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Non-flow in high-multiplicity p+A
collisions: CGC perspective




Collision of two CGCs

» the initial condition for the time evolution in heavy-ion collisions, and
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Collision of two CGCs

» the initial condition for the time evolution in heavy-ion collisions, and
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high-multiplicity p+p and p+A before the collision:

JE =00 (x7)p, (x, ) +0 70 (x7)p,y(x,)
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< J 0 < pr~1/g  pa~1/g
s (6 A L the distributions of p contain the small-x
L A /<\ evolution of the nuclear wave functions
by 5 Dy [p1]]° [ Paplp2]?
these wave functions are mainly non-perturbative, but their evolution is known
d ‘(I)x[(l]‘z _ HJIMWLK ®‘<I)x[0c]‘2
d In(1/ x)

» after the collision: the Glasma phase

the gluon field is a complicated function
of the two classical color sources




Two-particle production in the CGC

Gelis, Lappi and Venugopalan (2008)

Stre?gotr\:vglf-tc?oeuﬂ![?ngr)ams 1,11, leads to so-called Glasma graphs, produces
P g double ridge, dominates in A+A collisions

A
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g* 3»»2 usually neglected (vanishes
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1 :[-fug back-to-back jets, dominate in dilute-
iq4 dilute/low-multiplicity collisions
2
g

— P, strength of the color charge of the projectile

the target is always dense p1 ~ 1/g



Two-particle production in the CGC

Gelis, Lappi and Venugopalan (2008)

Stre?géf\:vgif_’g\oeu(rj]![?ngr)a ms i piiqg leads to so-called Glasma graphs, produces
P g double ridge, dominates in A+A collisions
A
.
g* §-f~§ usually neglected (vanishes
) g3 with Gaussian averaging)
g
1 :[.f.,g back-to-back jets, dominate in dilute-
44 dilute/low-multiplicity collisions
gZ
g
p+A A+A o
— P, strength of the color charge of the projectile
4 1 g

the target is always dense p1 ~ 1/g

those diagrams yield initial QCD momentum correlations which contribute to “non-flow”
( as opposed to “flow” which is a hydro response to initial spatial anisotropies )

as the system later becomes a perfect fluid,
one expects most of those initial correlations to become negligible

in small-systems (p+p, p+A), they may still have a sizeable contribution 7



The ridge from initial state physics

Dumitru, Dusling, Gélis, Jalilian-Marian, Lappi and Venugopalan (2011) |, .
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Kovner and Lublinsky (2011)

« CGC calculation after Gaussian averaging

additionnal double ridge in the correlation function
compared to standard QCD di-jets




The ridge from initial state physics

Dumitru, Dusling, Gélis, Jalilian-Marian, Lappi and Venugopalan (2011) |, .

Kovner and Lublinsky (2011)
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CGC calculation after Gaussian averaging

additionnal double ridge in the correlation function
compared to standard QCD di-jets

non-flow subtraction typically only remove the jet component

p-Pb | s, =5.02 TeV

2< pT"ig <4 GeV/c
(0-20%) - (60-100%)

1< Prassoc < 2 GeVic

CMS pPb \ s, =5.02 TeV, NI/ = 110 (b)
1<p,<3GeVlc T

2 diagram which gives

most of the ridge comes from flow, but a non-flow contribution the Ad dependencg
could remain especially in p+p, p+A collisions



Example of leftover non-flow
after di-jet peak subtraction
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...vs non-flow v_ at forward rapidities
Reverse ordering for v, V9 (p—I—AU) > V9 (d—|—A11)
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...vs non-flow v_ at forward rapidities

Reverse ordering for v,

vo(p+Au) > vo(d+Au)
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can be reproduced with CGC calculation

Kohara, CM and Vila (2023)



Example of centrality-dependent
non-flow in jet component
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This happens at forward rapidities
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initially v,, was not extracted from those correlation functions



LHCDb forward di-hadrons

 LHCb measured the di-hadron correlation function at forward rapidities

the delta phi distribution shows: Giacalone and CM (2019)
- a ridge contribution (could be flow, Glasma graphs or something else)
- the remainder of the away-side peak can be qualitatively described in the CGC

LHCb, Pb, 0- 3%
ool ° P M@
ITMD + flow

0.06r 1.5<y<4.4 ‘} {
1.0<p; <2.0GeV { {

Y(A)
2

0.02} fﬁ‘{‘h}» { \\\"\-““"‘c o
0.00 ___{.jf{q_ _____________ {;}{.{ﬂq" e -}_/‘.u___.

without a soft gluon resummation,
the width of the peak cannot be reproduced 17



LHCDb forward di-hadrons

 LHCb measured the di-hadron correlation function at forward rapidities

the delta phi distribution shows:
- a ridge contribution (could be flow, Glasma graphs or something else)
- the remainder of the away-side peak can be qualitatively described in the CGC

0.08f

0.06¢}

Y(A)
b

0.02}

0.00

without a soft gluon resummation,
the width of the peak cannot be reproduced
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suppression of the away-side peak
with increasing centrality seen in the dat1a8



Away-side peak suppression:
saturation signal
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New STAR data

» forward di-hadron correlation function in p+Au, p+Al and p+p collisions

low pt: away-side peak STAR Collaboration (2022)
suppression with increasing A
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high pt: correlation unchanged 21



New STAR data

» forward di-hadron correlation function in p+Au, p+Al and p+p collisions

low pt: away-side peak
suppression with increasing A
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Soft gluon emissions
in di-hadron / di-jet production
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QSW

virtual diagrams

ki t— P
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kg I 52
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NLO corrections

real emission diagrams

RI

Altinoluk, Boussarie, CM and Taels (2020)
Caucal, Salazar and Venugopalan (2021)
Bergabo and Jalilian-Marian (2022)
Taels, Altinoluk, Beuf and CM (2022)
lancu and Mulian (2023)
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uv

hadron P

imbalance K

IR

Sudakov logarithms

» they arise from “incomplete” cancellation of IR divergences

just as saturation effects, Sudakov logs

A Mueller, Xiao, Yuan (2013)

| e Ao

cancellation among virtual diagrams
virtual
left-over Sudakov logs: log(P/ k7) diagrams

_________________ T
real real-virtual
diagrams cancellation

are important in the back-to-back regime k; << P;
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Back to phenomenology

the width of the away-side peak is well described
however, we lose control on the normalization

this is because we are very sensitive to non-perturbative physics
this was to be expected since the Sudakov logarithms are not really large
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| %iii H

] % 2 <pp <3 GeV %

0.5 <8, <2

25 28 r 34 37
A¢

1/o do/dA¢

—_
o
L

<
o0
A

<
>
!

4 STAR, 200 GeV p+p

pi > 2 GeV, 1 GeV < ppo < py
24 <y <40

0.4

25 28 r 34 37
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0.6 1

27 <y < 4
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Forward di-hadrons correlations

forward di-hadron correlations has been the prime observable
to look for saturation effects in p+Pb vs p+p collisions cm (2007)

however, there is a competition between saturation effects
and soft-gluon emissions: e.g. STAR sees suppression of
the awai/) -side peak 2dom|nated by saturation) but no
roadening (dominated by Sudakov)
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Forward di-hadrons correlations

forward di-hadron correlations has been the prime observable
to look for saturation effects in p+Pb vs p+p collisions cm (2007)

however, there is a competition between saturation effects
and soft-gluon emissions: e.g. STAR sees suppression of
the awai/) -side peak §dom|nated by saturation) but no
roadening (dominated by Sudakov)

one should consider observables less sensitive to soft radiation, which will
leave more room for saturation signals

transverse EECs are a popular option, which at small x are straightforward
to obtain from already-known double-inclusive cross-sections

alternatively, one may use heavy quarks, in which case soft gluon radiation
is also suppressed (dead cone)

those studies are important if one wants to build a robust model
for the non-flow component in two-particle correlations
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Heavy-quark pair production
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QQ photo-production at small x

<kt> ~ Qs
Qs(az) > AQCD

(*) the photon may also be virtual,
but a large Q2 value is not needed

The hard scale is:  |p1t], |p2t] ~ P > Qs

The semi-hard scale is:

ke|* = |p1t + patl® = |p1e|” + |pac]” + 2|pae]|pat|cosAg

- the small-x gluon’s transverse momentum (di-jet imbalance)



Using heavy quarks

« we computed the Sudakov factor for heavy quark production

following the method in Hatta, Xiao, Yuan, Zhou (2021)
A

UV pesssssssssssssnssssssssssssnssssnssnnsnnnns AN

cancellation among virtual diagrams

PT --------------------------------------------- -——

virtual
diagrams
we considered this
regime for the heavy kT """"""""""""""""""""""""

quark mass, unifying
the massive calculation
and the massless limit

real real-virtual
diagrams cancellation

S

CM, Y. Shi and B.-W. Xiao, arXiv:2510.18949
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Comparison with HERA e+p data

CM, Y. Shi and B.-W. Xiao, arXiv:2510.18949

first description of HERA data

S D-tagged dijets, 2, > 0.75, (# x 1.5) |
B Hl D-jet
4 Q* <2 GeV?, (# x 1.5)
Q? < 0.01 GeV? ;
o <]@ 3 N T |
I -
—| b = |
2 l | =
: J_ -‘ﬂiisﬂ LLLLLLLL
1 - _]
O _I T N T N T B I |

A¢
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RpA(A¢)

Comparison with LHC p+A data

Z. Gao, CM, Y. Shi and B.-W. Xiao, arXiv:2605.01527

2.5

1.5

0.5

0.4

we also compare to p+Pb data in order to further validate our massive

Sudakov resummation

W LHCb DYDY, pp (a)
pp === Peterson KKKS
pPb Peterson KKKS

1
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|| ®LHCb DD, pPb (c) |
pp === Peterson KKKS
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BWLHCb, J/¢ pair from bb, p}/¥ > 5 Gev
® LHCb, J/4 pair from bb, p]/* > 7 Gev

p;]/”’ > 5 GeV = = = Peterson KKSS
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—
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-
-
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-
-
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Predictions for EIC
and LHC (in UPCs)



A @ distribution

the y+A/ y+p suppression survives after the Sudakov factor is included

EIC y+A/y+p

Q? =1 GeV?
p; > 2.5 GeV
Vs =89 GeV, y; = 2.5

0.8
|| @ D meson pair

Ad

96 27 28 2

9

0.7

UPC y+A/ y+p

0.8

pi — [10, 15] GeV
V5 = 5360 GeV, y; = 2.5

-| @ D meson pair

26 27 28 29 3
A¢

inverse mass ordering due to suppression of soft gluon emission
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The “asymmetry” observables (cos(n¢))

* measurement previously performed in exclusive UPCs

PoPb 0.38 rib" (5.02 TeV)

CMS collaboration (2023)

2 4 6 8 1012 14 16 18 20 22 24
Q, [GeV]

we advocate doing the same with inclusive UPCs
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Asymmetry with heavy QQ pair

EIC y+A & y+p UPC y+A & y+p
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higher harmonics are even more sensitive to non-linear effects



Conclusions

steady progress is made in order to understand non-flow effects, in
particular in situation where it can be done from first principles, this is the
case at small-x/forward rapidities

the centrality dependence of non-flow effects, due to saturation, must be
accounted for when extracting the flow components

soft gluon emission can mask saturation effects

the simultaneous resummation of leading small-x and CSS logs was
recently achieved

the description of non-flow contributions in two-particle correlations can
be further constrained, recent development focus on using heavy-quarks
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