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Standard model of heavy-ion physics

Initial state Hard QGP formation Hydrodynamic Hadronization and

scatterings expansion freeze-out Detection

CMS experiment

Credit: MADALI 'éollab-oration

=1 fm/c =10 fm/c > 10 fm/c >

T ~ 200-800 MeV!!] Temperature

Tcioecp  ~ 155 - 159 MeV B4l

| F. Gardim et al. Nature Phys. 16 (2020) 6, 615-619

[1
i ) i i i ) [2] A. Andronic et al., Nature 561 (2018) 7723, 321-330
Direct observation of the QGP is not possible in an experiment [3] A. Bazavov et al.. Phys. Lett. B 795 (2019)
[4

— rely on the emerging particles from hadronic collisions as “probes” ] Borsaniy et al. PRL 125 (2020) 5, 052001

O Probe-I: low-pr particles, light flavour hadrons (u,d,s + nuclei)
- produced from hadronization of the strongly interacting, thermalised QGP constituents bulk of the matter
- thermodynamical, hydrodynamical and transport properties

O Probe-II: high-pr parton (— jets), heavy flavour hadrons (— open HF, quarkonia)
- produced in the early stages of the collisions
- traverse through the QGP and interacting with its constituents
- in-medium interaction (energy loss) and transport properties
- in-medium modification of the strong force and of fragmentation
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QGP discovery at RHIC: 2005 - 2006

EVIDENCE FOR ADENSE LIQUID

Two phenomena in particular point to the quark-gluon medium being a dense liquid state of matter: jet quenching and elliptic flow.
Jetquenching implies the quarks and gluons are closely packed, and elliptic flow would not occur if the medium were a gas.

Inacollision of protons, hard
scattering of two quarks produces
back-to-backjets of particles.

@, "0+

|
Proton

In the dense quark-
gluon medium, the jets
are quenched, like
bullets fired into water,
andon average only
single jets emerge.
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Quark-gluon

medium
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Fragment of

. gold nucleus
Off-center collisions

between gold nuclei
produce an elliptical

region of quark-
&

gluon medium. > l
1 L Elliptical quark-

gluon medium

The pressure gradients
inthe elliptical region
cause itto explode
outward, mostlyin

the plane of the
collision (arrows).

M. Roirdan and W. Zajc, Scientific American, May 2006




Collectivity - evidence of QGP fluidity

RHIC LHC Ultra-cold
Li atoms

100 ps

y
Configuration space ZI X

200 ps

Time

400 ps

O
&
NS
Q .
S
o
&
’4) T=3.6fm/c
& v

-lv = 10.32 fm/c

pair

600 pus

800 ps

Momentum space A,

1000 ps

1500 ps

2000 ps

Courtesy: Prof. John Thomas

Particle correlations and Fourier analysis: d
dA¢

+2V,, cos(3Ap) +2V,, cos(4A¢p) +...

~1+2V,, cos(Ap)+2V,, cos(2A¢p)
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Ridge - azimuthal anisotropy at low pt

1<p, <3 GeV/c

d2 Npair

1

See it by “eyes” event-by-event

o
e
e

CMS pPb \[sy, = 5.02 TeV, N°/"™ = 110

)

Phys. Lett. B 718, 795 (2013)

R
0'00“‘\ o
S

JHEP 07 (2011) 076

PbPb

CMS PbPb 2.76 TeV N 39-40%

1<p;<3GeV/c

Ridge

d2 I\lpeur
NtrigdAn dA(I)

Extended structure away from near-side jet peak interpreted as collective effect due to presence of QGP

¥ Azimuthal Anisotropy (v,) at low p, (<3 GeV/c)

3 Discovery of “Ridge” in pPb
+* Geometry + Fluctuations

o v {4} ~ v {6} ~ v, {8} =>sign of

0.10

Phys. Rev. Lett. 115, 012301 (2015)

I T T T T | T T T T | T T

- CMS PbPb s, = 2.76 TeV

| 0.3<p_<3.0GeVic;inl<2.4
T @) @)

000 OF

T I T T I I I I I | I I I I | I I I I I

- CMSpPb s, =5.02 TeV
03< p, < 3.0GeVic;inl<2.4

e
- 0.051& 0 V{2, IAnI>2y al= *WD‘* 5 -
collectivity R O v{4} 1 4 + |
i + v,{6} 1 [‘E |
+* Hydrodynamic provides simultaneous . : XZEEi(Z} ' .
descriptions of v,, v3, v, 1n pp, pPb and PbPb - ° 1 -
11 YT ST AN Y SN SN SR NN TN SN ST SN NN SR I NN SO TR SN TN AN NN SN SO TR NN SR SN ST S N

collisions 0 100 200 300 0 100 200 300

Noffline offline
trk rk
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Azimuthal anisotropy at high p,in PbPb collisions

Phys. Lett. B 776 (2017) 195

CMS 404 ub™ (5.02 TeV PbPb)
1 1 1 1 o rr [ rrrrr 1 1 rrrrrrrrr
[ » VA{SP} Gentrality: 5-10% ] 10-20% 20-30% |
- Vo) T PbPb s :
020 o v f6) T ]
[ * V,{8} In ]
> 2 s
R \ i |
: * T %, o [ ey
RTTEN ol " 5 4 1 s ¥ i
0.07 T . . { _
———————————
i 30-40% |, 40-50% | 50-60% |
3 R la -
O.ZE ? ‘@ T
> e 24 :

A T i IT |
SRR I %2:%.'34% } }: H o l:

20 40 60 80 20 40 60 80 20 40 60 80
pr (GeV/c) pr (GeV/c) pr (GeV/c)

0.0}

¥ Azimuthal Anisotropy (v,) at high p, (> 10 GeV/c) in AA:
¢ Energy loss + Fluctuations, no hydrodynamics at such high-pr
3 Sensitive to the path length of high p parton in QGP medium (Jet Quenching)
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Nuclear modification factor in small to large system

274 pb (502 TeV pp) + 404 ub™ (5.02 TeV PbPb) 274 pb (502 TeV pp) + 404 ub™ (5.02 TeV PbPb)

j'j ems ] :'j ems | JHEP 04 (2017) 039
"L [3)cMs502TeV ¢ ALICE2.76TeV ] "L [3]cMs502TeV 0 ALICE276 TeV ]
\o o owserTev ¢ Amasaretw 1 qp o cwsareTey E 27.4 pb™ (pp) +35 nb™ (pPb) +404 ub™* (PbPb) 5.02 Tev
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o o i oy i c
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- cms | | ] - cms | | ] 2
1.4 - 1.4 — =
F [¢7] cms 5.02 Tev ] F [[¢7] cms 5.02 Tev ] o
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na * 8
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I S T T [ 0-100%
p, (GeV) p, (GeV) - I I | _
160 27.4 pb (5OZ‘TI"e“Vpp)‘+4C‘)4‘uk‘)’1‘(‘5‘.(‘)‘2TeV‘PbF"b) 6 27.4pb (502HT‘e‘Vpp)‘+494‘ul‘)'1‘(‘5‘.9‘2TeV‘Pbl‘3b) O — I1 I — II1O I S I1|02 I =
ya CMS E ya CMS E p (GeV)
’ L 3] cmss02Tev 1 ' L [0 cms 5.02Tev 1 T
12~ © CMs276Tev . 12 © cmMs276Tev .
T,a and lumi. uncertainty I ) 2 1: Taa and lumi. uncertainty ﬂ 1 . . .
hi< mé@ﬂ l ; : i | 0 Charged hadron yield at high pr suppressed in Pb-Pb central
é [% ERN ” 7 collisions (Raa < 1)
: o 1 O Suppression decreases from central to peripheral Pb-Pb collisions
°2 50-70% E i E - lower medium density, small path length in peripheral collisions
T meey T peew - suppression in peripheral Pb-Pb could be entirely due to selection bias
A : : S ..
X N, icles © No ev1dence.of jet qu.ench.m‘g inp A collisions N
AA T NP X Nooi - Rpa ~ 1 at higher-pr in minimum bias p-Pb collisions

- Suppression in central Pb-Pb 1s due to the hot and dense QCD medium

e Raa <1 => particles are suppressed

e Bigger system — more suppression
B8 SY ~ PP Open question: collectivity in small system (p-Pb) without energy loss?

— when does energy loss turn on?
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Review of the story on hard probes

Hard scattering and connection with flow:

o Hard scattering => large-momentum transfer Q2 between partons
o Leads to final state particle with large pT
o Probe small distance scales d = 1/Q

o Probe early times because scattering occur during nuclear crossing 7 =2R/y

o Jet quenching allows to observe process of equilibrium

o Energy loss is connected to elliptic flow: relationship between jet suppression (Raa) and initial nuclear geometry

Prabhat Pujahari, IITMadras QNP 2024



Review of the story on hard probes

Hard scattering and connection with flow:

o Hard scattering => large momentum transfer Q? between partons
o Leads to final state particle with large pT
o Probe small distance scales d = 1/Q

o Probe early times because scattering occur during nuclear crossing 7 =2R/y

o Jet quenching allows to observe process of equilibrium

o Energy loss is connected to elliptic flow: relationship between jet suppression (Raa) and initial nuclear geometry

What about small system?

Figure credit: D.V. Perepelitsa

g o-- Monte Carlo Glauber  p+Pb, (s =8.16 TeV | % o[- Monte Carlo Glauber  Pb+Pb, s = 5.02 Te\.]
Of— — of— _

-5; — -5?— _
_10‘_| l.j‘=‘3'.3|6‘fm’.,\.lp?n‘=.1.3.’ |N.°°'.'T.12|. A R |_‘ _10—_| b=13|7mepfrt=13 {V?olllf?%I L |_'
-15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15

>
—
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>
—
3

Which is which?
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Review of the story on hard probes

Hard scattering and connection with flow:

o Hard scattering => large momentum transfer Q2 between partons

o Leads to final state particle with large pT

o Probe small distance scales d = 1/Q

o Probe early times because scattering occur during nuclear crossing 7 =2R/y

o Jet quenching allows to observe process of equilibrium

o Energy loss is connected to elliptic flow: relationship between jet suppression (Raa) and initial nuclear geometry

y [fm]

* Observation of absence of particle suppression in small systems despite strong evidence for QGP formation

e Major issue? Apparent similarities between central small systems and peripheral large systems

10

5

0

-5

-10

What about small system?

p+Pb, (s =8.

" b=3.36 1M, Nygy = 13, Nog = 12

||||||||

\ T T T T |
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45 40 -5 0 5 10
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Figure credit: D.V. Perepelitsa
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onte Carlo Glauber Pb+Pb, Vs =5.02 TeV_]

T b=13.7M, Npgg =13, Nogy = 12
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15
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e Perceived presence of particle suppression in peripheral PbPb collisions may be an event selection artefact, not a physics effect

e Where in system size is the onset of suppression?

Prabhat Pujahari, IITMadras
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Previous measurements - how are we doing better?

Eur. Phys. J. C 80. 73 (2020)
T T T ‘ T T T T

~ 0.18 f_ ATLAS Romatschke

0.161= p+Pb |5, = 8.16 TeV, 165 nb % E:ﬂ:g Ve é
0.14F0-5% central N\ [ Eremitic v, —
F—— v, . N [ Eremitic v, 7
01 2? 2 R T T T T Pade Vv, —
/——_ el 2 .., ® .. Pade v, :
0.1~ 2 & . E
Previous measurements and limitations: oosf & @ . . + =
0.06;* IS :“. LI . } i
. . : o 004" L =
% 2-particle correlation technique (Non-flow contamination) 0ot =" + t E
+¢ Template fit method or peripheral subtraction method to -
- -0.02———] ] -
o remove non ﬂOW . 5x107" 1 2 3 4567810 20
%* Based on assumptions _< pA[GeV]
% Could be biased and model dependent

arxXiv:2212.12609

N 0.25[ ALICE, p-Pb {5, = 5.02 TeV, 0-10% ALICE, Pb-Pb {5, = 5.02 TeV, 20-60%
e Inc. charged-particle v, o] Inc. charged-particle v, (x 0.6),

% Difficult to draw finite conclusion for high-pr flow due to
possible non-flow contamination

Jet-particle v, Jet-particle v, (x 0.6)
0.2 A pfs°° >0.5 GeV/c A pfm >2.0 GeV/c
$ p==>1.0 GeVie I P> 3.0 GeV/e
015 Com p:ss"c >1.5GeV/c o p:ss"c >5.0 GeV/c

ALICE, Pb-Pb VSNN =2.76 TeV, 30-50%
o % Phys. Lett. B 753 (2016) 511-525
—e

0.1 Pag o III VN (x 0.6)
= _}_A_jﬁ—_# o
& - _'QQ:T_ 1 RPr= T ]
0.055 e
: #&#H%%ﬁ#
-
| | |
. 1 10 10
Cumulant method and its advantage: p, (GeVic)

U
: ST ew
5 " — P 6\§<?:\ "" — Cn{4} = <<4>> -2 <<2>><<2>> A. Bilandzic, R. Snellings, and S. Voloshin

éz.:‘ ': —@,
’ Phys. Rev. C 83 (2011) 044913

+® Multiparticle correlation technique
+¥* Non-flow suppression in a data-driven way
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Motivation for using subevent method

Subevent method:  Bhys! Rev. C/85 (2017) 044811

In order to further suppress few-particle correlations and to explore possible collective correlation signals,
we are using subevent cumulant techniques to require rapidity gaps among the particles

e 2 subevent can reduce non-flow contribution from within the Jets
e 3 and 4 subevents can remove back to back contribution

T T T | T T T T | T
Pythia 8, pp 13 TeV -e- Standard

o2 N
0.02- 4] o = 0.3<p_<3 GeV -5~ 2-subevent
% o N;, for 0.3<p <3 GeV —+ 3-subevent
..% S Mg .
0.01 \ O g v
O \ B ::o“ $ e tf‘j;

c,{4}

é
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Analysis method

¥ Q-cumulant: Phys. Rev. C 83 (2011) 044913
. Mo ) Mo i# 10,1°—M
** Q-vector: Q, = Z en®: «10,1>=0,0% = Z ") — M+ Z en@=¢) = (2) = M=)
=1 i.j=1 ij
M ‘4 2_2R () 2M=2)-10 > —= MM -3
(0 = 0.0.0%0F = 2 it S (4) = 10,17+ 10,1 €100, 001 A )10, ( )
n n=<n=<n <n Y- PM,3 PM’?’
i,j,k,l
; 2 (‘}V(Z))i<2>i Z (W(4))i<4>i
=> All-event averaged : ¢ {((2)) = ((¢"¥=P))) = —==2 o ((4)) = —Lents
: Zevents (W(Z))i Zevents (W(4))i

=> Cumulants : e c,{2} =((2))  c,{4} = ((4)) —2((2)) - ((2))
=> Flow : * v, {2} =+/c,{2} *V,{4} = \4/ —C, 14}

¥ Differential Q-cumulant:

1 mp M N 1 mp M
o (2) = —mpM 7 lzzl J:Zl cos[n(y; — ¢j)] e (4) = (mpM - 3mq)(M D= 2) IZ‘J.’EI cos[n(y; + ¢j — = @)1
e P, range of p ={0.3 to 3} => RFP
e P, range of y={small P;bins} => POI
e | , dn{4}
—> Differential cumulant: d, {4} = ((4')) — 2¢{2"}) - ({2)) => Differential Flow : v, {4} = — (—c, {4}/
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Analysis method (continue...)

% Differential cumulant d,{4} calculation in standard and 2 subevent method

% Standard (w/o subevent)

d,{4} = ((47)) = 2{(27)) - ((2))

-2.4 2.4

< 2 subevent

—> d,{4}p, = (") = 2((2)*1") - ((2)77)

—> d, {4}, = (D7) = 2(2)P) - ((2)77)

Prabhat Pujahari, IITMadras QNP 2024
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Analysis method (continue...)

% Differential cumulant d,{4} calculation in 3 & 4 subevent method
% 3 subevent

POI : (-2.4<<0.8)

o dy {4300 = () = 2(2)P) - ((2)"1)

c POI : (0.8<<2.4)

o dy{ 43 = ((ANP) = 2((2)7P) - ((2)"1)

N
~

-2.4 -0.8 0.8

POI : (-0.8<1<0.8)
o d,{4}35, = (A1) = ((2)47) - ((2)71) = ((2)7P) - ((2)"1)

< 4 subevent

A {4 4q = (A1) — ((2)71) - ((2)°1) = ((2)71) - ((2)"1€)

-2.4 -1.2 0 1.2 2.4
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Results-1: differential v> vs. pr in pPb and PbPb

¥ v,{4}in 185 < ]\Cilei”e < 250 as a function of p;

CMS-PAS-HIN-23-002

pPb PbPb
pPb 186 nb' (8.16 TeV) PbPb 0.60 nb™ (5.02 TeV)
? 0-2 IIIIIIIIIIIIIII|I |III|III|III|II|||__I LI | 1T 1 | 1T 1 III|III|III|III|I I| I |_I
X F CMS Preliminary T  as ]
> N T e @ ]
0.15 —1 —
B 1 & = ]
B -] 1 @ ]
A % + T . .
- § 8 - Tm & $ $ é ]
- B * 2 T i
005 . ; b T mi<24 .
- + T :
N S S T
_ -tk 1 e W/0 subevent -
—_0.05 + T o 2 subevent 7
T T o 3 subevent .
N + T + 4 subevent i
_O_lIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_—|||||||||||||||||||||||||||||||||||l_
b 2 4 6 8 10 12 14 16 18 ) 2 4 6 8 10 12 14 16 18
pT(GeV) (GeV)

e At low ps, PbPb has larger v,{4} than pPb

e At high p;, similar magnitude and similar trend of subevent v,{4}
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Results-1: differential v> vs. pr in pPb and PbPb

% 4 subevent v,{4} in 185 < (N/""¢) < 250

%+
it 0.2
>

0.15

0.1

CMS-PAS-HIN-23-002

pPb 186 nb™' (8.16 TeV) + PbPb 0.60 nb™ (5.02 TeV)
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

- CMS Preliminary 185 < N°fl" < 250

@lle)

4 subevent

8]
a

I L B B B B B
1)
0

@
)
)
@
]
.y
-+ O
-B@—
-——E—
—e—&—
—Og——

I o PbPb 5.02 TeV

O'...|...|...|...|...|...|...|...|...|

0 2 4 6 8 10 12 14 16 18
p_(GeV)

e Atlow p;, PbPb has larger v,{4} than pPb

e At high p;, similar magnitude and similar trend of 4 subevent values

Prabhat Pujahari, IITMadras QNP 2024

17



Results-11: v2 vs. multiplicity in pPb and PbPb

% v,{4} in different N%/""* bins with p;°' > 6 GeV
pPb 186 nb™' (8.16 TeV) + PbeI 0.60 nb”’ (5i02 TeV)
1 1 1 I 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1

0.15[ -
z " F CMS Pr eliminary CMS-PAS-HIN-23-002 7
> [ i
0.1 f I % o
_ 8 -
0.05[- |j p, of POl > 6 GeV 4 subevent
- ki<24 i
O_ ................................................................ —
- e pPb 8.16 TeV _
N o PbPb 5.02 TeV i
—005_ T T T T T T T T T T T A
20 100 150 20(()) S

I
<Ntrk >

e Similar magnitude and similar trend for both PbPb and pPb when p}°' > 6 GeV across all

multiplicity bins
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Results-111: method robustness check

% d,{4} in HIJING in 60 < (N%/"") < 120

CMS-PAS-HIN-23-002
p+Pb HIJING ( 8.16 TeV)

3
g 016;—1|0 rr|rrr[rrr[yrrr[rrr[yrrr[rrr[rrrjpr1 I—: TOy Model teSt
QA — -
-O 014 — gen ® — HHO_25 — T | T 11 | T 11 | T 1 1 | T 11 | T 11 | T 11 | T 11 | T 11 | T 1
: 60 = N°" < 120 - 2 ]
0.12 = > 0ob 4 subevent E
n e W/0 subevents - u N
01E= o 2 subevents . - — Inputv, ]
' o 3 subevents - 0155 ]
- s 4 subevents ] n >~ Extracted v, -
0.08f— — : i
- [ — 01 __ __
0.06 — — - ]
- o = 0.05F —
0.04 |— I — ~ -
L ° - B -
o ° _ ) AP -
0.02- . 2 & - - .
B ° O - = -
- ° o O o m - 185 < N,, <250 .
N SSPE Y- I S O S N P 005~ f -
- -_ _- -0.1 [ | 1 | | | | | i ;
o.02—| PRI T T T N RN N T NN WO W N U NN NN NN TN N RN TN NN BT RN N R DR A O= 2 4 6 8 10 12 14 16 18 20
0 2 4 6 8 10 12 14 16 18 p (GeV)
p.(GeV) !

e HIJING lacks collectivity => used to cross check non-flow subtraction of subevent cumulant

* Toy model => successfully recover the input v2 using 4-subevent
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Summary/Conclusion

% The results of v,{4} with subevents for pPb & PbPb collisions at

/Sy = 8.16 TeV & /Sy = 5.02 TeV, resp.

% This analysis investigates an extended momentum space for the first
time 1n small systems, aiming to provide insights into the potential

indications of high-p, parton energy dissipation

% Significant positive value for v,{4} at high-p; in pPb with subagent

to remove non-flow

* A striking similarity in high multiplicity pPb and peripheral PbPb

collisions — could be a similar mechanism

% These results provide new information on the interaction of high-p

partons with the medium in small collision systems
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