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Two Gluon TMDs
• Weizsacker-Williams TMD (in standard TMD factorization) 

• Dipole TMD (in small-x physics) 
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See TMD handbook
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Two Gluon TMDs
• Different  dependencek⊥ Small k⊥ Large k⊥

WW TMD

Dipole TMD ∼ 0

∼
ln k⊥

k⊥
∼

1
k2

⊥

∼
1
k2
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• Expect them to have different values after integrating k⊥
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• However, they look identical in lightcone axial gauge n ⋅ A = A+ = 0
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Not true quantum 
mechanically 

What’s wrong?
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Two Chromoelectric Field Correlators

Ei(t2)

Ei(t1)

• Correlators for heavy quark and quarkonium in-medium dynamics

Ei(t1)

Ei(t2)
Ei2(R2, t2)

Ei1(R1, t1) Ei1(R1, t1)

Ei2(R2, t2)

Single heavy quark Heavy quark antiquark pair

J.Casalderrey-Solana, D.Teaney, hep-ph/0605199 Thomas Mehen, XY, 2009.02408

x

t

Color interactions in

both initial and final states

since HQ carries color

Color interactions in 

either initial or final state 

since quarkonium colorless
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Two Chromoelectric Field Correlators

T.Binder, K.Mukaida, B.Scheihing-

Hitschfeld, XY, 2107.03945Y.Burnier, M.Laine, J.Langelage, L.Mether, 1006.0867
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• At NLO they have different values 

• However, they look identical in temporal axial gauge A0 = 0
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Axial Gauge Puzzle
• Axial gauge in Faddeev-Popov path integral
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• Obtain propagator in axial gauge
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Origin of Axial Gauge Puzzle
• Study a more general gauge choice

• Issue arises in the order of taking limits
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• Consider a gauge transformation from Feynman to axial in Abelian case:
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• In non-Abelian case:
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• Gauge transformation towards axial gauge breaks down at 


• Not always a problem in calculations


• If operator  contains no fields at  —> canceled  

• If operator  contains fields at  —> problem! 

• Axial gauge works fine for integrated WW gluon TMD & quarkonium EE 
correlator because only finite-extended Wilson lines involved


• For unintegrated TMDs and momentum dependent EE correlators, axial 
gauge is also fine in practical calculations because transverse/spatial 
Wilson lines provide proper regularization for the Wilson lines in the time 
direction, as in the case of A.V. Belitsky, X. Ji, F. Yuan, hep-ph/0208038

n̄ ⋅ x → ∞

O[A] n̄ ⋅ x → ∞

O[A] n̄ ⋅ x → ∞
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• Axial gauge puzzle:


• Two integrated gluon TMDs and two chromoelectric field correlators 
look identical in axial gauge, but perturbative calculations show they are 
different


• Origin of the issue: break down of gauge transformation towards axial 
gauge at 


• Not always give incorrect results


• How significant is the difference in the Wilson line configurations 
nonperturbatively? Important for phenomenology

n̄ ⋅ x → ∞
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Backup: Sum Interactions at Leading Order in v

O(R, r, t) = W[(R,t),(R,t0)]
eO(R, r, t)

W[(R,tf ),(R,ti)] = P exp
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ig

Z tf
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dsA0(R, s)
⌘

C.M. kinetic term same order  
as  for Coulomb modesD0

pµc ⇠ Aµ
c ⇠ M(v2, v, v, v)

q1 q2 q3 qn−1 qn

p

T.Mehen, XY, 2009.02408Lead to Wilson lines at infinite time
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Backup: Chromoelectric Field Correlator

t
R

Ei1(R1, t1)

Ei2(R2, t2)

(R1,�1) (R2,�1) (1,�1)

t

R
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Ei2(R2, t2)
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Dissociation: final-state interaction Recombination: initial-state interaction

 transformation,

assume state invariant

PT

KMS relation

for thermalization
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⇥
Ei(x)W[(x0,x),(�1,x)]W[(�1,x),(�1,1)]

⇤aE

T

<latexit sha1_base64="UJpUGz4ewEfIlyTkvvM4TB5BcaM="></latexit>

For total reaction rates, integrating over final momentum gives setting  , 
the correlator becomes momentum independent 

R1 → R2
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Backup: NLO Calculation in Real-Time Formalism
<latexit sha1_base64="IgAlS8LwJxYqqH5kQij1LyXb4QU="></latexit>

[g++
E ]>ji(y, x) ⌘

D⇥
Type2z }| {

Ej(y)W[(y0,y),(+1,y)]W[(+1,y),(+1,1)]

⇤a ⇥W[(+1,1),(+1,x)]W[(+1,x),(x0,x)]Ei(x)
⇤a

| {z }
Type1

E

T

Spectral function
<latexit sha1_base64="ZUp5I6ECzwYQHYcTjrvq0GS0D4k="></latexit>⇥
⇢++
E

⇤
ji
(y, x) ⌘

⇥
g++
E

⇤>
ji
(y, x)�

⇥
g++
E

⇤<
ji
(y, x)

<latexit sha1_base64="I7UZoIBZ48Jx5afaUu8Y0ccxtOU="></latexit>

[g++
E ]<ji(y, x) ⌘

D⇥
W[(+1,1),(+1,x)]W[(+1,x),(x0,x)]Ei(x)

⇤a⇥
Ej(y)W[(y0,y),(+1,y)]W[(+1,y),(+1,1)]

⇤aE

T

Not able to put on standard Schwinger-Keldysh contour

<latexit sha1_base64="Wx/smDZPZKcRpUTrfJKLFo5RdKQ=">AAACA3icbVDLSsNAFJ3UV62vqDvdBItQwZREirqSogguK9gHpGmYTCft2MmDmYkYQsCNv+LGhSJu/Ql3/o3TNgutHrhwOOde7r3HjSjhwjC+lMLc/MLiUnG5tLK6tr6hbm61eBgzhJsopCHruJBjSgLcFERQ3IkYhr5LcdsdXYz99h1mnITBjUgibPtwEBCPICik5Kg71sC57KW6ntm99Cxz0luSVfTkUL8/cNSyUTUm0P4SMydlkKPhqJ/dfohiHwcCUci5ZRqRsFPIBEEUZ6VuzHEE0QgOsCVpAH3M7XTyQ6btS6WveSGTFQhtov6cSKHPeeK7stOHYshnvbH4n2fFwju1UxJEscABmi7yYqqJUBsHovUJw0jQRBKIGJG3amgIGURCxlaSIZizL/8lraOqeVytXdfK9fM8jiLYBXugAkxwAurgCjRAEyDwAJ7AC3hVHpVn5U15n7YWlHxmG/yC8vENV+qWsQ==</latexit>

[g��
E ]>ji(�y,�x)

<latexit sha1_base64="3/nt3iE5TocCNAfvbF3xqCpz6lk=">AAACAXicbVDLSsNAFJ3UV62vqBvBTbAIlUpJpKgLF0URXFawD0jTMJlO2rGTSZiZiCHEjb/ixoUibv0Ld/6N08dCqwcuHM65l3vv8SJKhDTNLy03N7+wuJRfLqysrq1v6JtbTRHGHOEGCmnI2x4UmBKGG5JIitsRxzDwKG55w4uR37rDXJCQ3cgkwk4A+4z4BEGpJFffsfvuZTctlzOnm55lbnpLslJyeH/g6kWzYo5h/CXWlBTBFHVX/+z0QhQHmElEoRC2ZUbSSSGXBFGcFTqxwBFEQ9jHtqIMBlg46fiDzNhXSs/wQ66KSWOs/pxIYSBEEniqM4ByIGa9kfifZ8fSP3VSwqJYYoYmi/yYGjI0RnEYPcIxkjRRBCJO1K0GGkAOkVShFVQI1uzLf0nzqGIdV6rX1WLtfBpHHuyCPVACFjgBNXAF6qABEHgAT+AFvGqP2rP2pr1PWnPadGYb/IL28Q1rDZY9</latexit>

[g++
E ]<ji(y, x)Replace with

I, i, a

J, j, d

p− k

k

p

p

I, i, a

J, j, d

p

k

k p− k

I, i, a

J, j, d

pp− k

k

I, i, a

J, j, d

p

k

p− k

p− k

+ more


