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Why inclusive dijet production in DIS?

Complementary process to fully inclusive Q" Ag
Study dependence on kinematic variables, correlations, etc !
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Jets are better proxies of hard partons (than hadrons)

3



Anatomy of nuclear matter in the high-energy limit

(1) (2) (3)

- Ao b

q ——
q -
qg_ % *

momentum Artwork: T. Ullrich

Emergence of an energy and nuclear specie dependent momentum scale
Multiple scattering (higher twist effects)

2 1/3..— A
Non-linear evolution equations (BK/JIMWLK) Qs ox A

Review of gluon saturation. Morreale, FS (2021) 4



Dijet production beyond TMDs

Computation in the CGC: resummation of multiple scatterings

Dominguez, Marquet, Xiao, Yuan (2011)

€
/ Dense gluon field A, ~ 1/g needs resummation of
. > multiple gluon interactions

> Acl Acl Acl Acl
X
p Vii(x) = Pexp {ig/da:A+’a(w x)t“}
) cl Y

Unpolarized differential cross-section:

dortA—aq+X
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X (ELO(fBJ_ayJJ ylwi))@@k(au — Y, x) - yl)

ELO(mJ_ayJ_;y/J_m,J_) =1 — 5(2)(mJ_7yJ_) o S(2)(yﬂ_7mi) + 5(4)(ml7%u_7ylj_7mlj_)
¥~ dipoles 7
5

quadrupole



Dijet production beyond TMDs

Resummation of power corrections and genuine saturation corrections

®
Y

@
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Dominguez, Marquet, Xiao, Yuan (2011)

4 TMD valid k,Q, < P,

back-to-back hadrons/jets

than sat scale
\_

and transverse momenta larger

J

R. Boussarie, H. Mantysaari, FS, B. Schenke (2021)

klnematlc genulne

docac = dorvp + O (gi) + O (gj)

dorTMmD

A

Weizsacker-
Hard factor Williams gluon TMD

do7 AN HTMD(PJ—) %ZUG%{/W(% ki)

+O(kL/P1)+O(Qs/PL)

Altinoluk, Boussarie, Kotko (2019) Boussarie, Mehtar-Tani (2020)

transverse momenta larger
\_ than sat scale

4 Improved TMD valid Q. < P, )

J

Hard factor resums
kinematic powers k, /P,

do AT YA (P k) axG (2, k)

6 _l_O(QS/PJ_)



Dijet production beyond TMDs

Q2 and P, dependence of genuine saturation

Near back-to-back k; = 0 the ratio of CGC/TMD is sensitive to genuine twists

i +Au— g+ G +X Vi +Au— ¢+ q+X

Ng' TMD/CGC

3

%
: (G 4 :
0.5 @P) 5 . SP_L kG \T\ 05
AN tA—=G+X 00
= Ng\(P 142 P
dzP_]_dsz_dﬂldﬂz 0( J_akJ_) + ;’l)k,x( _L,k_]_) COS(kqb)
Qb = Qbku_ T ¢PJ_

R. Boussarie, H. Mantysaari, FS, B. Schenke (2021)



Dijet production beyond TMDs

Momentum imbalance elliptic anisotropies: TMD vs ITMD vs CGC

Vo(k, P))

Y +P = q+q+X v+ Au — g+ G+X ; ;
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R. Boussarie, H. Mantysaari, FS, B. Schenke (2021) 8



One-loop contributions

Amplitudes
> ——
ol g
2 -«
R1 SE2
e
ol v
|| < +«———4—

R2 V2

Avyala, Hentschinski, Jalilian-Marian, Tejeda-Yeomans (2017) Beuf (2016) with LCPT

Altinoluk, Boussarie, Marquet, Taels (2020) Hdanninen, Lappi, and Paatelainen (2017) with LCPT

with LCPT and Q? =0

> > >

SE1 V1 V3

Boussarie, Grabovsky, Szymanowski, Wallon (2016) for exclusive dijets

Caucal, FS, Venugopalan (2021) Taels, Altinoluk, Marquet, Beuf (2022) with LCPT and Q% = 0
Computed all diagrams within covariant PT for

inclusive dijets 2



One-loop corrections

Cancellation of divergences: UV and soft

e UV divergences cancel among virtual diagrams: cancellations of poles 1/¢

T

El + g q +q<q SE3 + 474

e Soft divergences in real and virtual diagrams: cancellation of double logs/poles

V3

Caucal, FS, Venugopalan (2021) 10



One-loop corrections

Cancellation of divergences: IR and collinear

e Remaining IR divergence in V2 manifesting as 1/¢ pole

Collinearity variable:

Zq Zg
o (ksu o TkL>
J ~q

C(I.(Ll -

Small-cone condition:

C2 1 < C29L‘ = R2p2-min< >

max J

wa | lQNw
—
k)2\2
N )
N
Q
N—
[
N—_

e Collinear divergence contains 1/¢ pole cancels IR pole

e Exclude slow gluon divergence phase space (must go into evolution)

5 ¢ 7
(2m)2—¢ ng 1

e Other jet algorithms can be implemented — modify impact factor (finite piece)

Caucal, FS, Venugopalan (2021) 11



One-loop corrections

Slow gluon limit and JIMWLK factorization

dzg
donto =Idog In ) Q dO’NLQ — dao@(Zf — Zg)] + O(ZO)

Slow gluon piece

impact factor

-
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2
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k JIMWLK LL Hamiltonian acting on LO color structure HITMWLK <ELO(.’IJJ_, Y., ylwl))Y J

Evolution of quadrupole can be found in
Dominguez, Mueller, Munier, and Xiao (2011)

Caucal, FS, Venugopalan (2021)

Small-x evolution of dipole and quadrupole!
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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, =2ki) —21kay
v -
% .|
ki,

— resummation
do ~ H(PJ_, Q7 Zl) /d2bJ_d2b/_L€—ikJ_-(bJ_—b/J_)G—SsUd(bJ_—b/J_,PJ_) .TG(bJ_, bl) ZC)

Gl—SSud(bJ_—le_,PJ_)+..)

-

.. P2 (b, - b )?
ol (PLOLUPY

2
47 5

one-loop contribution

Sudakov factor Ssua(bl — b, P ) = Mueller, Xiao, Yuan (2013)

Single logs depend on jet algorithm... Computed in collinear factorization see Sun, Yuan, Yuan (2015)

Effect of soft gluon radiation on azimuthal anisotropies see Hatta, Xiao, Yuan, Zhou (2011)

13



Back-to-back limit

Where is the Sudakov in our computation?

e Take back-to-back limit of impact factor (real diagrams with soft divergence)

T~

do ~H(P.,Q,z) /deLdele_ikl'(bl_bl)

SN, Pi(b, — b))
[1€a 1n2( 1 ( LQ 1) } —I—ozsln( )ICLL@)] rG(b, b ;7)
47 C§ 20

Sudakov double log but with positive sign!

e Need kinematic constraint: disentangle phase space for soft and slow (small-x) gluons

Caucal, Schenke, FS, Venugopalan (in preparation)
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Back-to-back limit
Sudakov resummation and kinematically improved small-x evolution

Phase space for naive separation Phase space for kinematically
L~ small-x evolution Lk~ improved evolution Lo 2

e Positive (wrong) Sudakov double log e Correct Sudakov double log

e NLL small-x evolution will suffer from e Collinearly improved small-x evolution
collinear divergences

do ~H(P,,Q,z) /deLde’Le—ikﬂbrbi)

,N. P? (b, — b )?
[1€a4 1n2( L J;:Q L))—i_.‘.—l_@ICLLaCOHa ZUG(b_]_,b/J_;.CE)
n 0

Caucal, Schenke, FS, Venugopalan (in preparation)

Taels, Altinoluk, Marquet, Beuf (2022) for photo-production.
15



Back-to-back limit
TMD factorization breaking at NLO

e LL small-x evolution of the Weizsacker Williams TMD is not a closed equation
(even at large Nc)!

See Dominguez, Mueller, Munier, and Xiao (2011)

e At NLO finite pieces containing correlators beyond the Weizsacker Williams TMD

See also Taels, Altinoluk, Marquet, Beuf (2022)

e In the dilute limit, LL evolution follows BFKL (closed equation) and finite pieces

simplify to dipole gluon TMD — TMD factorization: Sudakov resummation +
small-x resummation

As conjectured in Mueller, Xiao, Yuan (2013)

e Saturation introduces factorization breaking terms at NLO. How large are these
contributions? Expected to be enhanced for nuclei!

Caucal, Schenke, FS, Venugopalan (in preparation) 16



Summary

e Why dijet production?

Saturation, linearly polarized gluons, azimuthal correlations, etc

e (CGC beyond TMDs

From Wilson lines to TMDs and beyond
(kinematic and genuine twists)

e NLO corrections

Cancellation of divergences, rapidity evolution, and impact factor

e Back-to-back limit

Interplay between Sudakov resummation and kinematically improved evolution
TMD factorization breaking

17



Future directions

e Numerical predictions for dijets at NLO

e Alternative way to distinguish soft/rapidity divergences
using SCET

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

e Massive quarks: heavy quark and quarkonia production

18
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Dijet and dihadron production: TMD formalism

Forward dihadron azimuthal correlations and gluon saturation

Weizsacker-Williams TMD
at small-x

—Q?, =1.0 GeV? )
1.6|_ _ szb — 3.0 GeV?2 // \‘
|-—-Q%, =6.0 GeV?| ! \

1072 10 10° 10’ 102
kj_ <G€V)

Typical momentum transfer from
hadron/nucleus to

Momentum

o ance | kJ_ ~ Qs <«—— Saturation

scale

—

Dihadron suppression
back-to-back peak

0.45 L 1] 1 I 1 L L] l L L I L T L] T ' Ll L] L] L] I L] T L] L) I 1
trig, .
0.4F P;>2Gevie 10 GeV x 100 GeV
1 GeVic <p7™**<p* ]
0.35 0.2<Z:ig, z:ssoc<0.4 _:
0.3F 1GeV’<Q’<2 GeV? \ —
0.6<y<0.8 L 3
= 0.25 Y X =
J -
2 s }4_ .
O 0.2 y: ’f‘\ E
4’{ \ .
0.15 3 A =
:/ \f \ :
0.1 . N -
0.05 < -
D=0 . ..
0 B 1 l 1 L 1 1 l 1 1 L 1 l 1 1 1 1 l 1 1 1 s l 1 1 1 1
2 2.5 3 3.5 4 4.5
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Zheng, Aschenauer, Lee, Xiao (2014)
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Dijet and dihadron production: TMD formalism

Forward dijet azimuthal asymmetries and linearly pol WW gluon TMD

Ratio of linearly polarized to Dijet azimuthal asymmetries
unpolarized gluon WW - in momentum imbalance
x10°°
0.18|— e+Au Vs = 90 GeV 125 <q, <175 GeVic
" [Ldt=10fb-1/A 3.00 <P, < 3.50 GeV/c
0.16 B 1<n<25
0.14:
= a
5 £ 0.12f
~— e 0.1 :
= \LS -
= =S "— Combinea i resl (ransierse) vy = 0.0414
= % 0.06 :— -------- ggrL:t;::\r;%tz? :zilxﬁ?g’r?éi\tlﬁéi_ngi;cii 0.1388

==+==  Background (Pythia)
Sum of all sources

0 2 4 6 8 10 o 1 2 3 4 5 6
ki/Qu(Y) (1)

Dumitru, Lappi, Skokov (2015)

Accessed in azimuthal asymmetry of
momentum imbalance in dijet pairs

Dominguez, Qiu, Xiao, Yuan (2011)

See Feng’s talk tomorrow
effects of soft gluon radiation! 21




Dijet and dihadron production: TMD formalism
The Weizsacker-Williams gluon TMD

Bomhof, Mulders, Pijlman (2006)

€ Dominguez, Marquet, Xiao, Yuan (2011)
/ Dominguez, Qiu, Xiao, Yuan (2011)
e > 111‘1‘7

do? A9 HE (P aszGEw (KL, x)

< Perturbatively WW gluon TMD
calculable
A } Unpolarized part
X
0 ) )
P Gy (kL, ) = 092Gy (KL, x)
LO diagram for qq
production

Linearly polarized part

Validity of TMD approach:

ki k7 g y
0 L L™V gy 1]
L < p, i.e. back-to-back thyw (kL z) = (2 Jo2 0 )xGWW(kL’x)
L L configuration) -

k.

R e ko V| ~ rhww in the angle

2| _
ki =ki, +ka rGww QSZQSkL_ngL

PJ_:Zlej_—Zlkzj_ 22



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)
24




Leading order

Anatomy of the cross-section

: %wi > k1
) q
~
Y,
— ko
l—q
Amplitude: LO
A A
MLO,ij,O'l 09 X ﬁ‘/(wl)‘/Jr (yJ_) o ]1] 7;)6/01,02 (Qa Zly L | — yj_j
qq interaction with nucleus y* splitting to gg

Unpolarized differential cross-section:

do A tA—eq+X
d?kq d?ko dnidne

x /dSXJ_ e_ili-'(wJ-_w,J_)e_ikaJ—'(yJ__y/J_)

X (ELO(mJ_ayJJ ylwl»y)@A(a?L — Y, T, - yl)

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

N Ai el
dipoles quadrupole
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Dijet production beyond TMDs

Choosing the gauge: light-like Wilson lines vs transverse gauge link
Boussarie, Mehtar-Tani (2020)

Pair of Wilson lines as transverse gauge link

. 1 , - 1
Covariant gauge Light-cone gauge A™ = 0
.......... Pl e mmmm - T |
|
B - ) 2 4
T —_—_cxz ______ _*ZU_L ________ x = +00 r = —00 Y, x—:: 400
T e 7
V(CUL)VT(TUL) =|P exp —ig/ dz, - A (z])
_ - - Y,
gA expansion: N
J_ ~
:1—’ig/ dZJ_'AJ_(ZJ_)—I—...
: : Y.
Small dipole expansion: Altinoluk, Boussarie, Kotko (2019)

:1—|—7;g’l"J_°44~J_(ZJ_)—|—...

ri=x, —y, Dominguez, Marquet, Xiao, Yuan (2011)
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Dijet production beyond TMDs
From CGC to Improved TMD

6 /
e > LLLLLLV
& > q > q

I o
NN i
S L =

CGC T | N
V(CUL)VT(TUL) =P exp —ig/ dz, - AJ_(ZJ_)
(7]

1

Boussarie, Mehtar-Tani (2020)

Zl—ig/ dZJ_-AJ_(ZJ_)—I—...
Yy

1

TMD Altinoluk, Boussarie, Kotko (2019)

Improved TMD

:1—|—Z.g7°J_°z4~J_(ZJ_)—|—...

ri=x, —y, Dominguez, Marquet, Xiao, Yuan (2011)
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Dijet production beyond TMDs
Differential yield: TMD, ITMD and CGC

0 0.5 1 1.5 2 2.5 3 3.5 0 0.5 1 1.5 2 2.5 3 3.5
ki (GeV) ki (GeV)
proton ~ smaller QS2 Gold nucleus ~ larger QS2
dNTATA—=9G+X S~
= NMPL k) [142) ven(PL, k) cos(k
d2P_Ld2kld771dT,2 0( L —L) ; k,)\( 1 —L) ( ¢)
¢ = ¢kJ_ T ¢PJ_
R. Boussarie, H. Mantysaari, FS, B. Schenke (2021)
28 For a comparison of TMD, ITMD and CGC in pA

see Fuji, Watanabe, Marquet (2020)



Dijet production beyond TMDs

Momentum imbalance quadrangular anisotropies:
TMD vs ITMD vs CGC

2

TP gt X Yo+ Au = g+ G +X

PL = 4 GeV
-6 4 .

2= 05 CGC Q2 4 ~ 3Q%,

) ) ITMD
'8 ) I | A | | | 1 ! ! | I I |
0 0.5 1 1.5 2 2.5 3 35 0 0.5 1 1.5 2 2.5 3 3.5
]ﬁ_ (GeV) kJ_ (GGV)
proton ~ smaller QS2 Gold nucleus ~ larger QS2
ANV TA—9G+X o0
= N§(Py, k1) |1+2 P,k k
d2P, d2k | dn;dn, 0 (PL, kL) |1+ kz:;vk,)\( 1, k1) cos(ke)
R. Boussarie, H. Mantysaari, ¢ =k, — PP,

FS, B. Schenke (2021) 29



Dijet production beyond TMDs

Momentum imbalance elliptic anisotropies: R. Boussarie, H. Méntysaari,
TMD vs ITMD FS, B. Schenke (2021)
20 . , 1 ; ]
——ITMD, xhiB¥ (kinematic & intrinsic)
15" ,IFT;/}AD[?’ X}I‘I%BBE &ftkrli?;ﬁ?m) . Dijet production in ITMD
10/ ,./'/ | Kinematic power corrections

-20

Yt +Au— g+ q+X

induce correlations!

dO.’Y*A—ﬂ](j—FX N@IG'!TMD (PJ_, kj_)asxG(\)Nw(kJ_, ZB)

+@?TMD(PJ_7 kD@sthW(lﬁ_, ) COS(Q@

Elliptic anisotropy from
linearly pol WW

0.5 1 1.5

dNYVATA—=93+X i
= N (PL k1) [14+2) via(Py, kL) cos(kg)
2 2 0 1yl kA Lyl
d2P, 42k, dnydn, !
¢ = Qbku_ T qpr_
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Dijet production beyond TMDs

Momentum imbalance quadrangular anisotropies: R. Boussarie, H. Mantysaari,
TMD vs ITMD FS, B. Schenke (2021)
5 . . ‘ | .
——ITMD, xh{®K (kinematic & intrinsic)
4 --—ITMD, xhy=0 (kinematic) 1 . . .
— — TMD, xhiBK (intrinsic) Dijet production in ITMD
3 - .
20 v +Au—qg+qg+X P Kinematic power corrections
. T induce correlations!
g 0=z =TI - A G
—— T L e e e e e e e e e o — — — —] >k — X O
§~ dO-’y 99T N@ITMD (PJ_, kJ_)CVSxwa(kJ_, ZU)
1+ _
2+ . h
Pé =4 GeV : AHITMD (PJ_, kJ_}ZSthWW(kJ_, 33) COS(2¢)
3F Q° =10 GeV .
z= 0.5
-4 I No quadrangular anisotropy in TMD
-5

0 0.5 1 1.5 2 2.5 3 3.5

ANV TA—9G+X 00
= N (PL k1) [14+2) via(Py, kL) cos(kg)
2 2 0 1yl kA Lyl
d2P, d2k | dndn !
¢ = Qbku_ T qpr_
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One-loop corrections

General remarks

e Covariant PT (in light-cone gauge) with effective Feynman rules
for eikonal multiple scattering

90099999900 BRR0000 - TH(1, 1) = —(2m)5(1" — I'7) (20 ) g sgn(l”)

% /dQZLei(lllL)-z@ZEH(l) (ZJ_j

Adjoint Wilson line

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

Inspired from spinor-helicity techniques and LCPT

>
v* W<§ > NVQ - NVQ,reg + NVQ,ginst + NVQ,qinst + NV2,(jinst
<+——8—<4—
V2 / \ \

Diagram A’ Diagram B 0
g V@A
o | ; 8 .

- 0 - 0 [ 2

/ T e 0 3%— AN = $'2
< * . *
N &, A ( P U@ \\ g SR Q<§’
A\ S i — S 1 APAAN— - 1
v 1

1N - 1 1

!

DDDDD

o ,
Diagram 3 Diagram 2’ Diagram 1

L Di from Guill Beuf
e Regularization schemes iagrams from Guillaume Beu

Dimensional regularization for transverse integrals d2 gl dl_
+ sharp cut-off Ay in longitudinal momentum B

+Small R cone algorithm Similar regularization procedure:

Boussarie, Grabovsky, Szymanowski, Wallon (JHEP 2016)
32 Roy, Venugopalan (PRD 2019)



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

33
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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

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

Caucal, FS, Venugopalan (JHEP 2021) 35



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]
= T y,)— 1]
UV finite piece SE1 o = o 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_

27 —iZ%ky, 7
—0.00" as [Ftdz, 1 z e E ot bTTET
NSAElO’ (Pay, Toz) = ——5 —4 = [1 + ( - _g) ] 2(27122)3/2@](0 (QXV)doy,—os

2 [, Zg 2 21 r2,
; 2 > Hanninen, Lappi,
A=0 O “dzg e 2 3/9 Paatelainen
NSE1L,0V,0105 Ty, T2z) = T2 L 2 2(z122)** QKo (Qv/Z12270y) Sy o (Annals Phys. 2017)
Z0 g zZx
. : X2 = 29(21 — 2,)12, 4+ 24(21 — 2)T7°, + 292,72
UV divergent piece v = 22021 = 2g)Ty + 2(21 — 2g)T2 F 222077

A _ eefq_ —'I:(kﬁ]_L'wJ_—szJ_’y )
MGSEL UV.ijo1on = e " Cuv.is(
™ £r

1Y |

s 3 2 1
NS>\E1,UV,0102 (rﬂ?y) — ;_7'(' {(2 In (%) o 5) —|_ 1n(27rlu2€)) o 5 + O(‘S)}Nﬁo,e,alag (r:vy)

UV pole
Caucal, FS, Venugopalan (JHEP 2021) 36

A
L, yJ_)NSEl,UV,Jlag (Tay, T2x)

]



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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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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