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Relativistic Heavy-lon Collisions

Initial State QGP Hadronization,
Free streaming
d’N .
. . . IR —ing
» Constraining QGP properties important to understand dodpr N (pr) (EnVne )
its phase transition into hadronic matter. ,/ /
Radial Flow Harmonic Flow

» Experimentally, QGP properties ‘inferred’ from
observables measured using final-state particles.



Understanding Initial State
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» Typically, Initial state and medium properties

constrained via Bayesian analysis.
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» Typically, Initial state and medium properties 04—
constrained via Bayesian analysis. 03!
» Characterization of initial state largest source

of uncertainties in extracted QGP properties. =02 /
0.1 -

. : : 1/4
» Flow and its fluctuations are extensively used, 0.0 ol

|pr| Fluctuations less leveraged. 015 0.20 T([Jg:w 030 035
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History : Components of pr from particle spectra

» For radially expanding medium at temperature T, total energy (non-relativistic)

1
Eiot = Etn(Tkin) + Emﬁz

Where, Ty ;,,: Freezeout temperature (Kinetic). Thermal motion

f : Radial-Flow velocity of the surface of source.

» Final State p arises from a combination of contributions from as well as Thermal motion of particles.

» Traditionally, B, Ty, extracted by simultaneous Blast-Wave fits to pr spectra of identified hadrons.
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History : Components of pr from particle spectra

» For radially expanding medium at temperature T, total energy (non-relativistic)

1
Eiot = Etn(Tkin) + Emﬁz

Where, Ty ;,,: Freezeout temperature (Kinetic). Thermal motion

f : Radial-Flow velocity of the surface of source.

» Final State p arises from a combination of contributions from as well as Thermal motion of particles.

» Traditionally, B, Ty, extracted by simultaneous Blast-Wave fits to pr spectra of identified hadrons.
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ew Model to Disentangle Components of [pr]

On an event-by event basis, categorize two sources of fluctuations influencing final state measured ([pr])

Giacalone et. al, PRC 103, 024909 (2021) Geometrical. IntrinSiC:
3007 Hydrodynamic responseto Fluctuations arising from Initial
the size fluctuations state, medium evolution.
I :00 (o N'e)
750 e alla SEB  SX%
' . N ;.’;5 WBE
DO LA
700_ “Geometrical Component” “Intrinsic Component”
Event-by-Event [pr] Fluctuations — Geometrical + Intrinsic

» Distinguishing Geometric and Intrinsic fluctuations is important to constrain both
initial state and medium evolution.
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New Model to Disentangle Components of [pr]

2D Gaussian Model AP([pT])

At fixed Ny, b fluctuates
At fixed b, N, fluctuates: Intrinsic
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New Model to Disentangle Components of [pr]

2D Gaussian Model AP([pT])

with increasing N.j

At fixed Ny, b fluctuates
At fixed b, N, fluctuates: Intrinsic
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* Inultra-central collisions, b —0. Spr SR
= upper bound on R = Imposes lower bound on 6pr. ([pr]) *  (R)

Effect of diminishing b fluctuations

Increasing N.p
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—— simplified
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New Model to Disentangle Components of [pr]

2D Gaussian Model . :
JP(prD Effect of diminishing b fluctuations

with increasing N.j

At fixed Ny, b fluctuates
At fixed b, N, fluctuates: Intrinsic
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* Inultra-central collisions, b —0. Spr SR
= upper bound on R = Imposes lower bound on 6pr. ([pr]) *  (R)

» With increasing N, in UCC, expect:
1. Decrease variance of P([PTD,
2. Increase skewness of P([pT]),

purely due to constraints on Geometrical fluctuations,
Intrinsic Fluctuations unhindered.

Increasing N.p

0.0751 [---- full model
—— simplified

N =3700
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Measurement of [pr] Cumulants in ATLAS
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> Use standard cumulant method used in flow analysis to measure Event by Event fluctuationsin [pr]:
2isk... #in Wir-Wi, (PT,i; — {[pT]D)...(PT,i), — {[PT]))

2ir#... i Wit Wiy,

Cp =

> Variance, (c,) and skewness, {(c3) are further normalized to obtain dimensionless quantities

(c2) ks = (c3) y = (c3)
= —7" _— =
([pr])* ([pT])’ (c2)3?
Scaled Variance Scaled Skewness Normalized

Skewness
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Measurement of [pr] Cumulants in ATLAS
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> Use standard cumulant method used in flow analysis to measure Event by Event fluctuationsin [pr]:
Yivt....tiy Wir- Wi, (P,i, — {[pT]))-..(PT,i), — {[PT]))
Liyt... #in Wit Wiy

Cp =

» Variance, {(c,) and skewness, (c3) are further normalized to obtain dimensionless quantities

(c3) C
([pt]) ([pt]) (c2)
Scaled Variance Scaled Skewness Normalized

Skewness
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Measurement of [pr] Cumulants in ATLAS
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» Measured k,, approximately follow power-law dependence with N;,.
Bhatta et. al PRC’IOS 024904(2022) _

* |ndependent Superposition Scenario: " HIUING ] &
1 1 2 10'4: -

<C2> X /NCh’ <C3> X ( /NCh) ; 10-7 =

- Fith.a(N) - Fitf.al(N )° :

» Explains approximate power-law to°f b =1.009 = 0.001 - - eb=2218:0019°

dependence of k,, with N_j,. % 00 P=2182x001 o

102 10° N 102 10° N
ch ch
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Measurement of [pr] Cumulants in ATLAS
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» In UCC, (after N, corresponding to 5% Centrality),

 Asharpdropis observedfor k,,

* Asmallrise followed by drop is observed for k5.
» Expected from narrowing of Geometrical fluctuationsas b — 0


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.252301

Constraining Geometrical and Intrinsic Fluctuations
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|pr] Fluctuations = Geometrical - Intrinsic

» In Ultra-Central Collisions:
1. Fall of k, explained entirely by diminishing variance of Geometrical fluctuations.
2. Increase in y due to truncation of distribution of event-wise [pr].
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Constraining Geometrical and Intrinsic Fluctuations
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|pr] Fluctuations = Geometrical - Intrinsic

» Experimental measurement of the cumulants of P([pr]) is effective towards
disentangling “Geometrical fluctuations” from “Intrinsic fluctuations” in HIC.
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Constraining c& using {[pr])
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* InUCC, b = 0, evident from gradual narrowing of k.


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.252301

Constraining c& using {[pr])
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* InUCC, b = 0, evident from gradual narrowing of k.
* Within approximately fixed geometry (b), selecting larger N.;, chooses events with
larger entropy density — arising from intrinsic component.
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Constraining c& using {[pr])
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* InUCC, b = 0, evident from gradual narrowing of k.

* Within approximately fixed geometry (b), selecting larger N.;, chooses events with
larger entropy density — arising from intrinsic component.

 Larger entropy density within a fixed geometry leads to larger radial push or {[p7]).
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Constraining c& using {[pr])
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* The slope of this rise of {[p;]) in UCC is related to speed of sound of QGP:
» dP d(InT) d(In{pr))

S de  d(lns)  d(inN.)

C
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Constraining c& using {[pr])
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« Both ATLAS and CMS have observed the steep increase in slope of {[p7]) in UCC.
— Evidence of overlap area reaching its maximum and Thermalization of system.

e CMS extracted the slope of this rise: claimed the speed of sound of QGP, ¢Z ~0.241.
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Caveat: Dependence of UCC Slope of {[p]) on Evolution Dynamics 13
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| » ATLAS: slope of this rise depends on the

pr-range of the particles.

» Models without hydro evolution (or
mechanisms to relate initial entropy
densities to number of particles) fail to
describe this UCC slope.
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| » ATLAS: slope of this rise depends on the

pr-range of the particles.

» Models without hydro evolution (or
mechanisms to relate initial entropy
densities to number of particles) fail to
describe this UCC slope.

» Slope for both py-ranges well described by MUSIC
using c§ ~ 0.23, correspondingto a T,rr = 222 MeV.
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Conclusion

» Using precise measurement of [py] cumulants in heavy-ion collisions with ATLAS,
we show:

1. |pr] cumulants provide novel experimental handle to disentangle and constrain:
Geometrical Fluctuations (Initial state overlap Size)

Intrinsic fluctuations (Other non-geometrical sources)

2. Slope of {[pr]) vs N, in UCC provides direct constraint on speed of sound of QGP.



Outlook I: Effect of Decorrelation on extracted cZ

ALICE-PUBLIC-2024-002 Chatterjee, Bozek PRC 96, 014906 (2017) .
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» Extracted cg differs between event-classification based on rapidity selection.
» Might be due to decorrelation of radial flow.

» Hydro model calculation: Radial flow displays decorrelation, just like flow decorrelations,
Better reflects longitudinal evolution of energy deposition in 1.
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Outlook |: Effect of System Size
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» Smaller System = Larger Smearing in Nch = UCC behavior from Geometrical suppression milder

» Similar analysis in smaller systems would test the limits on experimental disentanglement of
Geometrical and Intrinsic components.



Prospects to study /syy evolution of Geometrical and Intrinsic
components of [p;] fluctuations at STAR?

And many more.....

Exciting times ahead with using this novel approach to understand initial
state fluctuations better!!

Thank You..
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.109.L051902

Constraining c& using {[pr])

CMS PbPb (0.607 nb™) 5.02 TeV
0.35
I noninteracting limit |
0.3 i
0.25 1. -
AR o
(&
0.2 -
\ ® CMS Ultra-Central Data
0.15 Lattice Quantum Chromodynamics —
I TRAJECTUM Hydrodynamic Slmulatlon
[ Nat Phys 16(2020) 615
0.1 150 200 250 300 350

CMS, RPP 87, 077801 (2024)

= (p,)’/3) (MeV)

 The value of cZ extracted by
CMS is consistent with
Lattice QCD calculations at
an effective temperature of
about 220 MeV with small
systematic error.

1° UCC measurement of

([pr]) provides direct
information on c¢Z of QGP.


https://arxiv.org/abs/2401.06896
https://doi.org/10.1088/1361-6633/ad4b9b

Caveat: Dependence of extracted cé on Event-Class
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labels
L Nch/ET”vtracklet (pT) chh/d'] ) < L1 Vv
VOC LNtracklel ] L <PT> chh/d” ) L Ntrack]et 14— Vl“ VOA
LNtracklet l <PT> chh/dI] L Ntracklet} — VI
Nen —IX - (Ne/Er ] (e dNgldn |  (Ne/Er ) —nivvi o Ma <X
137 —17 " _1 08 —05-013 0 03 0s o8 1 28 s
Now _I | I T T T | I T I T I T T I T I T T T T I T T T T I T I T T | ]
Bosk - IIl, E; Elnl < 0.8 ALICE Preliminary - Observable  Label Centrality estimation (pr) and (dNew/dn) 1 £2p
s %IV, E. €05 <yl <0.8 Pb-Pb, s\ =5.02 TeV - R I n| <038 In| <0.8 0
5 r ® 5 CMS,Cent:E;E3<Iyl<5 ] - 1 05<|n|<08 Inl<03 0.3
1 04— ] . II1 <08 | <0.8 0
- . Erin TPC v 0.5<|n]<0.8 In| <0.3 0.3
03 % - v ] <0.8 In| <0.8 0
N “ ] Nuacklets in SPD VI 0.5<|n<0.8 Nl <023 0.3
- = N VII 0.3 < |n| <0.6 Nl <023 0
— Sil Pixel Detect
02 ’E (\‘/DTNO GeVécl)m o8 - o e e v 0.7< <1 | <0.3 0.4
N = ' lracklets ' ] Nen in VO IX -37<n<-17+28<n<5.1 In| <0.8 1.7
— s * VI, Ny ooiets €05 < Il < 0.8 ]
0.1— ~+ VIlI, N, i €0.7 < Il <1 ~
N & IX, N, E-37<n<-1.7and 2.8<n<5.1 ]
_I | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 1 1 1 l 1 | 1 1 I N
0™ 0.5 1 15 2 2.5 3

Minimum IA#l
» ALICE: The extracted cf depends onn selection of particles and event-class. cf for Er based measurements larger
* Particle production in mid-rapidity differs from those in forward-rapidity = Centrality Fluctuations
* |n addition, measured [pT] also expected to have decorrelation effects.


https://cds.cern.ch/record/2904102/files/main.pdf
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