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Motivation
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Dijet production

• Studied at small-x and large-x

• At small-x: CGC in (sub-)eikonal limit

• At large-x: TMD in back-to-back limit

Very interesting process to study the interplay between small and large-x formalisms
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Dijet production

Hard scale: Q ∼ P⊥
3



Back to back kinematics

Imbalance: ∆⊥ = k1⊥ + k2⊥

Back to back limit: ∆⊥ ≪ P⊥

TMD factorization has been shown for dijet production in back to back

kinematics
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Current status of calculations
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TMD factorization at arbitrary bjorken x

• Background field method

• Leading order in αs

• Both quark and gluon operators upto twist-3

• Reproduces the (sub)eikonal results

Mukherjee,Skokov,Tarasov,Yao,SST (2026,2026)
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What operators are considered?
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The procedure summarized

Dijet amplitude

Arbitrary number of insertions Identify the background propagators

Perform a twist expansion in terms of field strength tensors

Dynamical background Includes twist-three operators

Substitute back into the amplitude

Construct TMD with full phase Retain terms upto O(∆
P
)

Dijet cross-section upto twist-three accuracy

Mukjerjee,Skokov,Tarasov,Yao,SST(2026,2026)
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TMD factorization at arbitrary bjorken x

• Background field method

• Leading order in αs

• Both quark and gluon operators upto twist-3

• Reproduces the (sub)eikonal results

Does the methodology work at NLO?
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TMD factorization at arbitrary bjorken x

• Background field method

• Leading order in αs

• Both quark and gluon operators upto twist-3

• Reproduces the (sub)eikonal results

The answer is no!
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ITMD beyond small-x

Methodology developed under kinematic twist expansion not applicable

• NLO in CGC: No problem since all twist

• ITMD formalism: resum kinematic corrections at small-x

dσCGC = dσTMD +

kinematic
³¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹µ
O(∆⊥

Q⊥
) +O(Qs

∆⊥
)

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
dσITMD

+

genuine
³¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹µ
O(Qs

Q⊥
)

kotko,kutak,Marquet,Petreska,Sapeta,van Hameren(2015)

Altinoluk, Boussarie(2019)

Boussarie, Mehtar-Tani(2020)

Boussarie,Mantysaari,Salazar,Schenke(2021)
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ITMD beyond small-x

• NLO in CGC: No problem since all twist

• ITMD formalism: resum kinematic corrections at small-x

dσCGC = dσTMD +

kinematic
³¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹µ
O(∆⊥

Q⊥
) +O(Qs

∆⊥
)

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
dσITMD

+

genuine
³¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹µ
O(Qs

Q⊥
)

We propose a new background field method that generalizes ITMD beyond small-x

kotko,kutak,Marquet,Petreska,Sapeta,van Hameren(2015)

Altinoluk, Boussarie(2019)

Boussarie, Mehtar-Tani(2020)

Boussarie,Mantysaari,Salazar,Schenke(2021)

12



ITMD beyond small-x

• NLO in CGC: No problem since all twist

• ITMD formalism: resum kinematic corrections at small-x

dσCGC = dσTMD +

kinematic
³¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹µ
O(∆⊥

Q⊥
) +O(Qs

∆⊥
)

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
dσITMD

+

genuine
³¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹µ
O(Qs

Q⊥
)

Let us understand our back-to-back calculation in more detail

kotko,kutak,Marquet,Petreska,Sapeta,van Hameren(2015)

Altinoluk, Boussarie(2019)

Boussarie, Mehtar-Tani(2020)

Boussarie,Mantysaari,Salazar,Schenke(2021)
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Quark propagator

(x∣ i/P
∣y) = (x∣ i

/p
∣y) + (x∣ i

/p
/A 1

/p
∣y) + (x∣ i

/p
/A 1

/p
/A 1

/p
∣y) + ...

Pµ = pµ +Aµ
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The dijet amplitude

• P = (P +,0,0⊥)

• A+ = 0

γ∗ (q)
k1

k2

P

iM= −ie ϵρ(q) lim
k2
1,k

2
2→0
∫ d4y e−iq⋅y ū(k1) (k1∣/p

i

/P
∣y)

quark

γρ (y∣ i/P /
p∣ − k2)

anti−quark

v(k2)
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The dijet amplitude

• P = (P +,0,0⊥)

• A+ = 0

γ∗ (q)
k1

k2

P

ū(k1) (k1∣/p
i

/P
∣y) = ū(k1) (k1∣/p /P

i

/P /P
∣y) = ū(k1)k21 (k1∣

i

P2 + 1
2
σµνFµν

∣y) ,
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The dijet amplitude

• P = (P +,0,0⊥)

• A+ = 0

γ∗ (q)
k1

k2

P

iM= ie ϵρ(q)∫ d4y e−iq⋅y lim
k2
1
,k2

2
→0

ū(k1) k2
1 (k1∣

1

P2
+

1
2
σµνFµν

∣y)

quark

γρ
(y∣

1

P2
+

1
2
σµνFµν

∣ − k2)k
2
2

anti−quark

v(k2)

We shall work with these propagators now
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The propagator and its expansion

(x∣ 1

P2 + 1
2σ

µνFµν + iϵ
∣y) = (x∣ 1

2p− P+ − P2
⊥ − i ∂−A− +

1

2
σµνFµν + iϵ

∣y)

Propagator =
gradient expansion

Wilson line + F insertions+ target dynamics + fermion
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Expanding the scalar propagator

y

z−

z⊥
x

(x∣ 1

P+ − P2⊥
2k− + iϵ

∣y) = (x∣[ 1

P+ + iϵ +
1

P+ + iϵ
P2⊥
2k−

1

P+ + iϵ +⋯]∣y)

Let us simplify the eikonal P + propagator now
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Expanding the scalar propagator: Wilson lines

y

z−

z⊥
x

(x−∣ 1

P+ + iϵ ∣y
−) = −iθ(x− − y−)[x−, y−]

Plugging it back into the propagator
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Expanding the scalar propagator

y

x

=

y

x

+

y

x

+ · · ·

(x∣ 1

P+ − P2⊥
2k− + iϵ

∣y) = δ(x+ − y+) θ(x− − y−) (x⊥ ∣ [ − i [x−, y−]

− ∫
x−

y−
dz− [x−, z−] P

2⊥(z−)
2k−

[z−, y−] + ⋯]∣ y⊥)

Let us now generate F insertions
21



Generating F insertions

y

x

=

y

x

+

y

x

+ · · ·

[x−, y−]Pi(y−) = Pi(x−) [x−, y−] − ∫
x−

y−
dz− [x−, z−]F−i(z−) [z−, y−]

Let us now generate F insertions
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Intermediate form of the scalar propagator

y

x

=

y

x

+

F
y

x

+

DF
y

x

+

F F
y

x

+ · · ·

(x∣ 1

P+ − P2
⊥

2k− + iϵ
∣y) = δ(x+ − y+) θ(x− − y−) (x⊥ ∣ [ − i [x−, y−] − (x− − y−)

P2
⊥(x−)
2k−

[x−, y−]

+ ∫
x−

y−
dz−1 (z−1 − y−)

2Pi(x−)
2k−

[x−, z−1 ]F−i(z−1 )[z−1 , y−] + ⋯]∣ y⊥)

We can resum the exponential at the boundary: phase ignored in small-x/CGC
23



Final form of the scalar propagator

y

x

=

y

x

+

F
y

x

+

DF
y

x

+

F F
y

x

+ · · ·

(x∣ 1

P+ − P2
⊥

2k− + iϵ
∣y) = δ(x+ − y+)θ(x− − y−)(x⊥∣e−i(x

−−y−)P
2⊥(x−)
2k− [ − i [x−, y−]

+ 1

2k− ∫
x−

y−
dz−(z− − y−)(2Pk(x−) [x−, z−]F−k(z−)) [z−, y−] ]∣y⊥) ,

We can resum the exponential at the boundary: phase ignored in small-x/CGC
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Going back to quark propagator

y

x

=

y

x

+

F
y

x

+

DF
y

x

+

F F
y

x

+ · · ·

(x∣ 1

P+ − P2⊥
2k− +

σF
4k− + iϵ

∣y) = (x∣ 1

P+ − P2⊥
2k− + iϵ

∣y) + δ(x+ − y+) θ(x− − y−)

(x⊥∣e−i(x
−−y−)P

2⊥(x−)
2k− [ 1

4k− ∫
x−

y−
dz−[x−, z−] σF (z−) [z−, y−] + ...]∣y⊥)

Carrying out amputation (LSZ)
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Quark propagator amputated

y

x

=

y

x

+

F
y

x

+

DF
y

x

+

F F
y

x

+ · · ·

lim
k2→0

k2(k∣ 1

P 2 + 1
2
σF + iϵ

∣y)

=ieiky{−i[∞, y−]y⊥+∫
∞

y−
dz−[kk

k−
(z−−y−)F̄−k(z−, y⊥)+

1

4k−
σF̄ (z−, y⊥)][∞, y−]y⊥}

where F̄ (z−) = [∞, z−]F (z−)[z−,∞]

Similar procedure for target dynamics
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Summary of different terms
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Final propagators

28



Dijet amplitude

29



Cross-section

30



Longitudinal photon cross-section

Similarly for transverse photon polarization 31



TMD factorization at small-x

32



What about quarks?

At large-x we also need to consider dijet in quark background
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Amplitude

iM1 = − e lim
k2, k2

1→0
∫ d4z d4y e−iq.yϵλi (k) ϵµ(q) k2 (k∣ 1

P 2gλν + iFλν + iϵ
∣z)ij

gluon

ψ̄c(z) tjcb γ
ν

(z∣ i

P 2 + 1
2
σF + iϵ

/P ∣y)ba

quark

γµ (y∣ i

P 2 + 1
2
σF + iϵ

∣k1)ad k21

LSZ′d quark

vd(k1)

iM2 = − ie lim
k2, k2

1→0
∫ d4y d4z e−iq.y ūd(k1) k21(k1∣

i

P 2 + σF
2
+ iϵ
∣z)deγνtief (z∣

i

P 2 + σF
2
+ iϵ
/P ∣y)fg

γµ ψg(y) ϵλj (k) ϵµ(q) (z∣
−i

P 2gνλ + iFνλ + iϵ
∣k)ij

34



Longitudinal cross-section at leading twist

dσL = − 8e2 (
z̄z2q−ϵ2f
(P 2⊥ + ϵ2f)2

) ∫ dy−dz−d2y⊥d2z⊥ e−i(y
−−z−)k+g+i(y⊥−z⊥)kg⊥

ψ̄(y) [y−,∞]z⊥ γ+ [∞, z−]z⊥ψc(z)

• Matches with sub-eikonal results at small-x

• Can be used to systematically go beyond leading twist (ψ̄γiψ, ψ̄γ+Fψ)

• Similar procedure for transverse cross-section

Altinoluk, Armesto, Beuf (2023)

Mukherjee, Skokov, Tarasov, Yao, SST(2026)
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Dijet NLO

What about dijet NLO?

lim
k2→0

k2(k∣ 1

P 2gνλ + iFνλ + iϵ
∣z)ij

(z∣ i

P 2 + 1
2
σF + iϵ

/P ∣y)ba

(k1∣
1

P2 + 1
2
σµνFµν

∣y)

However the gradient expansion is not valid anymore!

36



Dijet NLO

kg⊥ ∝ k⊥

DF ∝ kg⊥F

Need to keep all DnF contributions

Q: Is it possible to sum these contributions?
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Framing it at leading order

kg⊥ ∝∆⊥

DF ∝∆⊥F

Need to keep all DnF contributions

Q: Is it possible to sum these kinematic twist contributions?

38



ITMD

The answer is yes at small-x: ITMD formalism

dσCGC = dσTMD +

kinematic
³¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹µ
O(∆⊥

Q⊥
) +O(Qs

∆⊥
)

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
dσITMD

+

genuine
³¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹µ
O(Qs

Q⊥
)

Altinoluk, Boussarie(2019)

Boussarie, Mehtar-Tani(2020)

Boussarie,Mantysaari,Salazar,Schenke(2021)
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ITMD

dσCGC = dσTMD +

kinematic
³¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹µ
O(∆⊥

Q⊥
) +O(Qs

∆⊥
)

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
dσITMD

+

genuine
³¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹µ
O(Qs

Q⊥
)

Can we develop a ITMD formalism beyond small-x?
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An improved expansion

Let us exponentiate

(x∣ 1

P+ − P2⊥
2k− + iϵ

∣y) = δ(x+ − y+) θ(x− − y−) (x⊥ ∣ [ − i [x−, y−]

− ∫
x−

y−
dz− [x−, z−] P

2⊥(z−)
2k−

[z−, y−] + ⋯]∣ y⊥) ,
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An improved expansion

(x∣ 1

P+ − P2
⊥

2k− + iϵ
∣y)

= −iδ(x+ − y+) θ(x− − y−) (x⊥ ∣P exp ( − i∫
x−

y−
dz−H(z−;x−))[x−, y−]∣ y⊥)

H(z−;x−) = [x−, z−]P
2
⊥ (z−)
2k−

[z−, x−]

Let us simplify the hamiltonian

42



An improved expansion

Commuting the covariant derivative

H(z−;x−) =H0(x−) + V (z−;x−)

with

H0(x−) =
P 2
⊥ (x−)
2k−

,

V (z−;x−) = − 1

2k−
{Pi(x−), ∫

x−

z−
dz′− [x−, z′−]F−i(z′−)[z′−, x−]}

+ 1

2k− ∫
x−

z−
dz′− dz′′− [x−, z′−]F−i(z′−)[z′−, z′′−]F−i(z′′−)[z′′−, x−] .

43



An improved expansion

Carry out a duhamel expansion of the propagator

(x∣ 1

P+ − P2
⊥

2k− + iϵ
∣y) = −iδ(x+ − y+) θ(x− − y−)

× (x⊥ ∣e−i(x
−−y−)H0(1 − i∫

x−

y−
dz− e−i(y

−−z−)H0

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
resummed

V (z−;x−) e−i(z
−−y−)H0

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
resummed

+O(V 2))[x−, y−]∣ y⊥)

44



The amplitude

iMaTMD = e ϵρ(q)ū(k1)∫ d4y eikgy (Cρ
i F̄−i(y−, y⊥)

+Dρ∫
∞

y−
dz− {F̄−i(y−, y⊥), F̄−i(z−, y⊥)} + iCρ

µν

F̄ µν(y−, y⊥)
2

) v(k2)

Cρ
i =

2q−zz̄(k1 − k2)i
(k21⊥ + ϵ2f)(k22⊥ + ϵ2f)

γρ,

Dρ = − 2q−zz̄
(k21⊥ + ϵ2f)(k22⊥ + ϵ2f)

γρ,

Cρ
µν =

z̄

k22 + ϵ2f
σµνγ

ρ + z

k21 + ϵ2f
γρσµν

45



At small-x

Does it give ITMD at small x? The answer is no

The operators have small dipole size

46



At small-x

Does not resum the dense corrections at small-x

dσCGC = dσTMD +

kinematic
³¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹µ
O(∆⊥

Q⊥
)

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
dσsTMD

+

dilute
³¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹µ
O(Qs

∆⊥
)+

genuine
³¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹µ
O(Qs

Q⊥
)

Can we construct a better operator basis?

47



A different expansion

Let us reintroduce the dipole size into the game

(x∣ 1

P+ − P2
⊥

2k− + iϵ
∣y)

= −iδ(x+ − y+) θ(x− − y−) (x⊥ ∣P exp ( − i∫
x−

y−
dz−H(z−;x−))[x−, y−]∣ y⊥)

= −iδ(x+ − y+) θ(x− − y−) (x⊥ ∣R(x−)
⎡⎢⎢⎢⎢⎣
P exp ( − i∫

x−

y−
dz−Hs(z−;x−))[x−, y−]

⎤⎥⎥⎥⎥⎦
R−1(y−)∣ y⊥)

R(x−) = e−i
P2⊥ (x−)

2k− x−

The factor R−1(y−) generates transverse link at photon splitting Ô⇒ finite dipole size

48



The amplitude

Hs(z−;x−) = −
1

2k− ∫
1

0
dα [x−, z−]R−1(αz−) {Pi(z−), z−F−i(z−)}R(αz−)[z−, x−]

Compute dijet amplitude using this propagator

49



Organizing the expansion

Terms should be retained based on eikonality and twist

iMs = iM0 + iM1 + iM2 ....

50



Organizing the expansion

We shall now compute the ITMD expansion starting with this amplitude

51



Going to ITMD

We can use the small-x method to generate F while keeping saturation corrections

• Construct F from wilson lines without gradient expansion

f(x) = f(y) + (f(x) − f(y)) = f(y) + ∫ d2b [δ(2)(x − b) − δ(2)(y − b)] f(b)

• We use the following identity

f(x) = f(y) − i∫ d2b∫
d2k

(2π)2
eik⋅(x−b) − eik⋅(y−b)

r ⋅ k rα ∂αf(b)

• f(x) = [y−,∞] gives us F

52



ITMD at all bjorken x

Amplitude for single field strength insertion

iMsTMD = iMF−i
0 + iMFij

0 + iMF−i+Fij

1

iMF−i
0 = e ϵρ(q)δ̄(k−g ) ū(k1)γρ v(k2)∫

1

0
dt

q−

k−1k
−
2 (k+p⊥)2

∫ d2b⊥

∫ dz− eik
+
p⊥z

−
e−ikg ⋅b⊥ pαF̄−α(z−, b⊥) (ik+p⊥z− − 1) .

k+p⊥ =
p2 + ϵ2f
2q−zz̄

,

p = t k1⊥ − t̄ k2⊥ .
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ITMD at all bjorken x

In general we have all eikonal orders

iM
F−i+Fij

1 = − ie ϵρ(q)
4k−1 (q+ − k22⊥( 1

2k−1
+ 1

2k−2
))
∫ dy+ dz− d2z4⊥ ei(k

−
1+k−2−q−)y+ e−iz4⊥(k1⊥+k2⊥)ū(k1)

(2k−1 (k1i − k2i)
(eik+gz− − e

−i(q+−k2
2⊥( 1

2k−
1
+ 1

2k−
2
))z−
)

i(k21⊥ − k22⊥)
F̄−i(z−, z4⊥) + eik

+
gz
−
σF̄ (z−, z4⊥)) γρv(k2)

iMFij = − 2ie ϵρ(q)∫ dy+dy− e−iq⋅y ei(k
−
1+k−2)y+ ū(k1) ∫ d2ζ⊥ ∫

s

0
dσ ∫

1

0
dαα2 e−i(k1⊥+k2⊥)ζ⊥

ei(s−σ)k
2
1⊥ σ (k1⊥ − α(k1⊥ + k2⊥)) eiσ(k1⊥−α(k1⊥+k2⊥))2[∞, y−]ζ⊥DiFij(y−, ζ⊥)

[y−,∞]ζ⊥γρ v(k2)
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ITMD at all bjorken x

Reduces to ITMD at small-x

iMF−i
0 = −e ϵρ(q)δ̄(k−g ) ū(k1)γρ v(k2)∫

1

0
dt

q−

k−1k
−
2 (k+p⊥)2

∫ d2b⊥

∫ dz− e−ikg ⋅b⊥ pαF̄−α(z−, b⊥)

dσCGC = dσTMD +

kinematic
³¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹µ
O(∆⊥

Q⊥
) +O(Qs

∆⊥
)

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
dσsITMD

+

genuine
³¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹µ
O(Qs

Q⊥
)
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Conclusions

• TMD factorization of dijet cross-section at LO upto twist 3 accuracy

• Propagators not enough for NLO processes

• Develop propagators which resum kinematic twists at LO

• Construct an extension of ITMD beyond eikonal accuracy

• Recover the standard ITMD result at small-x

Mukherjee,Skokov,Tarasov,Yao,SST(2026,2026)
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Outlook

• Compute NLO dijet with arbitrary background

• Understanding the sTMD expansion: Bridging small-x and large-x?

• Phenomenological applications?

Mukherjee,Skokov,Tarasov,Yao,SST(2026,2026)

Boussarie, Mehtar-Tani (2021,2023)
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The end

Thank you for your attention!
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Propagators

lim
k2→0

k2(k∣ 1

P 2gνλ + iFνλ + iϵ
∣z)ij =ieik

+z−+ik−z+(k⊥∣ −i gνλ[∞, z−]A+
1

2k−∫
∞

z−
dz′−

(z′−−z−) [∞, z′−]A[gνλ 2pkF−k(z′−)+
Fνλ(z′−)
(z′− − z−)] [z

′−, z−]A∣z⊥)ij

(z∣ i/P
∣y)baβγ = ∫

∞

0
d−p− e−ip

−(z+−y+) (z⊥∣γµ
Pµ(z−)
2p−

e
−i(z−−y−)P

2⊥(z−)
2p− [ − i[z−, y−] + 1

2p− ∫
z−

y−
dz′−

(z′− − y−)[z−, z′−]
⎛
⎝
{Pk, F−k}(z′−) +

σF (z′−)
2(z′ − y−) − i

δµ− p− σF (z−)
(z′− − y−)(z− − y−)

⎞
⎠
[z′−, y−]]∣y⊥)baβγ
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Transverse photon cross-section
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