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Outline

e Azimuthal correlations a window to gluon saturation

e Inclusive dijet production in the CGC at NLO

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

For inclusive dihadron see Jamal Jalilian Marian’s talk on Tuesday
For diffractive dihadron see Emilie Li’s talk on Thursday

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

P. Caucal, FS, B. Schenke ,R. Venugopalan. 2208.13872 [Submitted to JHEP]

For back-to-back dijet in photoproduction see Pieter Taels’ talk on Wednesday
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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.”

Xiaoxuan Chu and Elke Aschenauer
Source: BNL Newsroom 3



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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For dijets at LHC see Piotr Kotko’s talk on Thursday



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. Phys.Rev.D 99 (2019) 1, 014002

Gluon saturation alone cannot describe data

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

See also Anton Perkov’s talk on Thursday



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. Phys.Rev.D 89 (2014) 7, 074037

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

For more on EIC program see Elke Aschenauer’s talk



Azimuthal correlation a window to gluon saturation

Dihadron azimuthal correlations at the EIC
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A. Dumitru, V. Skokov, T. Ullrich. Phys.Rev.C 99 (2019) 1, 015204

See also A. Dumitru, T. Lappi, V. Skokov. Phys. Rev. Lett. 115, 252301 (2015)

Momentum imbalance azimuthal distribution (relative to jet azimuthal angle)
sensitive to linearly polarized gluons
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Anatomy of nuclear matter in the high-energy limit

. 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 x AV

For a recent review see:
Mining Gluon Saturation at Colliders. A. Morreale, FS. Universe 2021, 7(8), 312
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Dijet production the CGC

Leading order result

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

Phys.Rev.D 83 (2011) 1050056 Dense gluon field A, ~ 1/g needs resummation of

multiple gluon interactions

Acl Acl Acl Acl

Vij(x) = Pexp {z’g/d:c_Ajl’a(w,a:_)t“}

Unpolarized differential cross-section:
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Dijet production the CGC et

Next-to-leading order results
P. Caucal, FS, and R. Venugopalan. JHEP 11 (2021) 222

Divergences: UV, soft and collinear

*
nucleus virtual photon

_ 0 (target) 7 =  (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

T 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)
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Dijet production the CGC

Next-to-leading order results: rapidity factorization
P. Caucal, FS, and R. Venugopalan. JHEP 11 (2021) 222
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Dijet production the CGC

Next-to-leading order results: impact factor

P. Caucal, FS, and R. Venugopalan. JHEP 11 (2021) 222
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Similar expressions (but more lengthy)
for transversely polarized photon



Back-to-back limit: gluon saturation and Sudakov

Leading order results:

F. Dominguez, C. Marquet, B.W. Xiao, F. Yuan.
Phys.Rev.D 83 (2011) 105005

(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 A= L ii(P ) a,GY(q,)

Perturbatively

calculable WW gluon TMD
y 1 . 1 {2q% ¢’ y Azimuthal anisot
G}Z(QJ_) — _(WG%((IL) T 9 qJ_qu — 0" hgf(‘h) e aoamso rop)(/)
2 q1 (cos(2¢)) ~ hS-(q,)/GS(q,)
Unpolarized Linearly polarized o
¢ — ¢QJ_ T QSPJ_

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. Phys.Rev.D 85 (2012) 045003
JHEP 09 (2021) 178 13



Back-to-back limit: gluon saturation and Sudakov

Sudakov resummation and saturation
A.H. Mueller, Bo-Wen Xiao, Feng Yuan. Phys.Rev.D 88 (2013) 11, 114010

“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 (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?
14



Back-to-back limit: gluon saturation and Sudakov

Sudakov resummation and kinematically improved small-x evolution
P. Caucal, FS, B. Schenke, and R. Venugopalan. 2208.13872

Phase space for kinematically Kinematic constraint:
kg— improved evolution ko 2 ordering in + and - momenta
ky = o Ar
I

+ + - —
kP> AT & k; <A

Soft

For photo-production see
Taels, Altinoluk, Marquet, Beuf. 2204.11650

doATA=aa+X H(P ) /d2bLe_iql'bi

<N, P2 b? ~
llEa47‘_ 1n2 ( JC—Q J—) + .-+ asln (Af/A>®] OZSGY(bJ_)
0

Correct Sudakov double log Kinematically improved
small-x evolution

P. Caucal, FS, B. Schenke, and R. Venugopalan. 2208.13872 For hadron production in pA see Shu-yi

15 Wei’s talk on Wednesday
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Back-to-back limit: gluon saturation and Sudakov

Sudakov resummation at single log accuracy
P. Caucal, FS, B. Schenke, and R. Venugopalan. 2208.13872

d%b,
(2)?

doatA—=a+X H(PJ_) / e 101 CYSG(})/(bJ_)e_SSUd(bL’PJ‘)

( Y oz(,L;ZNC ) 5 {a(u;OF lln (2(1 +co;1;(AY12))>) +@1 (zliiéxfﬂ

e Terms in blue are in agreement with Mueller, Xiao, Yuan (2013)
and Y. Hatta, B.W. Xiao, F. Yuan, J. Zhou. Phys.Rev.D 104 (2021) 5, 054037

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

:EBj

212268

xf =
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https://arxiv.org/abs/2208.13872

Back-to-back limit: gluon saturation and Sudakov

Genuine O(a,) pieces (impact factor)
P. Caucal, FS, B. Schenke, and R. Venugopalan. 2208.13872

Azimuthally averaged cross-section Elliptic anisotropy

( ) )

-l -l

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

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

Bonus: we computed all even (2n)
17 harmonics!
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Back-to-back limit: gluon saturation and Sudakov

TMD factorization breaking at NLO: correlators beyond WW
P. Caucal, FS, B. Schenke, and R. Venugopalan. 2208.13872

e Color correlators at NLO

Zro(1,y1; wlj_a yi) (1- Dyy — Dyror + 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
EnLos(®L, vy 2, Y)) %(1 — Dyy — Dy + DyyDyor) — 21TCELO
ENLOA(w_]_, Y,21,; wﬁ_, yj_, Zj_) %(1 — szDz'y — Dy’zDza:’ + sz,z’:c’@y’z’,zy> - 2]1VC ELO

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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Back-to-back limit: gluon saturation and Sudakov

TMD factorization breaking at NLO: evolution and impact factor
P. Caucal, FS, B. Schenke, and R. Venugopalan. 2208.13872

Gy Lo (0L, 21)  asGinpoa(0i,21)  asGynLoa(bl,z)

Featured in
e the JIMWLK evolution of the WW gluon TMD, not closed even at large Nc

Dominguez, Mueller, Munier, Xiao (2011)

Break TMD factorization
e Impact factor

see also Taels, Altinoluk, Marquet, Beuf. 2204.11650

In the dilute limit (small Q?), “new” correlators collapse to WW TMD aségi(bL)

* JIMWLK -> BFKL (closed equation) Recover TMD factorization
e Impact factor only depends on WW TMD (BFKL+Sudakov)

e Gluon saturation introduces factorization-breaking terms at NLO. Expected to
be enhanced for nuclei!
19
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Outlook

e Phenomenological study of dijets at NLO. Get numbers!

Kinematically constrained evolution, Sudakov single and double logs,
genuine NLO corrections, TMD factorization

e (Consequence of of our results to other processes

Dihadrons in DIS (exclusive and inclusive), 2 particle production
processes in proton-nucleus collisions. Energy correlators?

e Distinguish soft/rapidity divergences using SCET

A systematic treatment of soft and collinear regions, and rapidity
divergences. Factorization ala SCET al small-x.

work in progress with Z. Kang and X. Liu
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Summary

r
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. : N
Motivation:
2-particle azimuthal powerful observables to
correlations search for saturation
Y,
~N

Results:

full NLO calculation

small-x and soft gluon
resummation at finite Nc
at single logarithmic accuracy

computed all even
azimuthal harmonics

|ldentified TMD factorization
breaking terms
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