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Outline

e Azimuthal correlations a window to gluon saturation

e Dijet production in the CGC at NLO

P. Caucal, FS, R. Venugopalan. 2108.06347 [JHEP 11 (2021) 222]

e Back-to-back limit: gluon saturation and Sudakov

P. Caucal, FS, B. Schenke ,R. Venugopalan. 2208. 13872 [To appear in JHEP soon]

+ very preliminary numerical results with T. Stebel

e Experimental requirements and related observables
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Azimuthal correlation a window to gluon saturation

Forward dihadron azimuthal correlations at RHIC

“We varied the species of the colliding ion beam because theorists predicted that this sign of
saturation would be easier to observe in heavier nuclei,” explained Brookhaven Lab physicist Xiaoxuan
Chu, a member of the STAR collaboration who led the analysis. “The good thing is RHIC, the world’s
most flexible collider, can accelerate different species of ion beams. In our analysis, we used collisions
of protons with other protons, aluminum, and gold.”

Source: BNL Newsroom 3 Xiaoxuan Chu and Elke Aschenauer



Azimuthal correlation a window to gluon saturation

Forward dihadron azimuthal correlations at RHIC

Evidence for Nonlinear Gluon Effects in QCD and Their Mass Number Dependence at STAR
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Azimuthal correlation a window to gluon saturation

Gluon saturation without Sudakov

Experimental data: E. Braidot [STAR Collaboration] arXiv:1005.2378
Theory curves: J. Albacete, G. Giacalone, C. Marquet, M. Matas (PRD 2019)

Gluon saturation alone cannot describe data

For recent phenomenology of Sudakov + Gluon Saturation see talks at DIS2022 by Marquet and Benic

See also A. Stasto, S.Y. Wei, B.W. Xiao, F. Yuan (PLB 2018)
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Azimuthal correlation a window to gluon saturation

Forward dihadron azimuthal correlations at the EIC

L. Zheng, E.C. Aschenauer, J.H. Lee, B.W. Xiao (PRD 2014)

Advantages of EIC over RHIC: better control over kinematics, no
pedestal, one-channel (depends only on WW distribution)

For dijet production (at LO) see A. van Hameren, P. Kotko, K. Kotak, S. Sapeta, E. Zarow (EPJC 2021)
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Azimuthal correlation a window to gluon saturation

Dihadron azimuthal correlations at the EIC
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A. Dumitru, V. Skokov, T. Ullrich (PRC 2019)
See also A. Dumitru, T. Lappi, V. Skokov (PRL 2015)

Momentum imbalance azimuthal distribution (relative to jet azimuthal angle)
sensitive to linearly polarized gluons
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Quarkonium production in pp and pA
The Color Glass Condensate in a Nutshell: anatomy of QCD at high-energy

Artwork: T. Ullrich

Emergence of an energy and nuclear specie dependent momentum scale (saturation scale)

Multiple scattering (higher twist effects) Qz X A1/3$—>\ Tr X 1/8

Non-linear evolution equations (BK/JIMWLK) For a review see Mining gluon saturation at

colliders. FS, A. Morreale (Universe 2021)
8



Dijet impact factor in DIS at next-to-leading
order in the Color Glass Condensate
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2108.06347 [JHEP 11 (2021) 222]

In collaboration with Paul Caucal and Raju Venugopalan
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Dijet production the CGC

Leading order result

F. Dominguez, C. Marquet, B.W. Xiao, F. Yuan.

(PRD 2011) Dense gluon field A, ~ 1/g needs resummation of

multiple gluon interactions

Acl Acl Acl Acl

Vij(x) = Pexp {ig/da:_Ajl’a(w,a:_)t“}

Unpolarized differential cross-section:

doatA—qq+X
d?kq d?ko dm dmno

x /dSXJ_ e_ili—'(wl_m/J_)e_isz—'(yJ__y/J_)

X (ELO(wLayJJ yiwl»a@”\(wL — YT — yl)

qq interaction with nucleus y* splitting to gg

oz ,y ;2 y))=1- 5(2)(mby¢) - S(Q)(ylj_v ') + 5(4)(5‘5*79& Y,z )
™ dipoles 77 quadrupole

ony.) = LT Ve V()

¢ 10



Dijet production the CGC et

Next-to-leading order results
P. Caucal, FS, and R. Venugopalan (JHEP 2021)

o Divergences: UV, soft and collinear

*
nucleus virtual photon

_ 5 (target) ¢ =  (projectile)
Dimensional regularization + dk; _ [ d® kg — , 4
longitudinal momentum cut-off [, 7="F | “om2— fa- (kg kg1) v

) Large rapidity (high-energy) logs

Resummed via JIMWLK renormalization

1+ HoIn (A7 /A7) 4] (o) = (do) -

f

) Impact factor

Finite piece (free of large rapidity logs), but
might contain other (potentially) large logs!

e We showed cancellation of UV, soft and collinear divergences 7*@ 1
e Absorbed large energy/rapidity logs into JIMWLK resummation VVM\CE:

o Isolated genuine O(a,) contributions (aka impact factor)
11




Dijet production the CGC

Next-to-leading order results: rapidity factorization
P. Caucal, FS, and R. Venugopalan (JHEP 2021)

zZ

donto =Idog In (—f) -+
0

<0

~ dz,

. [donLo — dopO(zf — z4) |+ O(20)
g

Leading Logarithmic

impact factor

in x (LLx)
/ do Qemm€s N \
NLO em f C 5 1 A J— P
= — Zqg — Rg dXJ_R r r..)In (A A
d?kq 1 dmd?ke dne |y,  (2m)8 ( 4 Q)/ Lo(Tay: Tary) i/
(ozch 2
/ / % A2 </dQZL {r2 ;/2 (2Dwy —2D;. Dy + DzyQy’w’awz + Dwz@y’w’,zy - wa,y’m’ - DwyDy’w’)
— . zx' zy
Hio (Bro(TL,y152,9)))y .
+ %(2193/3:’ - 2Dy’zDzw’ + Dzz’Q$y,y’z + Dy’zQxy,zm’ - Qazy,y’x/ - DzyDy’w’)
r2 , (
. + L Dzm’Qx , ’z+DazzQ 'x! 2z _Qx ,y'x! _D:cx’D ’ )
Small-x evolution of R " E o
. ' 2 ’
d]pOle and quadrUPOle. + 2 y:Q (Dy’szy,zm’ + DzyQy’x/,xz - Q:cy,y’w’ - Dzm’Dy/y)
zy' zy’
Evolution of quadrupole can be found in T2y
. . . + Dx:c’D ! +Da: D Tx! _Dz:c’ T 'z _Dz 'x! xz
Dominguez, Mueller, Munier, Xiao. rﬁxrﬁy,( vy vy Qavy vQu'at az)
Phys.Lett.B 705 (2011) 106-111 2,
+,r2—yz(Dm/Dy’y + Dy Dyrar — Dy 2 Quy,zar — DwzQy’w’,zy)}>
N T : y

JIMWLK LL Hamiltonian acting
on LO color structure

\_

Renormalization of Wilson line
operators

S

12



Dijet production the CGC

Next-to-leading order results: impact factor

P. Caucal, FS, and R. Venugopalan (JHEP 2021)
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Similar expressions (but more lengthy)
for transversely polarized photon



Back-to-back inclusive dijets in DIS at small-x:
Sudakov suppression and gluon saturation at NLO

Figure from Xiao lecture notes on Sudakov

2208.13872 [JHEP 11 (2022) 169]

In collaboration with Paul Caucal, Bjorn Schenke, and Raju Venugopalan

+ work in progress with Tomasz Stebel
14
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Back-to-back limit: gluon saturation and Sudakov

Leading order results:

F. Dominguez, C. Marquet, B.W. Xiao, F. Yuan.
(PRD 2011)

(TMD valid g, O, < k|, ky,
—»
) back-to-back hadrons/jets
v and transverse momenta larger
< \_ than sat scale )

In the back-to-back (or more precisely in the correlation limit) the CGC cross-section factorizes

do 3 HA=ITX L ii(P ) a,Gi(q,)

Perturbatively
calculable WW gluon TMD
g 1 . 1 {2q" ¢’ g Azimuthal anisotropy
G q _ _5ng0 q 4 - L1 Y hO q, 0 0
vlan) =3 erla) 5\ T (@0 (cos(20)) ~ 1 a,)/GY (a,)
' Li | larized —
Unpolarized inearly polarize ¢ — quJ_ - ¢PJ_
For an explicit quantitative comparison . _ .
between TMD and CGC see F. Dominguez, J.W. Qiu, B.W. Xiao, F. Yuan.

R. Boussarie, H. Mantysaari, FS, B. Schenke. (PRD 2012)

(JHEP 2021) 15



Back-to-back limit: gluon saturation and Sudakov

Sudakov resummation and saturation

A.H. Mueller, B.W. Xiao, F. Yuan (PRD 2013)

“Large logarithms [Sudakov] can be generated
due to incomplete real and virtual graph
cancellation when the phase space for
additional gluon emission is limited” , |
Figure from B.W. Xiao lecture

at QCD master class

deJ_ —iq . b, ~0 —Ssua(bl,P.)
(27T)26 FPasGy (b )em T

doatA—eq+X H(P ) /

Perturbative
Sudakov factor:

Mueller, Xiao, Yuan (PRD 2013) conclusion:
Sudakov resummation as in collinear factorization. TMD needs to include BFKL/BK/JIMWLK evolution

Joint Sudakov+small-x resummation

MXY assume TMD factorization in the first place

Can we derive these results more rigorously? Can we obtain finite NLO pieces?
16



Back-to-back limit: gluon saturation and Sudakov

Where is the Sudakov factor?
P. Caucal, FS, B. Schenke, and R. Venugopalan (JHEP 2022)

e Take back-to-back limit of impact factor Phase space for naive separation
(soft gluon emission in real diagrams) L= small-x evolution
g
¢ q
gl v*
¢ q 5
1 7’ kg,L

dO’Yi—l—A—m(i—l-X X H(PJ_) /d2bJ_6_iqu¢

s Ne P b’ o _
|:1E|— e 1n2< J—2 J—)+,--+asln(Af/A )ICLL®] OéSGy(b_]_)

€9

Sudakov double log but with positive sign!

17



Back-to-back limit: gluon saturation and Sudakov

Sudakov resummation and kinematically improved small-x evolution
P. Caucal, FS, B. Schenke, and R. Venugopalan (JHEP 2022)

Phase space for kinematically Kinematic constraint:
kg_ improved evolution Lo 2 ordering in + and - momenta
kg = 53 s
I

+ + -~ —
kS > AF & k; <A;

Soft

For photo-production see
Taels, Altinoluk, Marquet, Beuf (JHEP 2022)

doATA=aa+X H(P,) /deLe—iquL

asN, o (P3b% o ~
llE e In ( 2 —|—---—|—ozsln(Af/A )/CL ®| asGy (b))

Correct Sudakov double log Kinematically improved
small-x evolution

18



Back-to-back limit: gluon saturation and Sudakov

Sudakov resummation at single log accuracy
P. Caucal, FS, B. Schenke, and R. Venugopalan (JHEP 2022)

d%b,
(2)?

d07§+A—>q67+X x H(PJ_) / e 101 Cksé(})/(bJ_)e_SSUd(bJ"PJ‘)

( Y oz(,L;?Nc ) 5 ::a(u;CF lln (2(1 +co;k;(AY12)))J +@1 (zliiéxfﬂ

e Terms in blue are in agreement with Mueller, Xiao, Yuan (PRD 2013)
and Y. Hatta, B.W. Xiao, F. Yuan, J. Zhou (PRD 2021)

e Term in red is rapidity factorization scale dependent single log is new.
Suggest a natural choice for the factorization scale

:EBJ

21226%

xf =

19



Back-to-back limit: gluon saturation and Sudakov

Genuine O(a,) pieces (impact factor)
P. Caucal, FS, B. Schenke, and R. Venugopalan (JHEP 2022)

Azimuthally averaged cross-section Elliptic anisotropy

( ) )

) -l

e Only blue terms had been computed before by Hatta, Xiao, Yuan, Zhou (PRD 2021)

o Red terms break TMD factorization at NLO and grow with QS2

Bonus: we computed all even (2n)
20 harmonics!



Back-to-back limit: gluon saturation and Sudakov

TMD factorization breaking at NLO
P. Caucal, FS, B. Schenke, and R. Venugopalan (JHEP 2022)

QSG{/,NLQJ (bJ_a ZJ_) angf,NL(),Q(bJ_) ZJ_) aSGY,NLO,4(bJ_7 ZJ_)

Featured in
e the JIMWLK evolution of the WW gluon TMD

breaks TMD factorization since evolution equation is not closed
(even at large Nc)

In the dilute limit (small QSZ), “new” correlators collapse to WW TMD OésGZyj-(bL)

Dominguez, Mueller, Munier, Xiao. PLB (2011) recover BFKL evolution

e Impact factor

apparently, breaks TMD factorization due to the appearance of
correlators beyond the WW

See also Taels, Altinoluk, Marquet, Beuf (JHEP 2022)
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Back-to-back inclusive dijets in DIS at NLO

In collaboration with Paul Caucal, Bjorn Schenke, Tomasz Stebel, and Raju Venugopalan

Preliminary results

e Possible to show that apparently factorization breaking terms in impact factor
reduce to contributions proportional to WW and power surpassed terms Q./P

orq,/P,

2
dO_’YA—FA—)leet—FX OCGL[NLQ Q PJ_,R)/ d bJ_ —qu_-b Oésé(})/(bJ_%—Ssud(bJ_,PJ_D

fully analytic result evolution via kinematically
constrained JIMWLK

Sudakov factor

e The first proof of TMD factorization at NLO in small-x kinematics
(modulo the non-linear evolution of the WW)?

e Fully analytic hard factor at NLO in back-to-back kinematics, suitable for
suitable numerical implementation of NLO cross-section

22



Back-to-back inclusive dijets in DIS at NLO

In collaboration with Paul Caucal, Bjorn Schenke, Tomasz Stebel, and Raju Venugopalan

Preliminary results

Elliptic Anisotropy

Azimuthally averaged dijet cross section
10'7 r T T T T 1 05 ‘
\ ——LO w. Sud ——LO w. Sud
A - - LO w/o Sud - - LO w/o Sud
:‘:\ —NLO w. Sud || 0.4 -|—NLO w. Sud
N - - NLO w/o Sud g - - NLO w/o Sud
— AN 1 I
5. \\: PJ_:5GGV,Q:9G6V,21:Z2:O.5 :c% 03* PJ_ISGGV,Q:9GGV,Z1:ZQZO.5
S, 10 81 Qs = 0.85 GeV, anti —kt (R=0.4) 7 & Qs = 0.85 GeV, anti — kt (R = 0.4) ’ d
= > T
N
~
1
T
o

e Include:
Sudakov double and single logs at finite Nc, but with fixed coupling

All finite NLO pieces proportional to WW gluon TMD

o Does not include:

Proper small-x evolution.
NLO hard factors apparently factorization breaking terms

23



Experimental requirements and related
observables

24



Experimental requirements

e Good reconstruction of scattered electron (at small-x) to pin down DIS
kinematics

e |[nelasticity close to 1, in order to maximize the center of mass energy
of the photon-nucleus system (thus maximal sensitivity to small-x
gluons)

e Reconstruct small pT jets in the backward region (electron/virtual
photon going direction) with the ability to resolve their azimuthal
angle distribution

Alternatively: measure dihadrons instead of dijets

Progress at NLO see e.g.

F. Bergabo, J. Jalilian-Marian (PRD 2022)
E. lancu, Y. Mulian (arXiv 2022)

Need to extract Sudakov, and compute the impact factor for dihadrons...

Possible to apply the techniques developed for dijets to compute dihadrons
at back-to-back kinematics.

25



Related observable: inclusive J/ys production in DIS

Motivation: Very successful phenomenology in pp and pA collisions at RHIC and LHC

Y.Q. Ma, R. Venugopalan (PRL 2014)

Y.Q. Ma, R. Venugopalan, H.F. Zhang (PRD 2015)

See also: FS, A. Soto-Ontoso, B. Schenke (PLB 2022)

Surprisingly no results for inclusive J/ys production in DIS within
saturation physics (not even at leading order!)

26



Related observable: inclusive J/ys production in DIS

e Studies of quarkonium production in DIS at small-x have focused mostly on diffraction, and
employ a non-perturbative model for the light-cone wavefunction of quarkonium

e Our goal: Employ CGC + NRQCD to study the nuclear modification factor of quarkonium

production in DIS
€
) R /

= > Jhy

In progress Vincent Cheung, Zhongbo Kang, FS, and Ramona Vogt

Numerical results at LO coming soon!
How about NLO?

Employ our expertise to study J/y production at NLO in the limit (p, S M Jiy) where Sudakov

resummation is necessary, and one might be able to obtain analytic NLO impact factors, suitable
for numerical implementation



Summary

4 o )
Motivation:
2-particle azimuthal powerful observables to
. correlations search for saturation y
g Results: small-x and soft gluon A
‘ resummation at finite Nc
: R computed all even
full NLO calculation azimuthal harmonics
ldentified potential TMD
_ factorization breaking terms )
4 )
In progress:

Numerical results for dijets at NLO

Study related observable: inclusive J/ys production in DIS

28



Back-up Slides



One-loop corrections

Cancellation of divergences: UV and soft

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

L < L

El + g q +q < q SE3 + g q

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

>
«—B—<—

+q<<q +q<q

S e

30
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One-loop corrections
Cancellation of divergences: IR and collinear

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

S—>

>
8 —<—

Vo +aq

e Need to define IRC safe observable — jets
g Collinearity variable:

,y*
Small-cone condition:

q<rq
2 2 2,2 .
Cag, = CQL‘max_Rpjmm<

e Collinear divergence contains 1/¢ pole cancels IR pole

e Exclude slow gluon divergence phase space (must go into evolution)
1

% dzg " d2 “Cqg.L
2—c (2
(2m)*== CZ |

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

31
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One-loop corrections
Example: Self energy with gluon crossing SW (others in back-up)

CSEl,z’j (ilua Y., ZJ_)

q W — k1 = [t*V(z )V (z)t.V(21)V'(y,) — CF]
f)/*
k

Cuv,ij(T1,y,)

S 2
= CF V(ZBL)VT(y ) — 1. .
UV finite piece SE1 [ - L]
A
MSEl,UVﬁnite,ij,alag

eefq_ / e—i(li_'iBJ_+k2J_'yJ_) [
7T T

A
CsB1,ij (€L, Y1 ZLINSEL 0105 (Toy: T22) —Cuv,ij (€1, Y1 JNGE1, UV 0105 (Tays T22)]
1 7yJ_ 2

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

2(2122)** QKo (QXV) b5, ,—o,

T 20 ~9 2 “1 r%x
,',,2
Zq d _ 2z£90
NSELUV,JlJQ ('r'a:yy’l"zac) — _ﬁ Zg ’l"2 2(2122) / QKO (Q\/legrxy) 501’_02
20 2T
. : X2 = 29(21 — 2,72 + 2,(21 — 2,72 + 292,17
UV divergent piece v ( o)y T %9l 9)Tza 9" zy

A _ eefq_ —'I:(IC]_L'wJ_—szJ_"y )
MGSEL UV.ij.oron = p € 7 Cuv.ijs(
rl,Yy,

s 3 2 1
NS>\E1,UV,0102 (rﬂ?y) — ;_7'(' {(2 In (%) o 5) + 111(271-”25)) o 5 T 0(5)}N€o,s,0102 (r:vy)

UV pole

A
L, yJ_)NSEl,UV,alag (Tay, T2x)
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One-loop corrections

Real gluon emission after SW

k1
g L Cr2,ija(W1, Y, )
y* J = [taV(wL)VT(yL) — ta]ij
R < ko
R2
MRZ ija,c102 eequ /au,Zi,(:;LmLHﬂzL.yL+kQLZL)CR2»’iJ’a(wLa yL)NRz oo (Twys Tzz)

Perturbative factor:

=0, )
Nfi\z_g,l);Q(rwyarzx) —6(2122) /2 QKO(Qwa) o1 GI?"“% eVt [2102, zl—l—zg >

r2

A
A==x1,)\ 3/9 A A\ ZQrwx €] . I n 5
NR2,0102 (’I“wy,’l“zx) :[2(2122) / [ZQ(S — 210 ] X K Qwa o1,—0 g'r EL 21 (21 + 2g)

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

Real gluon emission before SW

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

R1

_eerq —i(k1, x| +kot -y +koy -2
/ ek @i thaly, +hot L)CRl,ija(mJ_7 Y, ,Zz )Nm o109 (T, T2z
£

MRl ,2]a,0102 .

1,Y | =1

Perturbative factor:

2=0, A r 3/2 zZT A < 5(57\1 + (21 + 2 (5;‘2
NET rez.ono (Tays Taz)| = [2(z1z2) 2QKy(QXR)00, —o, zi]r fr2€L 21 (zi 9) D
. \ -
A=+1,A _ 3/21, s\ » HQRR - €] ig T €} [210), + (21 + 24)6)]
NRl ,1€g,0102 (’f‘xy, ’I"zx) — 2(2122) / [Z2501 o (21 + 29)502] XRr Kl(QXR)gal,—cm O - Z1 ;

A==1)
NRl,QIIIS 0102 (T$y7 TZZU) —

Ayala, Hentschinski, Jalilian-Marian, Tejeda-Yeomans (2017) 5
with spinor-helicity techniques y XR — 2122r _|_ 21 Zgrza: + 20247 ~y



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
MGSE2.ij.0100 = / e~ Ltk i¥l) Copo i (21, Y | JNGE2.0,00 (Tay)
£r

n 1Y |

Perturbative factor:

= Oés Zl 3 2 1
NS>\E2(30102 (rxy) — % { (_21n <%) + 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(z)VT(yL) - 1],
% < ks
SE3

)\ _ eefq_ —’l:(k:]_L'wJ_—FkﬁzJ_'y ) )\
MSEQ,ij,alag — - / € - CSE3,z’j(wJ_a ?JL)NSE:a,al@ (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

Self energy with gluon crossing SW

CSEl,z’j (ilua Y., ZJ_)

q W a = [t°V(z1)VT(21)taV(20)V(y L) — CF]
/)/*
Cuv,ij(®1,y,)

e 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_'wJ_+k2J_'yJ_) [
x

A
7 CSEl’ij (wJ" YL ZJ‘)NSELUl o2 ('ra;y, rzx) _CUV,U <wJ—7 yJ_>NS>\E1,UV,01 o2 (rfﬂy? TZID)}
J_ayj_azJ_

27 —iZ9ky, v
=0,00"' Qg 1 dz, 1 z e w1 tETTET
N7 (P Tog) = — — 9 - [1 + ( — —9) ] 2(2122)* 2 QKo (QXV) 0o, o,

2 [, Zg 2 21 r2,
; 2 > Hanninen, Lappi,
A=0 O “dzg e 2 3/9 Paatelainen
NSEl,UV,olog (Tay, Tow) = ) . 2 2(z122) 2QKo (Qvz12272y) 0oy, —o, (Annals Phys. 2017)
Z0 g ZT
. . X2 = 29(21 — 2,72 + 2,(21 — 2,72 + 292,17
UV divergent piece v = 22021 = 2g)Ty + 2(21 = 29 T2 + 22207

A _ eefq_ —'I:(IC]_L'wJ_—szJ_"y )
MGSEL UV.ij.oron = e 7 Cuv.ijs(
™ £r

1,Y |

s 3 2 1
NS>\E1,UV,0102 (rﬂ?y) — ;_7'(' {(2 In (%) o 5) + 111(271-”25)) o 5 T 0(5)}N€O,s,0102 (r:vy)

UV pole
Caucal, FS, Venugopalan (JHEP 2021) 37
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One-loop corrections

Connection to LCPT: an example

l
h-ls P—o—— f

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 L] (wJ—7 yJ_)NVQ ,0102 (’I"my)
T,y

Perturbative factor

N r - / / _)5(k_ _ lf)NGQ,(HUQ (l17 l2)eilll"r$y
V2,0102 :cy =49 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
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One-loop corrections

Connection to LCPT: an example

Perturbative factor

N _)6<k_ o ll—)N\)/\'Q,Ulag <l17 l2)eil1J—'rCDy
V2,010 (Toy) = 9 / /52 (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)

(ko) y Iy (T = 1)@ N (T = Lo — v (1 — §)v " v(ke, 09)| T (12)

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

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

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

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 before SW

> K—p— k1
q Cv2,ij(€1,y,)
7 = Crp [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 (i (2) -5
(2111(2) 2)111(7;1) (2111( > 2)111(22)—;—54_(9( )}NLOMU2(%)

*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 Cv3,ij(T1,y.)

V3

A _eefq —i(kqy - kol - . A
MVS,ij,Ulag — . / e (k1L x| +k21 -y, ) CVS,Z] ({BJ_, yJ_)NVS,olag (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) 01,05

<1

2 Contains a double log
Z Z Z 29 Z
N 9 _ _“g iz k1L Tay w1 =22V P, . A
[ 521 + 22 22’12’2] 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

Vertex with gluon crossing SW

q Cvi,ij(T1, Y 21)
~y — [taV(wJ_)VT(ZJ_)taV(ZJ_)VT(yJ_) - CF}

]

V1

A _ eerq —i(kyy @ +ko - A
M1 ij.o100 = e Rt LAkt YOy (@1, Y 1 20N g0y (Tays Tay)
n Li1,Y,,21

Perturbative factor:

_ as [dzy _iZag,
N\>i2102 (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) 42



Back-to-back limit: gluon saturation and Sudakov

TMD factorization breaking at NLO: correlators beyond WW
P. Caucal, FS, B. Schenke, and R. Venugopalan. JHEP 11 (2022) 169

e Color correlators at NLO

Zro(1,y1; wlj_a yi) (1- Dyy — Dyrar + Qxy,y’w’>
ENLO,l(mLy Yi,21; fL’L yi) %(1 — Dyyr + sz,y’w’Dwz — Dszzy) B 211\70 ZLO
EnLoz2(®1,y1,z1;2,Y)) 51 = Dyor + Qo Doy — Dz Dy — 211\/’c =LO

Encos(Tl,yx',y)) %1 = Dyy — Dy + Dy Dy) — g5-ELo

=) Sl / / N¢ 1 —
—'NLO,4(w_La Yi,z1:L,,Y,,= L) 7(1 - szDzy - Dy’zDz:c’ + sz,z’x’Qy’Z',Zy> — 2N.—LO

e Blue correlators collapse to the WW gluon TMD, red correlators result in other TMDs. e.g.

S0 ~ wlu o (<2) (T [(V60)0V (61) (V0)2VI(01)]),,
&Séy(bj_)
ZNLO,1 & —u/j le\[c (—2) (Tr [V(bJ_)VT(ZJ_)} Tr [V(ZL)VT(bL)ajV(OL)VT(Ol)] >Y

e

s G? bi,z1
sGyNLo, (bLs Z1) breaks TMD factorization!
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