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Probing small-x color field, DIS dipole picture

A

I Amplitude for quark: Wilson line
Pexp

{
−ig

∫ x+

dy+A−(y+, x−, x)
}
≈

x+→∞
V (x) ∈ SU(Nc)

I Amplitude for color dipole N (r = |x− y|) = 1−
〈

1
Nc

Tr V †(x)V (y)
〉

I r = 0: color transparency, r � 1/Qs: saturation

DIS: leading order dipole picture

I γ∗ → qq̄ in vacuum
I qq̄ interacts eikonally with target
I σtot is 2×Im-part of amplitude

“Dipole model”: Nikolaev, Zakharov 1991

Many fits to HERA data, starting with Golec-Biernat, Wüsthoff 1998

Leading Log and NLO: add gluon

q+

k+
g

I Soft gluon: large logarithm
BK evolution Balitsky 1995, Kovchegov 1999∫

xBj

dk+
g

k+
g
∼ ln

1
xBj

I NLO: full gluon kinematics
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Light cone wave function

I Know free particle Fock states: |γ∗〉0, |qq̄〉0, |qq̄g〉0 etc.
I Interacting states are superpositions of these:

|γ∗〉 = (1 + . . . )|γ∗〉0 + ψγ
∗→qq̄ ⊗ |qq̄〉0 + ψγ

∗→qq̄g ⊗ |qq̄g〉0 + . . .

I Calculate in QM perturbation theory, e.g. ground state |0〉 wavefunction:

ψ0→n =
∑

n

〈n| V̂ |0〉
En − E0

+ . . .

I Here 1/∆E is ∼ the lifetime of the quantum fluctuation from 0 to n

I “Energy” E conjugate to “time”, LC time is x+ =⇒ LC energy k− (energy “not conserved”!)

Connection to Feynman perturbation theory
I Matrix elements 〈n| V̂ |m〉 are vertices in Feynman rules
I LC energy denominators from propagators, integrating over k− pole

Natural for high energy scattering, x+ is the relevant “time”
I Collinear factorization: LC quantize proton
I CGC/dipole picture of DIS: LC quantize probe photon
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Massive quarks
Beuf, Paatelainen, T.L. 2112.03158 [hep-ph] 2103.14549 [hep-ph] + t.b.p.

I Fc
2 important at HERA, EIC program, precision tool for saturation in DIS

I Calculate γ∗ → qq̄ to one loop with massive quarks

New theory challenge: mass renormalization in LCPT

~p,h ~p ′ ≡ ~p − ~k ,h′

~k , λ; k+ = zp+

q ≡ k− zp I 2 helicity nonflip-structures δh,h′ , ∝ qi =⇒ more UV div.
I 1 helicity flip δh,−h′ , ∝ mq

[
ūh′(p′)ε/

∗
λ(k)uh(p)

]
∼

∼δh,h′︷ ︸︸ ︷
ūh′γ

+uh δ
ijqiε∗jλ +

∼δh,h′︷ ︸︸ ︷
ūh′γ

+[γ i , γ j ]uh qiε∗jλ +

∼δh,−h′︷ ︸︸ ︷
ūh′γ

+γ juh mqε
∗j
λ

I 2 flips: UV-divergence ∝ m2
q

I Renormalize mq in LO energy
denominator

I 1 flip: UV-divergence ∝ mq

I Renormalize mq in LO vertex
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γ∗ → qq̄ with massive quarks
New result Beuf, Paatelainen, T.L. 2112.03158, 2204.02486 full LC gauge 1-loop structure of γ∗ → QQ̄

ψ̃
γ∗T →qq̄

NLO = −
eef

2π

(
αsCF

2π

){[( k+
0 − k+

1

q+

)
δ

ij ū(0)γ+v(1) +
1
2

ū(0)γ+[γ i
, γ

j ]v(1)

]
F
[

PT
iVT
]

+ ū(0)γ+v(1)F
[

PT
jN T

]

+ mū(0)γ+
γ

i v(1)F
[(

PT
i PT

j

PT
2
−
δij

2

)
ST
]
−mū(0)γ+

γ
j v(1)F

[
VT +MT −

ST

2

]}
ε

j
λ.
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Cross section, real and virtual correction
B. Ducloué, H. Hänninen, T. L. and Y. Zhu, [arXiv:1708.07328 [hep-ph]].

Evaluate cross section as σNLO
L,T = σLO

L,T + σdip
L,T + σqg

L,T ,sub.

⇒ σLO ∼
∫ 1

0
dz1

∫
x0,x1

|ψLO
γ∗→qq̄(z1, x0, x1)|2N01(xBj)

− ∗ ⇒ σdip ∼ αsCF

∫
x0,x1,z1

∣∣∣ψLO
γ∗→qq̄

∣∣∣2 [ 1
2

ln2
(

z1

1−z1

)
−
π2

6
+

5
2

]
N01(xBj)

+ ∗ ⇒ σqg
sub. ∼ αsCF

∫
z1,z2,x0,x1,x2

dz2

[
|ψγ∗→qq̄g(z1, z2, {xi})|2N012(X(z2))

k+
g ∼ z2

- LL

− |ψγ∗→qq̄g(z1, 0, {xi})|2N012(X(z2))

]
.

* UV-divergence cancellation LL: subtract leading log, already in BK-evolved N
I Parametrically X(z2) ∼ xBj , but X(z2) ∼ 1/z2 essential!

(“kT -factorization” with fixed rapidity scale is unstable @ NLO. Analogous probem in p + A→ h + X )

I Factorization already demonstrated for massless quarks see 2007.01645 [hep-ph] poster Hänninen
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