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Color Glass Condensate
Effective theory describing high energy gluons in hadron
Non-linear evolution equations BK-JIMWLK
Eikonal approximation

pA collisions

Hybrid factorization
Dense-dilute system
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Context\ CGC in a nutshell

Color Glass Condensate
Effective theory describing high energy gluons in hadron
Non-linear evolution equations BK-JIMWLK
Eikonal approximation

pA collisions

Projectile

Dilute
Described by PDF
DGLAP evolution

Target

Dense
MV model
Described by classical
color field Aµ

a(x)
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Context\ CGC in a nutshell

Aµ
a(x−, x+;x) = δµ−δ(x+)A−a (x)

Eikonal approximation
High energy ⇒ boost of the target along x− direction
Consequences for Aµ

a(x) :

Localized around x+ = 0

Leading "-" component
Independence on x−

⇒ Shockwave limit

⇒ Static limit
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Context\ Eikonal Propagators

k = p0 p1

z1

A−(z1) A−(z2)

z2

p2

zN

A−(zN)

pN−1 q = pN

Eikonal interaction
p+ preserved
Negligible transverse momentum exchange

⇒ Straight trajectory
Arbitrary number of interaction with A−
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Context\ Eikonal Propagators

k = p0 p1
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z2
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Context\ Eikonal Propagators
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Motivations

Why subeikonal ?
EIC and RHIC : sizable power-suppressed corrections
Spin physics
Understanding of CGC domain of validity
Study link between CGC and other framework
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Motivations\ Relation with other formalisms

TMD
Qs ∼ kt ≪ Pt

On-shell matrix elements
TMDs

HEF
kt ∼ Pt

Off-shell matrix elements
uPDF

John Collins. Foundations of Perturbative QCD, volume 32 of Cambridge Monographs on
Particle Physics, Nuclear Physics and Cosmology. Cambridge University Press, 7 2023
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Motivations\ Relation with other formalisms

TMD
Qs ∼ kt ≪ Pt

On-shell matrix elements
TMDs

HEF
kt ∼ Pt

Off-shell matrix elements
uPDF

iTMD
Interpolates both approaches

∀kt ∈ [Qs, Pt]

Off-shell matrix elements
Several gluon TMDs

P. Kotko, K. Kutak, C. Marquet, E. Petreska, S. Sapeta, and A. van Hameren. Improved TMD
factorization for forward dijet production in dilute-dense hadronic collisions. JHEP,
09:106, 2015
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Small-x TMD ↔ collinear limit of CGC
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Approach\ Beyond CGC

Boost along x− direction

Lorentz boost parameter : γt

F+j(x) = O (γt) Fij(x) ∼ F+−(x) = O (1) F−j(x) = O
(

1

γt

)

Width of the target : L+ = O
(

1
γt

)

Fermionic current

J−(x) ∼ Ψ(x)γ−Ψ(x) = Ψ(−)(x)γ−Ψ(−)(x) = O (γt)

J j(x) ∼ Ψ(x)γjΨ(x) = Ψ(−)(x)γjΨ(+)(x) + Ψ(+)(x)γjΨ(−)(x) = O (1)

J+(x) ∼ Ψ(x)γ+Ψ(x) = Ψ(+)(x)γ−Ψ(+)(x) = O
(

1

γt

)
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Boost along x− direction

Lorentz boost parameter : γt

A−(x) = O (γt) Aj(x) = O (1) A+(x) = O
(

1
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)

Width of the target : L+ = O
(

1
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Quark background field

Ψ(−)(x) = O
(
γ

1
2
t

)
Ψ(+)(x) = O

(
γ
− 1

2
t

) Ψ(−)(x) =
γ+γ−

2
Ψ(x)

Ψ(+)(x) =
γ−γ+

2
Ψ(x)
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Approach\ Beyond CGC

Aµ
a(x−, x+;x) = δµ−δ(x+)A−a (x)

Eikonal approximation relaxation

Finite longitudinal width of the target L+

Interaction with transverse component of the background
field
Dynamics of the gluon background field
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Approach\ Eik. Propagators

GF(x, y)
∣∣BI

Eik.

y x y x

GF(x, y)
∣∣IA
Eik.

Gluon propagators

Gµν
F (x, y)

∣∣BI

Eik.ab
=

ˆ
d3k

(2π)3
θ(k+)

2k+
eiy·ǩe−ix·k

×
[
−gµj g

jν + gµj η
ν k

j

k+
+ i

(
ηµgνj
k+

− ηµην
kj

(k+)2

)(→
D

A

xj + ikj
)]

UA(x
+, y+,x)ab

Gµν
F (x, y)

∣∣IA
Eik.ab

=

ˆ
d3k

(2π)3
θ(k+)

2k+
e−ix·ǩUA(x

+, y+,y)ab

×
[
−gµj g

jν + ηµgνj
kj

k+
+ i

(
gµj η

ν

k+
+ ηµην

kj

(k+)2

)(←
D

A

yj − ikj
)]

eiy·k

8 27



Approach\ Eik. Propagators

SF(x, y)
∣∣BI

Eik.

y x y x

SF(x, y)
∣∣IA
Eik.

Quark propagators

SF(x, y)
∣∣BI,q

Eik.
=

ˆ
d3k

(2π)3
θ(k+)

2k+
e−ix·keiy·ǩ

[
1− i

γ+γj

2k+

→
D

F

xj

]
(/̌k +m)UF(x

+, y+,x)

SF(x, y)
∣∣IA,q

Eik.
=

ˆ
d3k

(2π)3
θ(k+)

2k+
UF(x

+, y+,y)(/̌k +m)

[
1− i

γ+γj

2k+

←
D

F

yj

]
e−ix·ǩeiy·k
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Approach\ Neik. Propagators

y x

GF(x, y)
∣∣BA
NEik.

Gluon propagator

Gµν
F (x, y)

∣∣NEik.
= Gµν

F (x, y)
∣∣Eik. + δGµν

F (x, y)
∣∣NEik.

pure A− + δGµν
F (x, y)

∣∣NEik.

single A⊥

+ δGµν
F (x, y)

∣∣NEik.

double A⊥,loc. + δGµν
F (x, y)

∣∣NEik.

double A⊥,non-loc.
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Approach\ Neik. Propagators

y x

SF(x, y)
∣∣BA
NEik.

Quark propagator

SF(x, y)
∣∣NEik.

= SF(x, y)
∣∣Eik. + δSµν
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Approach\ Neik. Propagators

y x

GF(x, y)
∣∣BA
NEik.

Gluon propagator

Gµν
F (x, y)

∣∣BA

NEik.ab
=

ˆ
d3p

(2π)3
θ(p+)

2p+
e−ix·p̌

ˆ
d3k

(2π)3
θ(k+)

2k+
eiy·ǩ
ˆ

z

e−iz·(p−k))

×
ˆ

z−

eiz
−(p+−k+)

[
gµρ − ηµp̌ρ

p+

][
gρ

′ν − ǩρ
′
ην

k+

]

×
{
gρρ

′
[
UA(+∞,−∞; z, z−)ab−

pj + kj

2
U (1)
A;j(z)ab−iU (2)

A (z)ab

]
−2gρigρ

′jU (3)
A;ij(z)ab

}
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Approach\ Neik. Propagators

y x

SF(x, y)
∣∣BA
NEik.

Quark propagator

SF(x, y)
∣∣BA,q

NEik.
=

ˆ
d3p

(2π)3
θ(p+)

2p+
e−ix·p̌

ˆ
d3k

(2π)3
θ(k+)

2k+
eiy·ǩ
ˆ

z

e−iz·(p−k))
ˆ

z−

eiz
−(p+−k+)

× (/̌p+m)

{
UF(+∞,−∞, z, z−)− pj + kj

2(p+ + k+)
U (1)
F;j(z)

+
i

p+ + k+
U (2)
F (z)−

[
γi, γj

]

4(p+ + k+)
U (3)
F;ij(z)

}
γ+(/̌k +m)
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Approach\ Neik. Propagators

U (1)
R;j(z) =

ˆ L+

2

−L+

2

dz+(2z+)UR(
L+

2
, z+; z, z−) igF −j (z) UR(z

+,−L+

2
; z, z−)

U (2)
R (z) =

ˆ L+

2

−L+

2

dz+
ˆ z+

−L+

2

dz′+(z+ − z′+)UR(
L+

2
, z+; z, z−) igF −j (z)

× UF(z
+, z′+; z, z−) igF −j (z′+; z, z−) UR(z

′+,−L+

2
; z, z−)

U (3)
R;ij(z) =

ˆ L+

2

−L+

2

dz+UR(
L+

2
, z+; z, z−) gFij(z) UR(z

+,−L+

2
; z, z−)
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Calculation
Dijet production in pA collision induced by the quark background
field of the target



Calculation\ Channels

Processes with interaction with the quark background field
⇒ Hard processes of the form p → p1p2

Strictly Neik. contributions
Order O

(√
γt
)

at amplitude level
Energy suppressed at cross-section level : O

(
1
s

)

Only Eik. propagators needed
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Calculation\ Neik. contribution to dijet production

g → gq

g : p1, ν, λ1, a1 ; x1

q : p2 ; x2g : q, µ, λ, a ; y

Ψ−

w

ρ, b2 ; z

Diagram 1

g : q, µ, λ, a ; y

µ′, b ; z

Ψ−

g : p1, ν, λ1, a1 ; x1

q : p2 ; x2

ν ′, b1 ; w

Diagram 2

g : p1, ν, λ1, a1 ; x1

q : p2 ; x2

g : q, µ, λ, a ; y

Ψ−

µ′, b ; w

ν ′, b1 ; z

Diagram 3
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Sg→gq, 1 = lim
y+→−∞

lim
x+
1 ,x+

2→∞

ˆ
y,x1,x2

ˆ
y−,x−

1 ,x−
2

ˆ
w,z

ˆ
w−,z−

ˆ L+

2

−L+

2

dz+
ˆ −L+

2

−∞
dw+

× eix1·p̌1 eix2·p̌2 e−iy·q̌(−2q+) ϵµλ(q) (−2p+1 ) ϵ
ν
λ1
(p1)

×
[
Gµ′µ

0,F(w, y)
]
a′a

[
Gνν′

F (x1, w)
∣∣BA

Eik.

]
a1b1

[
Gρρ′

F (z, w)
∣∣BI

Eik.

]
b2b

V a′b1b
µ′ν′ρ′

× u(p̌2, h)γ
+
[
SF(x2, z)

∣∣IA,q

Eik.
(−ig)tb2

]
α2β

γρΨ
−
β (z)
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λ1
ν (p1)

∗

×
[
Gµ′µ

F (z, y)
∣∣BI

Eik.

]
ba

[
Gνν′

0,F(x1, w)
]
a1b1

× u(p̌2, h) γ
+
[
S0,F(x2, w)(−ig)tb1γν′SF(w, z)

∣∣IA,q

Eik.
(−ig)tb

]
α2β

γµ′Ψ−β (z)



Calculation\ Neik. contribution to dijet production

g → gq

g : p1, ν, λ1, a1 ; x1

q : p2 ; x2g : q, µ, λ, a ; y

Ψ−

w

ρ, b2 ; z

Diagram 1

g : q, µ, λ, a ; y

µ′, b ; z

Ψ−

g : p1, ν, λ1, a1 ; x1

q : p2 ; x2

ν ′, b1 ; w

Diagram 2

g : p1, ν, λ1, a1 ; x1

q : p2 ; x2

g : q, µ, λ, a ; y

Ψ−

µ′, b ; w

ν ′, b1 ; z

Diagram 3
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Sg→gq, 3 = lim
y+→−∞

lim
x+
1 ,x+

2→∞

ˆ
y,x1,x2

ˆ
y−,x−

1 ,x−
2

ˆ
w,z

ˆ
w−,z−

ˆ L+

2

−L+

2

dz+
ˆ −L+

2

−∞
dw+

× eix1·p̌1 eix2·p̌2 e−iy·q̌ (−2q+) ϵλµ(q)
∗ (−2p+1 ) ϵ

λ1
ν (p1)

∗

×
[
Gµ′µ

0,F(w, y)
]
ba

[
Gνν′

F (x1, z)
∣∣IA
Eik.

]
a1b1

× u(p̌2, h) γ
+
[
SF(x2, w)

∣∣BA,q

Eik.
(−ig) tb γµ′SF(w, z)

∣∣BI,q̄

Eik.
(−ig) tb1

]
α2β

γν′Ψ
−
β (z)



Calculation\ Neik. contribution to dijet production

q → gg

g2 : p2, ν, λ2, a2 ; x2

g1 : p1, µ, λ1, a1 ; x1

q : q ; y

Ψ̄−

µ′, b1 ; w

ν ′, b2 ; z

Diagram 1

g1 : p1, µ, λ1, a1 ; x1

g2 : p2, ν, λ2, a2 ; x2

q : q ; y

Ψ̄−

ν ′, b2 ; w

µ′, b1 ; z

Diagram 2

q : q ; y

ρ, b ; z

Ψ̄−

g1 : p1, µ, λ1, a1 ; x1

g2 : p2, ν, λ2, a2 ; x2
w

Diagram 3
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Calculation\ Neik. contribution to dijet production

qf → qf1qf2

q1 : p1 ; x1

q2 : p2 ; x2

q : q ; y

Ψ−

ν, b ; w

µ, a ; z

Diagram 1

q2 : p2 ; x2

q1 : p1 ; x1

q : q ; y

Ψ−

µ, a ; w

ν, b ; z

Diagram 2
qf → qf1 q̄f2

q : p1 ; x1

q̄ : p2 ; x2

q : q ; y

Ψ̄−

ν, b ; w

µ, a ; z

Diagram 1

q : q ; y

ν, b ; z

Ψ̄−

q : p1 ; x1

q̄ : p2 ; x2

µ, a ; w

Diagram 2

17 27



Calculation\ Limits

Dijet variables

Relative dijet momentum : P ≡ (1− z)p1 − zp2

Dijet momentum imbalance : k = p1 + p2

with z ≡ p+1
p+1 +p+2

, (1− z) ≡ p+2
p+1 +p+2

Conjugate variables :

r ≡ x1 − x2 , b ≡ zx1 + (1− z)x2

Back-to-back limit
Corresponds to |P| ≫ |k|, or equivalently |r| ≪ |b|

18 27



Calculation\ Color Structures

g → gq

z+

z′+

(+∞,b)

(+∞,b′)

(−∞,b)

(−∞,b′)
c′

c

z+

z′+

(+∞,b)

(+∞,b′)

(−∞,b)

(−∞,b′)

C+g

C+g ≡
〈
Ψ(z′+;b′) γ− tc

′ U†F(∞, z′+;b′) UF(∞, z+;b) tc Ψ(z+;b)

× UA(z
′+,−∞;b′)c′a UA(z

+,−∞;b)ca

〉
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Calculation\ Color Structures

g → gq

z+

z′+

(+∞,b)

(+∞,b′)

(−∞,b)

(−∞,b′)
c′

c

z+

z′+

(+∞,b)

(+∞,b′)

(−∞,b)

(−∞,b′)

C+□g

C+□g ≡
〈
Ψ(z′+;b′) γ− U†F(∞, z′+;b′) UF(∞, z+;b) Ψ(z+;b)

× UA(∞,−∞;b′)ba UA(∞,−∞;b)ba

〉

19 27



Calculation\ Color Structures

q → gg

z+

z′+

(−∞,b)

(−∞,b′)

z+

z′+

(+∞,b)

(+∞,b′)

(−∞,b)

(−∞,b′)

c

c′

C−

C− ≡
〈
Tr

{
U†F(z′+,−∞;b′)Ψ(z′+;b′)Ψ(z+;b)γ−UF(z

+,−∞;b)

}〉
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Calculation\ Color Structures

q → gg

z+

z′+

(−∞,b)

(−∞,b′)

z+

z′+

(+∞,b)

(+∞,b′)

(−∞,b)

(−∞,b′)

c

c′

C−g

C−g ≡
〈
UA(∞, z′+;b′)dc′ UA(∞, z+;b)dc

×Tr
{
U†F(z′+,−∞;b′) tc

′
Ψ(z′+;b′)Ψ(z+;b) γ− tc UF(z

+,−∞;b)
}〉

20 27



Calculation\ Color Structures

q → qq

z+

z′+

(+∞,b)

(+∞,b′)

(−∞,b)

(−∞,b′)

z+

z′+

(+∞,b)

(+∞,b′)

(−∞,b)

(−∞,b′)

C+□

C+□ ≡
〈
Tr
[
U†F(∞,−∞;b′)UF(∞,−∞;b)

]

×Ψ(z′+;b′)γ−U†F(∞, z′+;b′)UF(∞, z+;b)Ψ(z+;b)
〉
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Calculation\ Color Structures

q → qq

z+

z′+

(+∞,b)

(+∞,b′)

(−∞,b)

(−∞,b′)

z+

z′+

(+∞,b)

(+∞,b′)

(−∞,b)

(−∞,b′)

C+−+

C+−+ ≡
〈
Ψ(z′+;b) γ− U†F(∞, z′+;b′) UF(∞,−∞;b)

× U†F(∞,−∞;b′) UF(∞, z+;b) Ψ(z+;b)
〉

21 27



Calculation\ Color Structures

q → qq̄

z+

z′+

(−∞,b)

(−∞,b′)

z+

z′+

(+∞,b)

(+∞,b′)

(−∞,b)

(−∞,b′)

C−

C− ≡
〈
Tr

{
U†F(z′+,−∞;b′)Ψ(z′+;b′)Ψ(z+;b)γ−UF(z

+,−∞;b)

}〉
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Calculation\ Color Structures

q → qq̄

z+

z′+

(−∞,b)

(−∞,b′)

z+

z′+

(+∞,b)

(+∞,b′)

(−∞,b)

(−∞,b′)

C+□

C+□ ≡
〈
Tr

{
UF(∞, z′+;b′)Ψ(z′+;b′)Ψ(z+;b)γ−U†F(∞, z+;b)

}

× Tr
[
UF(∞,−∞;b′)U†F(∞,−∞;b)

] 〉

22 27



Calculation\ Quark TMDs

Color Structure
ˆ
b,b′

e−ik·(b−b
′)

ˆ

z+,z′+

〈
C(··· )

〉
Target Average

⟨O⟩ = lim
P ′
tar→Ptar

⟨P ′tar|Ô|Ptar⟩
⟨P ′tar|Ptar⟩

Unpolarized quark TMD

f+
q (x,k) = 1

(2π)3

´
b e

ik·b ´
z+

e−ixP
−
tarz

+
〈
Ptar

∣∣∣Ψ(z+;b)γ
−

2 U†F(∞, z+;b)UF(∞, 0;0)Ψ(0;0)
∣∣∣Ptar

〉

Relation with quark TMDs
ˆ
b,b′

e−ik·(b−b
′)

ˆ
z+,z′+

C(··· )

N (··· ) =
(2π)3

P−tar
f (··· )
q (x = 0,k)

23 27



Results\ Factorization formula

g → gq

dσb2b,m=0
g→gq

dϕ
=

q+δ(k+−q+) 2α2
s

z(1−z)(2q+P−tar)

[
CF H+g

g→gq f
+g
q̄ (x = 0,k− q) + (N2

c −1)H+□g
g→gq f

+□g

q̄ (x = 0,k− q)

]

q → gg

dσb2b,m=0
q→gg

dϕ
=

q+δ(k+−q+) 2α2
s

z(1−z)(2q+P−tar)

[
H−q→gg f

−
q (x = 0,k− q) + CF H−gq→gg f

−g
q (x = 0,k− q)

]
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Results\ Factorization formula

q → qq

dσb2b,m=0
q̄f→q̄f1qf2

dϕ
=
q+δ(k+−q+) 2α2

s

z(1−z)(2q+P−tar)

[
H−qf→qf1 q̄f2

f−q (x = 0,k− q) +NcH+□
qf→qf1 q̄f2

f+□
q (x = 0,k− q)

]

q → qq̄

dσb2b,m=0
q̄f→q̄f1 q̄f2

dϕ
=
q+δ(k+−q+) 2α2

s

z(1−z)(2q+P−tar)

[
NcH+□

qf→qf1qf2
f+□
q̄ (x = 0,k− q) +H+−+

qf→qf1qf2
f+−+
q̄ (x = 0,k− q)

]

25 27



Results\ Factorization formula

q → qq

dσb2b,m=0
q̄f→q̄f1qf2

dϕ
=
q+δ(k+−q+) 2α2

s

z(1−z)(2q+P−tar)

[
H−qf→qf1 q̄f2

f−q (x = 0,k− q) +NcH+□
qf→qf1 q̄f2

f+□
q (x = 0,k− q)

]

q → qq̄

dσb2b,m=0
q̄f→q̄f1 q̄f2

dϕ
=
q+δ(k+−q+) 2α2

s

z(1−z)(2q+P−tar)

[
NcH+□

qf→qf1qf2
f+□
q̄ (x = 0,k− q) +H+−+

qf→qf1qf2
f+−+
q̄ (x = 0,k− q)

]
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Results in agreement with the literature
√

Hard factors
Jian-Wei Qiu, Werner Vogelsang, and Feng Yuan. Single Transverse-Spin
Asymmetry in Hadronic Dijet Production. Phys. Rev. D, 76:074029, 2007

√
Gauge link
C. J. Bomhof, P. J. Mulders, and F. Pijlman. The Construction of
gauge-links in arbitrary hard processes. Eur. Phys. J. C, 47:147–162, 2006



Further development\ Higher order calculation

x dependence
NLP order calculation needed (O

(
k
P

)
)

Higher twist TMDs

NEik. propagator needed
U (1)
R;j , U

(2)
R , U (3)

R;ij needed
⇒ NNEik. calculation

2627
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Thanks for your attention!

Find more at arXiv:2412.08485



Backup\ Hard Factors for g → gq

k+
dσb2b,m=0

g→gq

dk+ d2k d2P dz
= q+δ(k+−q+)

2α2
s

P2

[
CF H+g

g→gq xf+g
q (x,k− q)

+ (N2
c −1)H+□g

g→gq xf+□g
q (x,k− q)

]

Hard Factors

H+□g
g→gq =

1

4P2

1

(N2
c − 1)

(1 + z2)

(1− z)

H+g
g→gq =

1

P2

[
N2

c z
2 − (1− z)2

]

2Nc(N2
c − 1)

(1 + z2)

(1− z)



Backup\ Hard Factors for q → gg

k+
dσb2b,m=0

q→gg

dk+ d2k d2P dz
= q+δ(k+−q+)

2α2
s

P2

[
H−q→gg xf−q̄ (x,k− q)

+ CF H−gq→gg xf−gq̄ (x,k− q)

]

Hard Factors

H−q→gg =
(N2

c −1)

4N3
cP

2

[
z2 + (1−z)2

]

H−gq→gg =

[
z2 + (1−z)2

]

2P2

[
z2 + (1− z)2 − 2

N2
c

]



Backup\ Hard Factors for q → qq

k+
dσb2b,m=0

qf→qf1qf2

dk+ d2k d2P dz
= q+δ(k+−q+)

2α2
s

P2

[
NcH+□

qf→qf1qf2
xf+□

q (x,k− q)

+H+−+
qf→qf1qf2

xf+−+
q (x,k− q)

]

Hard Factors

H+□
q→qq =

1

4Nc P2

[
2

(
1 +

1

N2
c

)(
z(1− z)− 3 +

1

z(1− z)

)
− 4

Nc

]

H+−+
q→qq =

1

4Nc P2

[
− 4

Nc

(
z(1− z)− 3 +

1

z(1− z)

)
+ 2

(
1 +

1

N2
c

)]



Backup\ Hard Factors for q → qq̄

k+
dσb2b,m=0

qf→qf1 q̄fx2

dk+ d2k d2P dz
= q+δ(k+−q+)

2α2
s

P2

[
H−qf→qf1 q̄f2

xf−q̄ (x,k− q)

+NcH+□
qf→qf1 q̄f2

xf+□
q̄ (x,k− q)

]

Hard Factors

H−q→qq̄ =
z(1− z)

4Nc P2

[
1 + z2

(1− z)2

(
Nc −

2

Nc

)
− 1

Nc

(
z2 + (1− z)2

)
− 2

N2
c

z2

1− z

]

H+□
q→qq̄ =

z(1− z)

4Nc P2

[
z2 + (1− z)2 +

2

Nc

z2

1− z
+

1

N2
c

1 + z2

(1− z)2

]



Backup\ Fundamental Gauge links

= 1
2

− 1
2Nc

C−g

C−g =
1

2
C+□ − 1

2Nc
C−

=⇒ (N2
c −1) f−gq (x,k) = N2

c f
+□
q (x,k)− f−q (x,k)



Backup\ Fundamental Gauge links

= 1
2

− 1
2Nc

C+g

C+g =
1

2
C−□ − 1

2Nc
C+

=⇒ (N2
c −1) f+g

q (x,k) = N2
c f
−□
q (x,k)− f+

q (x,k)



Backup\ Fundamental Gauge links

= −

C+□g

C+□g = C+□2 − C+

=⇒ (N2
c −1) f

+□g
q (x,k) = N2

c f
+□2

q (x,k)− f+
q (x,k)
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