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“Evidence for collectivity in pp collisions at the
LHC":
« Collective flow
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“Evidence for collectivity in pp collisions at the
LHC":

« Collective flow
A No Jet quenching observed
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Jet quenching vs Flow
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Jet quenching vs Flow

* Rypp VS v, puzzle
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Jet quenching vs Flow

* Rypp VS v, puzzle
* R,pp VS centrality

-1
2013 p+Pb data, 27.81nb ATLAS
2013 pp data, 4.0 pb
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1000
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Multiplicity? |

Daniel Firak (for the PHENIX collaboration) - HP2024 prenix phys. Rev. Lett.134 (2025)

Is the Glauber Model good both in small @envenx
and large systems?

dan ch

= N, =
d'? coll

Model/Theory

* Multiplicity window = centrality class

— * Measurable
Glauber-MC

. —'5«%»’?:502 Tev dNcp
0

a
© NG « (d—’) : Not directly measurable!
+ Obtained through Glauber model

theory / model calculations
experimentally measurable
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Multiplicity? Il

Daniel Firak (for the PHENIX collaboration) - HP2024 prenix phys. Rev. Lett.134 (2025)

. . WerTENX
There IS bias in small systems!

Centrality is determined by event activity in the BBC,
on the Au going direction (PHENIX)
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PHENIX Data p+p @ 200 GeV
=+ p+pinclusive (42 mb)
P+p with particle p >1.5 GeVic

p+p with =° at given P,

:’5 [GeV/n:z]o 80 100 120 140
T BBC Charge (Au-going Direction)
more midrapidity, less forwards/backwards

Ismail Soudi Hard/Soft Correlations in Small Systems 6/32


https://indico.cern.ch/event/1339555/contributions/6040790/
http://doi.org/10.1103/PhysRevLett.134.022302

Multiplicity? Il

Daniel Firak (for the PHENIX collaboration) - HP2024 prenix phys. Rev. Lett.134 (2025)

Q' pHENIX

Bias in Centrality determination

Charge distribution in BBC
Soft [ e (South, gold going direction)
central - § o  Hard .

o

central

Soft
peripheral

ultiplcity E W Gl 0 00

« Since the event activity is measured  « This can drive central events to

in the forward region of the detector, appear as peripheral, explaining a

a hard event (think jets) can deplete source of “peripheral enhancement”
the forward activity, and would have a  at high pT

high pT event on the central detectors
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Hard/Soft

Hard Soft
* Pythia Hard Process ¢
N vy %
Pair
rest
frame l
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Correlations

Forward Mid

_M X-SCAPE

Nt p-Pb @ 5.02 TeV . X-SCAPE

JETSLCRAFE — Soft + Hard p-Pb @ 5.02 TeV
— Soft

0
10 102 10° 102 10°
Leading jet P, [GeV/c], (R=0.4, |y_et| <0.3) Leading jet P, [GeV/c], (R=0.4, |y_et| <0.3)

Competing effects
» Er increases with leading jet pr

» At higher pr energy conservation leads to decrease in Er
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Energy Loss?

Jets Pions

ALICE data )
— X-SCAPE IETSEAPE

—— ATLAS data
—— X-SCAPE w energy loss

p-Pb at SNN =5.02 TeV JETSCAFPE
Partonic jet. Anti-kT, R=0.4, |y|< 0.3

T+ T, |Suy=5.02TeV

02 4 6 8 101214 16 18 20

P, [GeV/c]

100 200 300 400 500 600 700 80(Q

pT,jet [GeV/c]

Matter Energy loss in p-Pb collisions
» No evidence for jet quenching
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Energy Loss: Explanation

energy profile [GeV/fm?] energy profile [GeV/fm>] energy profile [GeV/fm3]

7=0.5fm/c *  Hard parton 2 T=1.0fm/c ENHarlEarton2 T=2.0fm/c E\Hagl parton 2

Medium extent small
» Hard partons spend limited time in medium

Ismail Soudi Hard/Soft Correlations in Small Systems 14/32



Introduction

Correlation due to Energy Conservation

Transverse Momentum Correlations



Jet quenching vs Flow

* Rypp VS v, puzzle
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v, Azimuthal Anisotropy

v, = 1+ 0.25 cos(nd)
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Azimuthal momentum correlated with 31\/ sr

soft bulk (event plane) ot
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Transverse Dependent Distributions

:
— - => Collins

number

density
nucleon (N) o~

O unpolarized
quark (Q)

e ucleon spin

—» quark spin 2
A 9iT
' @ @ qua rk k T worm-gear

"Fig from PHENIX Spin Physics Overview
°D. Boer, P. J. Mulders, J. C. Collins, J. Rodrigues, C. Pisano, S. J. Brodsky, M. Anselmino, M.
Boglione, U. D'Alesio, E. Leader, D.W. Sivers, F. G. Celiberto...
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Transverse Dependent Distributions

:
1 => Collins

density
nucleon (N) o~

O unpolarized
quark (Q)

==jp nucleon spin

—» quark spin

¢ ® @ quark kr

"Fig from PHENIX Spin Physics Overview
°D. Boer, P. J. Mulders, J. C. Collins, J. Rodrigues, C. Pisano, S. J. Brodsky, M. Anselmino, M.
Boglione, U. D'Alesio, E. Leader, D.W. Sivers, F. G. Celiberto...
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Cross Section

Cross section for' p+ p — 7 + X:

dx,dxpdz . - o
ddePT = > / d’k1ad’k1pd’kicO(Kic - pe)F(kic)T7H (xa, kia)T

27T2 3
a,b,c,d

My ( Uaﬁ) APP(z,kic)0(3+E+101)

With generalized correlators:

. Pér o) (PITE ()P (©)] [P npny
T (k) = / d&-P)d%€r iipe) 0
e (2’ (b7
na k“k s k2
k) + (S + ) ()
= 2x )

"M, Anselmino et al. PRD71 (2005), M. Anselmino et al. PRD73 (2006)
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Transverse Momentum Dependent Distributions

(KR (K) = 2 {2y (e, k) 4+ M et (v k) }

2M?
The Boer-Mulders/Collins flips helicity between
amplitude and conjugate
Requires two flips for unpolarized pion production =>
For gg — gg:

@ : Unpolarized gluon/unpolarized hadron @ : Polarized gluon/unpolarized hadron
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Transverse Momentum Dependent Distributions

I3 HE,
DB (k) (k) = 2 { M fy(, ko) + 0N St (x, k) | e ./

2M?
d
The Boer-Mulders/Collins flips helicity between o \
amplitude and conjugate
Requires two flips for unpolarized pion production =>
For gg — gg:

- BM@ C => M)} (M2)])

@ : Unpolarized gluon/unpolarized hadron @ : Polarized gluon/unpolarized hadron
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Transverse Momentum Dependent Distributions

« 1 = 1,72 1, A2 K
22BN ()} (k) = & {32 fy(x, ko) + 0N i (x, k1) |

The Boer-Mulders/Collins flips helicity between

i i
e -e

amplitude and conjugate BM®C
Requires two flips for unpolarized pion production => 4 .
For gg — gg: .é .
Y P WA W /@
? ’ fblg/bi.>&d\
O

- BM @ BM = My (MY )

@ : Unpolarized gluon/unpolarized hadron @ : Polarized gluon/unpolarized hadron
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Spin-Helicity Formalism

Matrix element for BM ® C Naturally contains asymmetries

TEMEC —f( (2, k1 c)2 [h /(A)(Xa, k1a)fy 5 (%6, kLp) M{MGcOS (4(dap — o))

o4 (5ar kLo 3 (xp, kL) MRS COS (4(Gab — dac)) | (5)

N? tz—i-tu—f—u2

with MOAMY =g NZ - < 2 ; &) — ¢y sin 0,+01
9 9 9 and tan ¢ij = tan : 2 9_ .
Nc t“+tutu 2 gip %=%
Ml M3 _gs N2 ) ) z
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Spin Independent

TMD matrix element contains angular correlations as well

(pC'/ 7T/2a ¢c)
S b =
o ZPaPc( — 0, COS(gba — g[)c))
= tonpe (2 04+ 2Bacos(a = 60) + Brcos(z(a = go)] &paa"&*\
Ismail Soudi
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v, Azimuthal Anisotropy

v, = 1+ 0.25 cos(nd)

T io i

1 Py

Azimuthal momentum correlated with 31\/ sr

soft bulk (event plane) ot
dN

qu o<1+22v,,cos[ (6 —¥,)] (6) ) 0 -

z,] \ T
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TMD Scattering

Initial State Final State
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Pythia Simulation

Simple Pythia Simulation:
« Single Hard Scattering => 2 initiating partons + 2 remnants
 Generate kr for each initiating parton => Each balanced by its remnant
« Lund String Hadronization connects final parton to remnant
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Pythia Simulation

Correlation:
» Event plane ¥ = X arg[Q]
. M .
with @, = 1= 377" e,
» Balance momentum ¢;.
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Pythia Simulation

Correlation:
» (Er) at FoCal 3.9 <7 <5.0
» Mean transverse

momentum (k%) of hard
parton

2 3 5 6 T

5 [
Momentum: (

Mean Transverse
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Setup

ALICE [PRC 101 (2020) 4, 044907]
99 — 9q9 — Dy
q9 = q9 — Dy
qq = qq — Dj

" %, 99 — 99 — D,‘v;

gg — gg => Most relevant for
kinematics

Momentum: py [GeV /|

O%. Guo PRDS8 (1998), R. ). Fries PRD68 (2003), A. Majumder and B. Muller PRC77 (2008)
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Setup

Factorization x ® k, => Approximate to
p—A

4T 2
flx, ky) =Ty KID f(x),  (7)
(k1) p—po =AY (K1) pp - )

Soffer Bound: b < 1and B< 1

k* o

M2 h=58(x, kL)‘ =b-f(x, k1), (9)
—kj H~8(x,k, )| =B-D(x, k (10)
Ve (x,k1)| =B-D(x,kL) .

O%. Guo PRDS8 (1998), R. J. Fries PRD68 (2003), A. Majumder and B. Muller PRC77 (2008)

— Lead

= Proton
+= . Constant

— r=y

100
Lightcone momentum: z+/s/2[GeV|

Ismail Soudi Hard/Soft Correlations in Small Systems 26/32


http://doi.org/10.1103/PhysRevD.58.036001
http://doi.org/10.1103/PhysRevD.68.074013
http://doi.org/10.1103/PhysRevC.77.054903

p — p Results

p-p 13TeV

0.1 GeV? < (k%)) < 0.9 GeV?

20-50% of Soffer bound, (k2 )(x) ATLAS [PLB 763 (2016) 315-336]

ATLAS [PRC 96 (2017) 2, 024908] —o— (k?) fixed

BM ® BM
BM®C
99 — 99

3}
9]
%
7
|®)

p-Pb 5.02TeV

40% of Soffer bound, (k%)(z) ===

—_——

1
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p — Pb Results
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| p-Pb8.16TeV
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Cross Section:
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p — Pb Results
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p — Pb Results

0.1 GeV? < (k%)y < 0.9 GeV?
20-50% of Soffer bound, (k2 )(x)
ATLAS [EPJ C 80 (2020) 1, 73|
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Angular Distribution A¢ = ¢, — ¢

L 0 \Jm
A b
2 2
NN, 042
3x i
4 el X 4
™
BM ® BM
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Angular Distribution A¢ = ¢, — ¢
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Higher Harmonics: v; & v,

>-Pb 5.02TeV

0.001 0.001
1 1

10 10
Momentum: pr [GeV/c| Momentum: py [GeV/c|

Non-zero v; and v, at high-pr
» BM ® C important for v;
» BM ® BM becomes more important for v,
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RHIC Predictions

PHENIX —o— of Soffer bound, (k?)(x)

94— gq — DI
q9 —q9 — Df

p-p 200GeV p-Au 200GeV
0.001
0.001 T

Momentum: pr [GeV /¢

Momentum: pr [GeV Momentum: py [GeV'/c

+ Quark becomes more important at RHIC
« Contributions from BM ® BM for quarks
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Conclusions

« Small systems constitute a unique opportunity to understand hard/soft
correlation in the initial state

« |nitial state correlations can allow for access to TMDs

- Going beyond simple A!/3 approximation => Compute Spin-Dependent
rescatterings
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