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QGP In small collision systems?

(b) CMS MinBias, 1.0GeV/c<p <3.0GeV/c (d) CMS N> 110, 1.0GeV/c<pT<3.0GeV/c

R(An,A¢)
R(An,A9)

CMS, JHEP 09 (2010) 091
* QGP-like signatures in high-multiplicity pp and p-A
* How do QGP signatures evolve when decreasing system size?

* |s there evidence for jet quenching in small collision systems?

A. Dobrin Collectivity, Friday
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Jet quenching
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“trigger
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In-vacuum shower in-medium shower — ¥ sl -7 -

Interaction of partonic shower with QGP results in :
* Energy loss = suppression of yield of high-pr jets and hadrons
e Jet substructure modification
* Medium induced acoplanarity D. A. Appel, PRD 33, 717 (1986) & J.P. Blaizot et al., PRD 34, 2739 (1986)
P. Jacobs Jet substructure, Monday
Y. Go Medium response to jet, Monday

R. Ehlers Jet quenching, Thursday 3
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Nuclear modification factor

1 d? h’j/ dprdy

len .bias -
U pp / dprdy
pocent. _ 1 (1/Nevt) d2N /dp dy - limited precision of (T ,) for centrality biased events
pA T ' - geometry information smeared by fluctuations
(Tpa) 203 oy /dprdy | Y y

- no correlation between hard and soft interactions

Nuclear modification factor is not defined for high-multiplicity pp collisions
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Inclusive jets and b-jets In minimum bias p-Pb

‘ql_oz-l"'l"'l"'l"'l"'
QD:%1 gE ALICE ALICE, JHEP 01 (2022) 178
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* Reeb ~1 = no evidence for jet quenchig
* No sign of mass dependent effects
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Qprr and Rypy Of Jets vs event activity

ALICE, Eur. Phys. J C76 (2016) 271
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* Event activity in ZNA from Pb spectators

» Model dependent {N..i) based on signal
from VOA in Pb-going direction - """"""""""""""

—side <S>c ZNA P
<N£§u ‘ >C = (Ncoll ) MB * Shn

S)mB .
. . . ALICE VOA scint. 2.8<7< 5.1
* Qurv ~ 1 = no evidence for jet quenching
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Qprr and Rypy Of Jets vs event activity

ALICE, Eur. Phys. J C76 (2016) 271 - ATLAS, Phys. Lett. B 748 (2015) 392-413
g T L L B S B p-going direction Ph gomg dlrectlon
G - ALICE p-Pb |5, = 5.02 TeV Centrality classes (ZNA) ] £ AT e — ————
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20 0 %0 % “’OPT o) » Events with activity bias: Ryr», depends on jet y*

« Event activity in ZNA from Pb spe’ctators

» Model dependent {N..i) based on signal
from VOA in Pb-going directon B

— <N0011>MB ’ &

Pb 31de>
coll

i - - ATLAS FCal calo. -4.9<np<-3.2
* Qprv ~ 1 = no evidence for jet quenching d
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Centrality dependence of the dijet yield in p-Pb

ATLAS, Phys. Rev. Lett. 132 (2024) 102301

' p+Pb collision Use dijets to constrain parton kinematics & measure event activity in FCal
How is Rce affected by x of interacting partons ?

c.m. c.m.
_prae’t +prae” 2pT, Ave Vb *
o e”? cosh(y™),

Xp =
VSNN VSNN

-0 ¢ 1 n — +oo

_,cm. _uc.m.
prie 1t +prpe 2 2pT Ave

= ~Yb *
TPo = e~ cosh(y"),
FCal in Pb going direction SN NG
-49<np<-3.2
P11+ P12 yim e+ ysm o yem - yem|
pT’AVg = 2 ? yb - 2 ] and y = 2
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Centrality dependence of the dijet yield in p-Pb

ATLAS, Phys. Rev. Lett. 132 (2024) 102301
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Centrality dependence of the dijet yield in p-Pb

ATLAS, Phys. Rev. Lett. 132 (2024) 102301
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p with high-x parton = peripheral
F Krizek. LHCP 2024

* Qualitatively in agreement with the x,-dependent
color fluctuation effects Phys. Rev. D 98 (2018) 071502

proton with low-x parton = central



Semi-inclusive measurements

trigger

-
ﬂﬂﬂﬂﬂﬂﬂ

2aATAA 2 n7PP
1 d Nh/jet w/onucleareffe»cts 1 d Nh/jet

Nirig dprdAg Niie dprdAg

PT, trig PT . trig
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Constraints on jet quenching in centrality-dependent p-Pb

ATLAS, Phys. Rev. Lett. 131 (2023) 072301

Jet Tag
Charged
Particles
Jet .A¢ch,jet = |¢ch - ¢jet|

__Hadron yield per jet|p+ b

PP*"" Hadron yield per jet|

p+p

« Corrected for UE using MB events with similar FCal signal

« Centrality ZDC (spectator neutrons)
* Ipep Selfnormalized = does not need (Ncon)

* Enhancement at near side
* Cronin-like enhancement at low pr

F. Krizek. LHCP 2024
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Constraints on jet quenching in centrality-dependent p-Pb

Ipr

ANGANTYR

C. Bierlich at al. JHEP 10 (2018) 134
 PYTHIA based model does
not account for QGP
* Reproduces data

* Nearside enhancement is
not due to nPDFs & isospin
& interaction with QGP

ATLAS, Phys. Rev. Lett. 131 (2023) 072301
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E-loss modeled with PYTHIA parton energy loss constrained to be 0.2 £ 0.5% =
less than 1.4% at the 90% CL

F. Krizek. LHCP 2024

11



Search for jet quenching in high-multiplicity pp

ALICE, JHEP 05 (2024) 229

Observable: per trigger hadron normalized yield of correlated jets

trigger 1 1 dN_e[
Avccoit (Ag) = ~ Cret )

e TT{20,30} & peh " Nuig dAg

T.jet

jet
Nuig dAg

Yield of uncorrelated jets is subtracted in data-driven way

TT{6,7} & pf,

jet
.
° Tl’iggel’i pp collisions Vs =13 TeV - ;Tm
- Minimum bias (MB) . ~*~ ALICE data
- Hi inlici = . PYTHIA 8 Monash:
. ngh mu-ltl-pIICIBI/ (HM) é -_i —& Detector level 3 _a—glf || Y=m==yifjRee 'f§
Event activity selection: = : @ S _ -+ Parice leve
VOM = VOA + VOC ;g % X "'_‘_ - ' :
PE ] - || ;
« HMis 0.1% of MB cross sec. ¢ <t s “s o L
- I VOA voc
5 < VOM / (VOM) < 9 T [ "Pitpyyd 2e<nes:  arens<as
e 8<n«<5b. -o. -1.
(VOM) = average in MB 1N PR S 1
4 6 8 10 12 12

F. Krizek. LHCP 2024 Multiplicity VOM/{VOM)



Search for jet quenching in high-multiplicity pp

ALICE, JHEP 05 (2024) 229

_3 -3
8?|<-lp-|---|---|---|---|--'|--'|--_ _|---|---|---|--'|---|---|-'X-1|Q-_3
L ALICE pp Vs =13 TeV - y
T,-\ 6.4 u Charged-particle jets _y: L ‘pT’jet € (40.60 GBV/C‘ (12.4
g i . ro- - pQCD®@LO + Sudakov (MB) : )
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3 —e— Data 1k E
2 m 1.5 :__+_ Syst. uncert. qF _+_ E
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16 1.8 2 22242628 3 1618 2 22242628 3
Ag (rad)

* Suppression of back to back correlation in HM w.r.t. MB
* Reproduced by PYTHIA
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Search for jet quenching in high-multiplicity pp

ALICE, JHEP 05 (2024) 229

x107 x107
s s R s s s s na | S RS RS MRS LA AR AR A
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g 6.4 Charged-particle jets 1F - - pQCD@LO + Sudakov (MB)
S [ Antik R=04,] | <05 16 Due:
X 48F — [
ST TT{20, 30} - TT{6, 7} 1} = MB ]
2 [ [peh (20, 40) GeV/c [ = 1M ]
B 3.2 T 1 -
— Syst. uncert. 41 F PYTHIA8: .
B [ 1 —MB |
<‘-41.6_ 7 ]
o i 1 re AW NPT N sl
AJSRTULINRI B I I B R I B I LR I LI I I I LS
15'__+_ —o— Data = =
E‘E : 5 Syst. uncert. E E _+_ E
o D . e I
F 1 PYTHIA 8 ek —+— _+_—+—++
0SB, ] ] 1 | PP P I ' I I EPIP IPIPIPE I PP PP I
| s . . T : T T T
< [ 1F ]
ST - ==
5; 1E=4- o = ----£¥E--=+—_-*-——Q=
A ——
O 1 1 1 1 1 1 1

11.8

bt
1.6 1.8 2 22 24 2.6 2.

PR R I r RN TR P P P P I B
3 1618 2 222426 28 3

Ag (rad)

3

12.4
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Probability density

* Small jet quenching signals
can be masked by effects

pp Vs =13 TeV
PYTHIA 8 Monash || <0.9

Trigger track {20, 30}

Charged-particle jets

o —o@. |>7x2
Antiky algorithm, R=04 T i

0.35---|h---|---|---|"' T
03 +pTl;jet > 10 GeV/c
025 —e—pmet > 25 GeV/c
-#-ph > 40 GeV/c
02 T, jet
0.15
0.1 o %
. O o}
8 )
0.05F a8 ME
O 1 1 1

Cvoa

A
P88
4
77jet

Lesson learned from PYTHIA :
* HM trigger enhances probability to have

a high-pr jet in VOC

coming from trigger

* Suppression of back to back correlation in HM w.r.t. MB
* Reproduced by PYTHIA
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* Jet quenching signatures can be created by event selection biases

Summary

* Jet quenching in small collision systems not seen yet - likely to be a small effect

- picking up fluctuations in particle wavefunction when imposing event activity bias

- NLO processes with multi-jet topology in final state

* We need to understand origin of high-pr track v

pPb 186 nb' (8.16 TeV) + PbPb 0.60 nb™ (5.02 TeV)
L I I BN IR B LR B LR

ey L o o ]
S, 021~ CMS preliminary 15 < N2ffin® < 250

E o 4 subevent ]

0.15F ]

01 &

0050, <24 « pPb 8.16 TeV
L o PbPb 5.02 TeV
O—' I [ IR TR BT B B
0 2 4 6 8 10 12 14 16 18
P, (GeV)

F. Krizek. LHCP 2024
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0.1:

|
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Outlook

OO Vsnn = 6.37 TeV run at the LHC in 2025
minimum bias should provide sufficient precision

Rmm .bias __

F. Krizek. LHCP 2024

|

h”/dedy

141;2

dQUp /dprdy

00 Vs =7 TeV L4=0.5 nb™ lynl<1.0

[ 1 E-loss models =

!”,,/’ e ryt. EPPST6(90%CL)
.85 _ BKK LO (scale)

&£ BKK NLO (scale)
a0y KKP NLO

——— stat. projection
] | ] ]

20 25 30 40 50 70 100 150 200
pr (GeV)

Huss et al., Phys. Rev. Lett. 126, 192301 (2021)
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dAu,EXP

EO
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Disentangling centrality bias and final-state effect in d-Au

- @)

E ® 0-100% d+Au |[s,=200 GeV ]

—
TT
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‘ (e) 7
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F e 0-5% j—
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E T
3 f’; * + e
¢° 1 . ]
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- ¢ 60-88% _ —
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PHENIX, arXiv:2303.12899
Avoid usage of Glauber N based on ya:

dir
Y —
RdAu =1=
71-0
dAu,EXP —

NEXP

coll

(pr) =

0

T

dAu

NEXP

coll

0
YPP

Y, ()

dir

Y'Y()

dAu/

d11
YdAu / pp

D. Perepelitsa, arXiv:2404.17660

Cent NGIIIauber

MB 7604
0-5% 18.1+1.2
60-88% 3.2+0.2

NEXP
7.6+1.2
17.3+2.9

3.7+0.6

Partons producing y¥" and 1t° have different x = different color fluctuations
Phys. Rev. D 98 (2018), 071502(R)
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Semi-inclusive measurements

trigger

2nTAA : :
1 d Nh/jet B 1 dQO.AA—>tr1g—|—h/Jet—I—X
N t‘?fé dprdAe |y . gAd g X dprdAg PT trig AL
jet

in case of no nuclear effects

B M 1 d20.pp—>trig+h/jet+X B 1 dQN}E)/pjet
177179\ gPP—irig+X dprdAe PT trig Ntrfg dprdAgp DT trig
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Correlations of event activity with hard and soft processes in p-Au
STAR, arXiv:2404.08784v1

Event activity in events having dijet in TPC
BBC in Au direction: -5 < nggc <-3.4

Anticorrelation between average Q?
of hard scattering in midrapidity and
forward EA

Q
Q [
z E‘I’ 0.4 STAR 10 < pl*d < 15 GeV/c
© - , p+Au \}s =200 GeV
_ %0_12% : l; NN - 15<p'Te‘?;<2OGeV/c
B |
S 3 . 20 <p"d <30 GeVic
0.1 = ! T,jet
B | *
— ¥ lead  recoil B
0.08 : "y Ot — O © - R
0.06 — trlg I [ raw,recoil > 1 ,.raw,lead
vorr > 4 GeV ¥ T.jet 2 Trjet
B Ll ’ ’
u i ¥
0.04f- antl k; R=0.4jets %
B | jets ‘ <06 !
0.02 :— systematic errors are less than 1% (not shown) ¥
L L | 1 1 L 1 | 1 1 L 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1
00 10000 20000 30000 40000 50000 60005
EABBC (XADC )
channels

5 §103 EE = High-EA —=— trigger-side
< |5 ———— = lowEA e recoil-side
© Q — — S—
-—|Z~ ; STAR ——
5 = p+Au 200 GeV ° O
10° g Pt VS =
— —_—
TS o8 E
<lz 07 E
of oo e,
05 E
0.4 £ anti-k; R=0.4jets ’ i
03 & E°> 4G Vv
02 E ' <06 trigger-side (|je. — dusig| < 7/3)
01 F recoil-side (|pjet — Pirig| > 27/3)
0 E 1 1 1 ]
15 20 25 30 35 40
Jet [GeV/c]

Per tngger normalized semi-inclusive pr spectrum
of jets in coincidence with a calo trigger E" > 4 GeV

- suppression in ratios is not due to jet quenching
EA selection biases abundance of Q? proceses

- EA bias does not impact dijet acoplanarity
and dijet momentum imbalance



Flow of high-p_ particles in p-Pb from ATLAS

ATLAS, Eur. Phys. J. C 80 (2020) 73

T T I| T 1 T T \I T T T T T LI
015 ATLAS p+Pb |s,, =8.16 TeV, 165 nb™
N . 0-5% central -
i " ]
W S L N
e i ]
L8 +*!++l ¢ |
0.05-° r t;a -
i g ‘++ I
T 7
[ ——pF'>75GeV i
o5l e ]
5107 1 2 3456 10 20 30 10°
P [GeV]

L

out of plane

Asymmetric collision zone

in plane

Radiative energy loss of partons

AEocqL’

BDMPS, Nucl. Phys. B483 (1997) 291



hUE

Nonflow suppression: |An| > 2 1.

0.98 b

Measurement of the sensitivity of two-particle correlations In

pp collisions to the presence of hard scatterings by ATLAS
ATLAS, Phys. Rev. Lett 131 (2023) 162301

Correlation classes:

h-h
HUE _
HUE _
HUE _
HUE _

hUE
hUE
hUE
hJet

: 0.5 < pr<4GeV

= N 8 | I LA AL B AL LA L R AL R DL | LA AL AL IR AL IR AL LA B AL L IR
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Particles associated with jets do not exhibit any significant azimuthal correlations with UE



Summary and outlook

* Jet quenching in small collision systems not seen yet - likely to be a small effect

* Jet quenching signatures can be created by event selection biases

- picking up fluctuations in particle wavefunction when imposing event activity bias

- NLO processes with multi jet topology in final state

* OO Vsyn = 6.37 TeV run at the LHC in 2025
minimum bias should provide sufficient precision

Rmm .bias

F. Krizek. LHCP 2024
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Huss et al., Phys. Rev. Lett. 126, 192301 (2021)
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