4 = 0 and

Hνµ(q, p, r) = gνµA1 + qµqνA2 + rµrνA3 + qµrν A4 + qνrµA5 .

θ = 0 θ = π

Di�ers signi�
antly from tree level in the IR.
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Form fa
tor A5, re
alling A
(0)
5 = 0 and

Hνµ(q, p, r) = gνµA1 + qµqνA2 + rµrνA3 + qµrνA4 + qνrµ A5 .

θ = 0 θ = π

Di�ers signi�
antly from tree level in the IR.
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We 
an 
he
k the UV behavior by 
omparing the results with a

one-loop 
al
ulation

*

.

At one-loop

A
(1)
1 (Q) = 1 +

CAαs

288π
[27 + I] ,

where

I ≡ ψ1

(

1

3

)

− ψ1

(

2

3

)

≈ 7.03 ,

and

ψ1(z) =
d2

dz2
ln[Γ(z)] . 0 2 4 6 8 10

1

1.01

1.02

1.03

1.04

1.05

1.06

1.07

At µ = 4.3 GeV, A1(µ) = 1.033, only 3% larger than tree level.

*

Our perturbative results agree with those of:

A. I. Davydy
hev, P. Osland and O. V. Tarasov, Phys. Rev. D 54, 4087 (1996).

Erratum: [Phys. Rev. D 59, 109901 (1999)℄.
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Similarly, for the other form fa
tors.

Q2A
(1)
2 (Q) = −

CAαs

144π
[12 + I] ,

0 2 4 6 8 10
-0.12

-0.1

-0.08

-0.06

-0.04

-0.02

0

Q2A
(1)
3 (Q) =

CAαs

96π
[4 + 3I] .

0 2 4 6 8 10
0

0.05

0.1

0.15

0.2
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And �nally,

Q2A
(1)
4 (Q) =

CAαs

144π
[3 + 2I] ,

0 2 4 6 8 10
-0.02

-0.01

0

0.01

0.02

0.03

0.04

0.05

Q2A
(1)
5 (Q) =

CAαs

144π
[−6 + I] .

0 2 4 6 8 10
0

0.01

0.02

0.03

0.04

0.05
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The STI 
onstraint

We now turn to the STI 
onstraint over Hνµ(q, p, r).

We shall 
onsider the ratio

R(q2, p2, r2) ≡
F (r)[A1(q, r, p) + p2A3(q, r, p) + (q · p)A4(q, r, p)]

F (p)[A1(q, p, r) + r2A3(q, p, r) + (q · r)A4(q, p, r)]

as a measure of the violation of the STI by the trun
ation.

Re
all that the STI requires

R(q2, p2, r2) = 1 .
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To 
ompute Hνµ(q, p, r) we used inputs that tend to tree level in

the UV.

Consequently our Hνµ(q, p, r) redu
es to the one-loop level in the

UV.

To maintain the one-loop behavior for R(q2, p2, r2), we shall use
an F (q) that redu
es to one-loop in the UV as well.

We shall use

*

FR(q) =1 +
9CAαs

48π

(

1 +De−ρ4q
2
)

× ln

(

q2 + ρ3M2(q)

µ2

)

,

where

M2(q) =
m2

1 + q2/ρ22
.

10-3 10-2 10-1 1 10 102
0.5

1

1.5

2

2.5

3

*

A. C. Aguilar, J. C. Cardona, M. N. F. and J. Papavassiliou, Phys. Rev. D 98, no. 1,

014002 (2018).
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We 
an always rewrite,

R(q2, p2, r2) = R(Q2, aQ2, bQ2) ,

i.e. q2 = Q2
, p2 = aQ2

and r2 = bQ2
.

We 
ompare Hνµ with bare verti
es vs. dressed verti
es in the SDE.

a = 1 , b = 3 .

0 2 4 6 8 10
0.9

0.92

0.94

0.96

0.98

1

1.02

a = 3 , b = 4 .

0 2 4 6 8 10
0.97

0.98

0.99

1

1.01

With dressed verti
es, deviation from R = 1 is less than 5%.
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Impli
ations for the ghost-gluon vertex

On
e Hνµ(q, p, r) has been 
omputed, we may obtain Γµ(q, p, r) from

qνHνµ(q, p, r) = Γµ(q, p, r) .

For the vertex there are more nonperturbative results to 
ompare.
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Form fa
tor B1, re
alling B
(0)
1 = 1 and

Γµ(q, p, r) = qµ B1(q, p, r) + rµB2(q, p, r) .

θ = 0 θ = π

Noti
e the ghost-anti-ghost symmetry.
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Form fa
tor B2, re
alling B
(0)
2 = 0 and

Γµ(q, p, r) = qµB1(q, p, r) + rµ B2(q, p, r) .

θ = 0 θ = π

Di�ers signi�
antly from tree level in the IR.
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In the soft gluon kinemati
s, r = 0, we may 
ompare B1 to

previous works.
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no. 3, 034020 (2018).

3

D. Dudal, O. Oliveira and J. Rodriguez-Quintero, Phys. Rev. D 86, 105005

(2012).

4

E.-M. Ilgenfritz, M. Muller-Preussker, A. Sternbe
k, A. S
hiller and

I. L. Bogolubsky, Braz. J. Phys. 37, 193 (2007).
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The ansatz for the three-gluon vertex has a major e�e
t on the

ghost-gluon one.

This is seen by running the SDE again with bare Γµαβ and 
omparing

the results.

In the symmetri
 point we �nd:

0 2 4 6 8 10
1
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1.4
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Suppression of the amplitude on the 50% order around

1 GeV with dressed three-gluon vertex.
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This suppression happens be
ause our ansatz for the three-gluon

vertex goes below one in the IR:

Re
all

Γµαβ(r, ℓ, t) =gµα(r − ℓ)βX1(r, ℓ, t)

+ gαβ(ℓ− t)µX1(ℓ, t, r)

+ gβµ(t− r)αX1(t, r, ℓ) ,

with

X1(r, ℓ, t) =
1

2
[J(r) + J(ℓ)] .

In the symmetri
 point,

X1(Q) = J(Q) .

10-3 10-2 10-1 1 10 102
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0
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1
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The exa
t amount of suppression is model dependent,

but the latti
e results for Γµαβ do display the same behavior

*

.

The following proje
tion has been simulated on the latti
e,

Lsym(q, p, r) =
−iWαµν(q, r, p)∆α′

α (q)∆µ′

µ (r)∆ν′

ν (p)Γα′µ′ν′ (q, r, p)

∆(q)∆(r)∆(p)Wαµν(q, r, p)Wαµν(q, r, p)
,

where the proje
tor

Wαµν(q, p, r) = λtree
αµν (q, r, p)+

λs
αµν(q, r, p)

2
,

is de�ned in terms of the transverse

tensors

λtree
αµν (q, r, p) =Γ

(0)
α′µ′ν′ (q, r, p)P

α′

α (q)Pµ′

µ (r)P ν′

ν (p) ,

λs
αµν(q, r, p) =(r − p)α(p − q)µ(q − r)ν/r

2 ,

10-2 10-1 1 10
-1.5
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-0.5

0
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1
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*

A. Athenodorou, D. Binosi, P. Bou
aud, F. De Soto, J. Papavassiliou,

J. Rodriguez-Quintero and S. Zafeiropoulos, Phys. Lett. B 761, 444 (2016).

Mauri
io N. Ferreira Infrared ghost-gluon s
attering kernel



42/42

Con
lusions

A one-loop dressed SDE for the ghost-gluon s
attering kernel 
an

be devised that preserves its Landau gauge properties,

∗ The Taylor theorem;

∗ and the ghost-anti-ghost symmetry.

However, this trun
ation does violate the STI that Hνµ(q, p, r)
should satisfy.

With a 
areful 
hoi
e of inputs the problem 
an be minimized,

albeit not entirely avoided.

The resulting Hνµ(q, p, r) displays signi�
ant departure from its

perturbative behavior in the IR.

Moreover, Hνµ(q, p, r) su�ers a suppression in the IR when the

three gluon vertex is dressed, in a

ordan
e with the e�e
t

observed in several other quantities.
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Ba
kup
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Hνµ(q, p, r) also plays a role in relating Ba
kground and Quantum

Green's fun
tions, by parti
ipating in some Ba
kground-Quantum

Identities

*

.

For instan
e

= (1 +G)−2⊗

∆̂(q) = [1 +G(q)]−2∆(q)

= (1 +G)−1⊗

∆̃(q) = [1 +G(q)]−1∆(q)

where

1 +G(q) =
Pµν(q)

(d− 1)

∫

k

H(0)
ρµ D(p− k)∆ρσ(k)Hσν (−p− k, p, k) .

*

D. Binosi and J. Papavassiliou, Phys. Rev. D 66, 025024 (2002).

*

P. A. Grassi, T. Hurth and M. Steinhauser, Annals Phys. 288, 197 (2001).
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The form fa
tors Ai 
an be obtained by proje
ting out the trun
ated

SDE for Hνµ(qp, r),

Ai(q, p, r) =
T µν
i (q, r)Hνµ(q, p, r)

2h2(q, r)
,

where

T µν
1 (q, r) =h(q, r) [h(q, r)gµν + hµν(q, r)] ,

T µν
2 (q, r) = − h(q, r)r2gµν − 2h(q, r)rµrν − 3r2hµν(q, r) ,

T µν
3 (q, r) =T µν

2 (r, q) ,

T µν
4 (q, r) =h(q, r)(r · q)gµν + 2h(q, r)qµrν + 3(r · q)hµν(q, r) ,

T µν
5 (q, r) =T µν

4 (r, q) ,

and

h(q, r) =q2r2 − (q · r)2 ,

hµν(q, r) =(q · r) [qµrν + qνrµ]− r2qµqν − q2rµrν .
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More perturbative 
omparisons:

Soft anti-ghost Hνµ(q, p, r)

In the soft anti-ghost 
on�guration, i.e. q = 0,

H(1)
νµ (0,−r, r) = A

(1)
1 (0,−r, r)gµν +A

(1)
3 (0,−r, r)rµrν ,

where

A
(1)
1 (0,−r, r) = 1 +

11CAαs

32π
; A

(1)
3 (0,−r, r) =

11CAαs

32πr2
.
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The nonperturbative results are in good agreement with the

perturbative ones.
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More perturbative 
omparisons:

Soft gluon Hνµ(q, p, r)

In the soft gluon 
on�guration, i.e. r = 0,

H(1)
νµ (q,−q, 0) = A

(1)
1 (q,−q, 0)gµν +A

(1)
2 (q,−q, 0)qµqν ,

where, in this 
ase

A
(1)
1 (q,−q, 0) = 1 ; A

(1)
2 (q,−q, 0) = −

3CAαs

16πq2
.
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The nonperturbative results are in good agreement with the

perturbative ones.
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