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Anatomy of nuclear matter in the high energy limit

Gluon dominance at low-x

%

o0 0 O

momentum Artwork: T. Ullrich

Emergence of an energy and nuclear specie dependent momentum scale Q? X Al/?’x_A
Multiple scattering (higher twist effects)

A~02-0.3
Non-linear evolution equations (BK/JIMWLK)

Review of gluon sat. Morreale, FS (2021) 3



Gearing up for the precision era
Saturation physics at NLO
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Beuf, Lappi, Hanninen, Mantysaari (2020) Shi, Wang, Wei, Xiao (2021)

Other processes:

Inclusive structure functions with massive quarks Beuf, Lappi, Paatelainen (2021)

Diffractive DIS: dijets and light vector meson Boussarie et al (2016)
heavy vector meson Mantysaari, Penttala (2021)

Semi-inclusive: dijet + photon in DIS Roy, Venugopalan (2019)
dijet in pA (real corrections) lancu, Mulian (2021)



Gearing up for the precision era

Pipeline of NLO observables
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\_

Universal non-linear
evolution equations
BK/JIMWLK

LL, NLL + resummation

~

Very few observables: structure functions
(NLO + NLL), and single hadron-production

(NLO + LL with rc)

A

J

Process dependent
impact factors

LO, NLO + resummation

other large logs

Numerical
implementation

A few dozen points
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_J \_
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Phenomenology

Event generators
Fits (many points,
interpolation, etc)

J

——Pp Today: JIMWLK factorization and NLO impact factor
for dijet production in DIS



The Color Glass Condensate

Sources, fields and multiple scattering McLerran, Venugopalan (1993)

, Source the back-ground field
Large-x partons are effectively treated as a

collection of recoilless localized and static A:Fl(a; L,x)~1/g
random color sources

) T (1,%) (', J) Ll (7,7)

Exponentiation
(within eikonal approximation)

Ayala, Jalilian-Marian,

McLerran, Venugopalan (1995) _ N — _ il =1 )z,
Balistky (1996) Tii(1,1) = (2m)o(l™ — 1" )y~ sgn(l )/ e b2y, ()

L

Light-like Wilson line  Vj;(x) = Pexp {ig/dx_Ang’a(m, CC_)ta}
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The Color Glass Condensate

The non-linear energy evolution

Tr [V(z ) VT(y )] Tr [V(wL)t“VT (y )" Uap(21)
Dipole: 58) (1 —y,)= Ni <Tr [V(mL)VT(yL)DY

.. . Balistky (1995), Kovchegov (1999)
Gluon emissions lead to evolution: BK and JIMWLK Jalilian-Marian, lancu, McLerran,

, Weigert, Leonidov, Kovner (1996-2002)
BK equation:

dS)(E) (1) _ as N, a42¢ rzL
dY 272 lfr’f(rL — 7' )?

SE S - - SP )]



Semi-inclusive dijet production




Review of Leading order
Anatomy of the amplitude

l €Ir | 0

& k k B
q g : k? — (2z:;__7zlq 7k1_L)

q'u — <_—_7q_7OJ_> 7*

@yJ_ < k:u — ( ng_ ZQQ_ sz_)

ap % ko — ,

LO
dil 0 | .
/ (27)4 u(ky,01)TY(k1,01)S7 (1) (—ieerd(q, N) S" (I — @) Tl — q, —k2)v(ka, 02)

*Loop integration variable [ since both quark and anti-quark receive momentum from shock-wave.

Dissecting amplitude

Color correlator Perturbative factor!
2\ eerq . i
MLO,’ij,O'lo'Q — ;_ / oL oz HL EV(',I;J— VT yJ_ - ]]‘ I 0102 wJ— o yJ_)
Tl,Y |
N (rs) = —iCoq7) [0 T Mo D0 =1
T) @m0l - q) +ze>

with Dirac/Lorentz structure:

NO>'\10'2 (l) — (2q_)2 [ﬂ(k1701)7_l¢(Q7 A)(ﬁ _ l)’}/_?}(kg,gg)]
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Leading order
Anatomy of the amplitude

e Evaluate Dirac/Lorentz structure with basic gamma matrix manipulations

Noian() = =2Q(2122)* %65, 0y Novoy (1) = L~ €1 [2267, — 2105, ] 80y~

0102 0102

o Evaluate loop integral d*/

d2l [ f } et TLN, 1)@ i)
A J— + — 0102
1(2q~ di di

o Compute [~ integral using eikonal delta function 6(k; — [7)

\ . B d2lJ_ iy T ATA :
Ny (r) = i) | et e )Udﬁ(mie)((l—q)“iﬁg

e Compute [T via contour integration using residues

e ] T B
e B 2T 2120Q2 + 17

o Compute I, with 2D Fourier transform

N2 (1) = —2(2122)* 2 QKo (Qv/z1227 1 )0, 0

1T €
N2ZE (1) = 2(2122)%/? 2000, — 210, ] %Tf K1(Qv/z1227 1 )06, ,—0,

where K, and K, are Bessel functions (exponential decaying like)
10




Leading order

Anatomy of the cross-section

l %:Ll > k1
) q
~
Yy,
2 <« ko
[ —q
— LO

A
MLO,’ij,alag

eerq -
fq / 6—Z(k1J_'€BJ_—|—k2J_'yL) ﬁV(CBL)VT (yJ_) — ][] 7;)6[3\1702 (Q, 1y L | — yJ_)

T

1Y |
qq interaction with nucleus y* splitting to gg
Unpolarized differential cross-section:

_ 8 —iktl ‘\ L —:c’) —ikz ( — /)
Phy | A2k dnydis — (27T)6 /d X e L(el—=] ), 1 (LY,

x(Ero(@ry iy @)y R @ —y 2 —y))

Sro(@y,y;¥1@)) =1-5P(@1,y)) - SV, + 5P (@, y vl 2l)

N Ai -~
dipoles quadrupole
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Leading order

The back-to-back limit and Weizsacker-Williams

Dominguez, Marquet, Xiao, Yuan (2011) ko |
| | k
9 > 1 k.,
Agp
* ()
/7
¥ < ko P
kyiy L
2 21/ _—ik, - (b, —b /.
do NH(PL,Q,zl)/d b, d2b/ e Fr®=0)pG(b b ;1)
Corrections beyond back-to-back: A distribution sensitive to ® distribution sensitive to
Boussarie, Mantysaari, Salazar, Schenke (2021) gluon saturation QJ, via WW linearly polarized WW gluon TMD
x10°°
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Zheng, Aschenauer, Lee, Xiao (2014) 12 Dumitru, Skokov, Ullrich (2018)



One-loop corrections
to semi-inclusive dijet production

P. Caucal, FS, and R. Venugopalan. 2108.06347 [JHEP 11 (2021) 222]
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One-loop corrections

Some remarks on our approach

e Covariant PT with effective CGC Feynman rules for multiple scattering

¢ nght-cone gauge A =0 Ayala, Jalilian-Marian, Balistky (1996)
McLerran, Venugopalan (1995) Gelis, Mehtar-Tani (2005)
e Regularization schemes

dimensional regularization transverse momenta and coordinate space integrals

hard cut-off A~ = z3q~ for dI™ loop integrals

work within small cone approximation to isolate collinear singularity

e Separate regular and instantaneous pieces in the Dirac-Lorentz structures

Inspired from spinor-helicity techniques and LCPT

e Work out all internal transverse momenta integrals then extract rapidity

divergences | | 5
Otherwise, one could miss double logs In”(z)

e UV and collinear dlvergences will appear as 1/¢ poles, IR dlvergences
manifest as double logs In? (20), and “rapidity divergences” as In(z).

14



One-loop corrections

Real and virtual emissions

Real emission diagrams (loop opens in DA and closes in the CCA)

e S e T

Virtual emission (loop open and closes in DA or CCA)

Self-energy contributions

*<¢
SE1
> p——
<4+—3
SE2
e
7 q<rq
o <
SE3
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Vertex contributions

X—p P
V*W
<43 <
V1

p—
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One-loop corrections

Connection to LCPT: an example

I
b=l 2 /1

Cvo,ij (L, Y))
=Cp [V(e)V(y,) - 1],

li —q

lh —q—1

V2

A _eerq _i(k Tk
MVQ,ij,0102 o T / ey CV2 2] (wJ—7 yJ_)NVQ ,0102 (’I"my)
T,y

Perturbative factor

N r - / / _)5(k_ _ l1_>N€}2’0_102 (l17 l2)eilll'rxy
V2,0102 :cy =g 12 l2 + 26 l1 — lz) + ie] [(ll — [y — q)2 + ie] [(ll _ q)2 + ie] [l% i ie]

Dirac-Lorentz structure

N\>/\'2,0102 (l17 ZQ) — (2(]_)2

16
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One-loop corrections

Connection to LCPT: an example

Perturbative factor

N _)6<k_ o ll—)N\)/\'270.10.2 <l17 l2)eil1J—'rCDy
V2,010, (Tow) = 9 / /l2 (13 + i€ | ll—l2 ’ '
)

)2 +ie] [(lh — Iz = q)* +ie] [(ly — q)? + ie] [I5 + ie]

Dirac-Lorentz structure (DLS

1
N\/>2,0102 (l17 l2) — (2q_)2

Useful decomposition (dissecting Dirac-Lorentz structure)

akr, o)y Iy (I = T2) (@, (L = To = @77 (I — @)v " v(ke, 02)] T (12)

NV2 — NVQ,reg + l%NVQ,ginst + (ll — ZQ)QNVQ,qinst + (ll _ 12 — Q)QNVQ,qinst

NV2 — NVQ,reg + NV2,ginst + NVZ,qinst + NVZ,cjinst

After contour integration /" and /5 one obtains
light-cone energy denominators in LCPT

Diagram A’ Diagram B’ o 0 0 v
Tg, A
¢ 0 , 0 __%a% 2 e + g
§Q C%%% g\ 1 TS 1 §§
7 7 1 1
I ' 1 ' zt = —o00 EDy EDso zt =0 zt = —o00 EDg ED1o zt =0 " = =00 EDa o

N o oo EDy  EDy  EDyp o e EDy  EDy  EDo o Diagram 3 Diagram 2’ Diagram 1’
Diagrams from Beuf (2016) These perturbative factors have been computed in

Beuf (2016,2017), Hanninen, Lappi, and Paatelainen (2017)
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One-loop corrections

Real gluon emission before SW

S—P k1
. Cr1,ija(T1,Y1,21)
- g = V@)V @)tV (z0)Vi () —td,,
T ko

R1

_eerq —ilk1, x| kot -y +koy -2
/ e~k @ thaly, +hot L)CRl,ija(mJ_7 Y, ,z )Nm o109 (Tay, T22)
£X

MRl ,2j]a,0102 .

1,Y | =1

Perturbative factor:

)\ O 5\ r 3 2 o )\* z 5;1 + z _|_Z 55\2
NRl ,reg,0102 (’I"a;y,’l"zx) — [2(Z1Z2) / QKO(QXR)(SJL%]T T2GL =< (Zi o) D
s . X .
A==1,) _ 3/2 A A\ ZQRR €] Zg T, e [Zl(gk (21 N )53\2]
NRl ,T€g,0102 (’l"xy, rzx) — 2L(Z122) / [Z2501 o (21 -+ 29)502] Xr Kl(QXR)501,—02 T T2 L - g

A==+1)
NRl,qlns 0102 (T$y7 TZZU) —

2g
Zg + 21

RR = Tgy =+ Tzx

Ayala, Hentschinski, Jalilian-Marian, Tejeda-Yeomans (2017) 5
with spinor-helicity techniques . XR = 21 ZQ’I“ _|_ 21 Zgrza: + 20247 ~y



One-loop corrections

Self energy with gluon crossing SW

CSEl,z’j (ilua Y., ZJ_)

q W a = [t°V(z1)VT(21)taV(21)V(y L) — CF]
/)/*
Cuv,ij(®1,y,)

i v Cr[V(z )Vi(y,)—1]
= xr — ..
UV finite piece SE1 F L)V Y ij

A
MSEl,UVﬁnite,ij,al o)

eefq_ / e—i(li_'CBJ_+k2J_'yJ_) [
x

A
7 CSEl’ij (wJ" Yy ZJ‘)NSELUU’? ('ra;y, rzx)_CUV,ij <wJ—7 yJ_>NS>\E1,UV,0102 (rfﬂy? TZID)}
J_ayj_azJ_

2(2122)** QKo (QXV) b5, —o,

Prescription as in

A=0,00" as [Ttdzg 1 ~g e AT
NSEl (rwwrzw) ) — 5 |1+ T

21 ’I"gm

P g [F dz, e % 3/2 > PHénnlingn, Laz%ai%
NSEI,UV,0102 (razyy rz:v) = —p - 2 2(2122) QKO (Q, /leQTxy) 501’_02 aatelainen ( )
Z0 g zZx
X2 = 29(21 — 20)72, + 24 (21 — 24)72, + 202,72
UV divergent piece vV T 22l T 2 Ty TR \FL T 29 Tar T 2259 T 2y
A _eefq (k1L @i +katy,)
MSE1L,UV,ij0100 = T /{B ey T CUV,ij(wJ-vyJ_)NS)\El,UV,Jlag (Tawys T2z)
1Y
NSEl,UV,0102 (Tay) = By {(2 In (%) — 5) + In(2rp~g) | — ) + O(e) NLO,s,olaz (T2y)
UV pole

19
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One-loop corrections

Vertex with gluon crossing SW

q Cvi,ij(T1, Y, 21)
~y — [tav(wL)VT(zL)taV(ZL)VT(yL) - OF}

©J

V1

A _ eerq —i(kyy @ +ko, - A
M1 ij.o100 = e Rt PRt YOy (21, Y15 21N 60 (Tays Tay)
n Li,Y,,21

Perturbative factor:

_ as [dzy _iZag,
N\>ig102 (rx?ﬁrzy) — 2 / —ge o o zw2(Z122)3/2QK0 (QXV) 501,—02
Zg Zg Zg Zg Tog - T oy
X — = 1+ —= 1 — —
{( ) ( ! ) [ 2 2+ zg>] 202, }

This contribution is UV finite!

2

X\2/ = 22(21 — zg)riy +24(21 - Zg)rgw T 29Ty
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One-loop corrections

Cancellation of UV divergences

e UV finite diagrams

Real contributions
are UV finite

+ g q

o UV divergent diagrams

st B e Gudl Bl i

El + ¢ q +q<q SE3  + 4 4q
uv dwergent piece

Sum of these contributions:

Mir = Mya + (Msg1,uv + Msg2 + Mgsgs +q <+ 7) < Contributions proportional to LO color

: structure
— cerq / €_i(k1J_'mL+k2J-'yl)CF [V(wJ_)VT (yJ_) - ]1}7;"/\/‘1?\0,6,0102 (rxy)
™ T,y J
) s In 22 +1n “q ’ ‘ ’ 2 In iyﬁQ +2In(2mp%E) | + 1 In® ( i + =
2T 20 20 2 5 1B 4 T 2 Zq 6 2 2

IR pole
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One-loop corrections

Cancellation of IR and collinear divergences

IR divergences manifest as double logs In? (zo) in our calculation (our regularization scheme)

> S—> 2 .
Double logs In“(zq)cancel as in
v ol Beuf (2016), Hanninen, Lappi,
| | Paatelainen (2017)
< <4— 4+

+ 49 q SE2 +q < q

@

V2
Double logs also occur in V3xLO and R2xR2’ (and c.c.) by examining singular part of Zg

S o310, Qe €} Ne
* slow 5(1 — 2 — dLoRLo (Tay, Tar
7 :>”W‘ v dzkudnld?ku_d’flz (27r) Hoas )/ LoRio(Tay: Tary)
—ag) [*dz
«—3 / -9 El ))—i— In (Pi?‘my) + QWE] Exvos(@L, Y., Y))

212’2

V3 LO

do’fA{QXRZ’,slow _ OéemG?ch
d2k1J_d771d2k2J_d772 (27‘(’)

v “f dz
/ —e Eln( le2)+ln (PJ_’I“xy)‘FZYE] EnLo3 (1, Y 1,2, Y))

5(1 — 21— 22) /dHLORf\,O(rmya rw’y’)

Sum V3xLO + R2xR2’ is free of double logs
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One-loop corrections
Slow gluon limit and JIMWLK factorization

“d
2
g ~
donLo :/ —=doNL0
2

OZQ

oo
donro = dog + E danzg

n=1

- “d N N
donpo =|dog In (?)JFQ % donro — dop©O(zf — z4) |+ O(20)
0 0 Zg

impact factor

Slow gluon piece

Ty + Da:yDy’:c’ - Dy’zQazy,zx’ - szQy’w’,zy)}>
Y

2
doy Qem€4 N,
NLO __em>f-tc A i
11dnid®ka 1 dna | 0w (27) 20
@vc o \
X 47‘[‘2 /d zZ | ""2 ']"2 (2ny — 2Dszzy -+ DzyQy’m/,-’EZ + DwzQy’w’,zy — Q$y7y/$/ — nyDy/w/)
zx' zy
r2,
+ ﬁ(2Dy/$/ - 2Dy,ZDZ$/ + Dz:r’Qxy,y/z + Dy’zQazy,z:c’ - pryal/la?/ - nyDy/m/)
zx' ' zy
Iriw’
+ r2 ,’,,2 ) (chc’Qxy,y’z + Da:zQy’a:’,zy - Qxy,y’x’ — Dwm’Dy’y)
2 /
+ ’)"2 Zf_Z (Dy/zQ:Ey,zg;/ + DZyQy/x/’xz _— me,yl:c/ — DIECE‘/Dy'y)
zy' zy
r2,
too o (DzarDyry + DyyDyrar — Doyt Quy s — Doy Quyrar 2
zx' zy

J

k JIMWLK LL Hamiltonian acting on LO color structure HITMWLK <ELO(CU_]_, Y, yiwl)}Y J

23

Small-x evolution of dipole and quadrupole!



One-loop corrections
Rapidity (slow gluon) divergences and JIMWLK factorization

<f
donLO slow = In | — | Hymmwrk doro
<0
+
kg
q+ = Tp; P—l—
Gluon emissions NLO
(perturbative) Impact factor
A}_ = :CfP+
Gluon emissions
(perturbative)
logarithmically ey
enhanced
Renormalized
sources
""""""""""""""""""""""""" Jee e (via JIMWLK) T
Ay = z0q ABL = o P
Sources
(non-perturbative)
A ,
Pa Pa
P~ T T Pt

2
Slow gluon radiation doNrLo,slow X @ In (—f> can be large in resummed by redefining

distribution of sources: <0
Waolpal = Wa, [04]
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One-loop corrections

Cancellation of soft and collinear divergences

excluding slow gluon divergence non-slow gluon

29— 5
(2m)2—¢ ngL

e Implement a jet algorithm* (small cone) Phase space for collinear é dzy e d2 “Cog.L 1

Collinearity variable:

ngi -

Small-cone condition:

2 2
ng,J- < ng L

’ ’ max

e Collinear divergence cancels against IR divergence left
in virtual contributions

d2k1J_dT]1d2k2J_d772 B s d2k1J_d771d2k32J_d772
2 3 R?p? 1 3 z
1n2 —n? _ m(22) -2 J1 - _(1_1 (ﬂ))
Fint(z) = () 6 i (n ( Zf 1) [223, 173 5

Collinear poles from R2 X R2 and R2’ X R2’ cancel against IR pole of virtual contributions (see Slide 21)!

A
daRZxRQ,dijet,in—cone asCF dULO ,E { (3 (Zjl ) ) 2

It is possible to show that ln2(zf) cancel with the out-cone contribution.
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Back-to-back limit
Where are the Sudakov logs?

A Y

Leading jet

Assojciate jet

Figure from Xiao lecture notes on Sudakov

Work in progress with P. Caucal, FS ,B. Schenke and R. Venugopalan
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Back-to-back limit
Origin of Sudakov double logs

In the back-to-back limit we expect the appearance of double and single
Sudakov logarithms

ki1 =ki1 +kay

i P, = 2zk11 — z1kal
ol o~
® < / Soft gluon emissions reduce the probability that
ki1,

dijets are back-to-back

Double log occurs due to incomplete cancellation between real and virtual emission, real emission is highly
constrained. — resummation

do ~H(P,,Q,z) / deLde’Le—%‘M%brbL)@—Ssudw;bLP@ rG(b,, b ;1)

(=1 Ssualby — b, P1)+..)

.-

2 o \2
Sudakov factor  Sgua(by — b, P) = asNe )2 (Pl(bL b1) > + ... Mueller, Xiao, Yuan (2013)

2
A7t cH

one-loop contribution

Single logs depend on jet algorithm... Computed in collinear factorization see Sun, Yuan, Yuan (2015)
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Back-to-back limit

Where is the Sudakov in our computation?

Focus on real emission after SW (virtual emissions will cancel divergences)

In-cone and out-cone contribution:

daﬁzxm _ CVem@?"Nc
dQPJ_d2k3J_d771d772 (271')6

1 P% Ab’ P? Ab}
X asCr [ _ In (2L 2 +In(e"® 2 AbY) | +|= In? - b1 In(R)In [ —= b1 + O(1)
(s 20 3 4 CG CG

Single log as expected
> ] depend on jet radius R!

5(1—21 _Z2)HL(PJ_)/deJ_defJ_e—ikJ_(bJ_—b/J_)SWW(bJ_’b/J_)

R2’ x R2’, R2 x R2’ and R2’ x R2 A 2

€o

Combining with [ s N, (PiAbi

Sudakov double log but with opposite sign!

What did we miss ?7??
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Back-to-back limit

Kinematic constraints strike back

2 2

k J_2 k 1 k 1
Real emission, gluon is on-shell: &, = —2— > 7 2y > —2
9 2kS T 2zoPt g ToS

Kinematic constraint will generate additional finite pieces.

s Needed to obtain threshold logarithms Watanabe, Xiao, Yuan, Zaslavsky (2015)

inp+A—->h+X Liu, Liu Kang (2021)
Shi, Wang, Wei, Xiao (2021)
Talk by Hao-Yu Liu today!

\_ J
~

(Back-to-back dijets seem to be sensitive to kinematic constraint too!
Correct Sudakov double log obtained in real emission when imposing kinematic constraint!

sC 1 2 2 1 P
Ra2 x Ry (out-cone) a = l {(ln (%) +In (E)) [—g — 1n(eVE,u27rAb2L)] + i In (;L—QL>

plpe (B} 1y (PRA0)
4 > 4 A 24

Full result might require evaluation of virtual loops with kinematic constraint,
following the work in lancu, Mueller, Triantafyllopoulos (2016)

Some terms in the kinematic constraint Ducloué, lancu, Lappi, Mueller, Soyez,
should be part of NLL JIMWLK evolution? Triantafyllopoulos, Zhu (2018)
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Summary

e Systematic analysis of one-loop corrections to semi-inclusive
dijet production in DIS within the CGC

e Proved LL JIMWLK high energy factorization of rapidity
divergence, and isolated impact factor

e Need of kinematic constraints in the back-to-back limit
to reproduce Sudakov double log
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Outlook

e Semi-inclusive dihadron production (more suitable for EIC?)

e Massive quarks: heavy quark and quarkonia production

e Connection to RHIC and LHC physics via UPCs (photo-
production limit)

e Joint resummation Sudakov (single + double logs) and LL
(NLL) resummation?
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Many congrats on the inauguration of the
Centre of Excellence in Quark Matter!

Looking forward your contributions
and efforts towards understanding QCD

Hope to visit in person soon!
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One-loop corrections

Real gluon emission after SW

k1
g L Cr2,ija(W1, Y, )
y* J = [tav(wJ_)VT(yJ_) — ta]ij
R < ko
R2
MRZ ija,c102 eequ /au,ZZTSTLmLHﬂzL.yL+kQLZL)CR2»’Ua(wLa yL)NRz v (Twys Tzz)

Perturbative factor:

=0, )
NféggliQ(rwyarzx) —6(2122) /2 QKO(Qwa) o1, GI?”“% eVt [2102, zl—l—zg 2

r2

A
A==x1,\ 3/9 A A\ ZQrwx €] . I n 5
NR2,016, (Twys Tz0) 2[2(2’122) 12 2205, — 2105, X K1(QXwz)00,,~0 ﬂ”“ EL |21 (71 + 29)

wa 21

21T + 2921

w | =
21 + 2y

. . op e _ . . _ 2 L 2

Ayala, Hentschinski, Jalilian-Marian, Tejeda-Yeomans (2017) wa = 29 (Zl + Zg)rwy

with spinor-helicity techniques
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One-loop corrections
Self energy with gluon before SW

k1

P> p—p—
q W
7*
<+«—3 ko
SE2

Csg2,ij(TL, Y )
=Cp [V(e)V(y,) - 1],

A _ €€fq_ —i(k1L x| +ka -y A
MGE2.ij.0100 = / e~ L thaivl) Copo i (21, Y | JNSE2.0,00 (Tay)
£r

n 1Y |

Perturbative factor:

= 053 Zl 3 2 1
NS>\E2(30102 (rxy) — % { <—21H <%) + 5) g + 5 In
UV pol

2
T (% + 3 — % —EDQ (Z)J) + 0(5)}-/\/’[)4\5,2,0102

Beuf (2016,2017), Hanninen, T. Lappi, and R. Paatelainen (2017)
Loop corrections light-cone photon wave-function
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One-loop corrections
Self energy with gluon after SW

> — F
1 w Csrs,ij (T 1,y )
! =Cr [V(z1)VT(yL) - 1],
% < ks
SE3

)\ _ eefq_ —’l:(k]_L'wJ_—FkﬁzJ_'y ) )\
MSEQ,ij,alag — - / € - CSE3,z’j(wJ_a ?JL)NSE:a,ol@ (Ta:y)
T,y

Perturbative factor:
UV pole

A Qg \ 2 2 p 3

IR pole

Self-energy contribution vanishes exactly in dim reg (IR and UV pole cancel each other out)
turns UV divergences into IR (massless quarks)
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One-loop corrections
Vertex with gluon before SW

> K—p— k1
q Cv2,ij(€1,Y,)
7 = Cr [V(x)VT(y,) - 1],
<+—3—<4— ko
V2

A __eefq —ilk Kk
MV27'I;j70'10'2 o T / ke ) CV2 2] (:BJJ yJ_)NVQ ,0102 (’l"my)
Tl,Y,

Perturbative factor®: double logs

UV pole

58t = (0 () [ (5) 0 (2) -8 o () o (o (2) -5
(2111(2) 2)111(7;1) (2111( > 2)111(22)—;—54_(9( )}Nmm@(rxy)

*includes both regular and gluon instantaneous contribution

Beuf (2016,2017), Hanninen, T. Lappi, and R. Paatelainen (2017)
Loop corrections light-cone photon wave-function
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One-loop corrections
Vertex with gluon after SW

q Cvs,ij(T1,y,)

V3

A _eefq —i(kqy - kol - . A
MVS,ij,Ulag — . / e (k1L o +k21 -y, ) CVS,’LJ ({BJ_, yJ_)NVB,Jlag (ra:y)
T1,Y,

Perturbative factor®:

as [ dz,

NG5 10 (Tay) = == [ —22(2122) 2 (21 — 2) (22 + 2) QKo (Q\/(Zl — 2g)(22 + Zg)rwy) Oy, 05

<1

2 Contains a double log
4 A Z 29 Z
N 9 _ _“g iz k1L Tay v l1=22)P, . A
[ 521 + 22 2212’2] e *1 Jo |7 Yo Zl 1,Av3 IHQ(ZO)

z z z 29 . <
9 _ 29 4 79 ] iz kL ey 7 (rxy, (1 — —g) PLaA\/B) } + (¢ q)

<1

*includes both regular and gluon instantaneous contribution
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