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Ph.D.: Multiplicity Fluctuations 3the isothermal compressibility of the compressed matter39

would be most desirable at the lower collision energies40

where the mixed phase is prevalent. The nuclear matter41

incompressibility at low and intermediate energies has42

been extensively studied [2, 4, 5, 6] to establish soft or43

sti↵ EOS of the produced system. At higher energies,44

the limitations of experimentally precise determination45

of kT is challenging.46

Recently, excitation energy dependence of the spe-47

cific heat (cv) of matter, another important thermody-48

namic quantity, has been reported [10] from fluctuations49

in temperature, following the suggestions of Stodol-50

sky [11] and Shuryak [12]. In this method, the event-by-51

event mean transverse momentum (hpT i) distributions52

are transformed to distributions of e↵ective tempera-53

tures and the dynamical temperature fluctuations are ob-54

tained by subtracting the widths of the corresponding55

mixed event distributions.56

In the present work, we have extracted the isother-57

mal compressibility in experimental conditions as pre-58

scribed in Ref. [1]. This method uses the fluctuations59

of particle multiplicity produced in the central rapid-60

ity region. Enhanced fluctuation of multiplicity had61

earlier proposed as one of the signatures of critical62

point [13, 14, 15, 16, 17]. Thus the study of event-by-63

event multiplicity fluctuations and extraction of kT are64

important for understanding the matter formed in high-65

energy nuclear collisions. We have used available ex-66

perimental data to extract kT, and compared to calcu-67

lations from event generators. The results are further68

validated by evaluating kT from a hadron resonance gas69

(HRG) model.70

2. Methodology71

Isothermal compressibility is the measure of the rel-72

ative change in volume with respect to change in pres-73

sure [1],74

kT |T,hNi = � 1
V

 
@V

@P

!������
T,hNi

(1)

where V,T, P represent volume, temperature, and pres-75

sure of the system, respectively, and hNi stands for the76

mean yield of the particles. In the Grand Canonical77

Ensemble (GCE) framework, the variance (�2) of the78

number of particles (N) is directly related to isothermal79

compressibility [1, 18], i.e,80

�2 =
kBT hNi2

V
kT, (2)

where kB is the Boltzmann constant. Charged parti-81

cle multiplicity fluctuations have been characterised by82

the scaled variances of the multiplicity distributions, de-83

fined as,84

!ch =
hN2

chi � hNchi2
hNchi

=
�2

µ
(3)

where, Nch is the charged particle multiplicity per event,85

and µ = hNchi. Following the above two equations, we86

obtain,87

!ch =
kBTµ

V
kT, (4)

which makes a connection to multiplicity fluctuation88

and kT. This formalism using GCE properties may be89

applied to experimental measurements at mid-rapidity,90

as energy and conserved quantum numbers are ex-91

changed with the rest of the system [19]. This facili-92

tates the calculation of kT from charged particle multi-93

plicity fluctuations, temperature and volume of the sys-94

tem. Since the particle ratios get fixed at the chemical95

freeze-out and no new particle is generated after that,96

kT can be estimated at the chemical freeze-out.97

3. Multiplicity fluctuations98

Multiplicity fluctuations have been measured by the99

E802 collaboration [20] at BNL-AGS, WA98 [21],100

NA49 [22, 23], NA61 [24, 25] and CERES [26] exper-101

iments at CERN-SPS, and PHENIX experiment [18] at102

RHIC. The results of the measurements have been re-103

ported for central collisions at di↵erent collision ener-104

gies. However, in some cases the detector acceptances105

are di↵erent because of di↵erent experimental setups. In106

Ref. [27], the results from di↵erent detector setups were107

scaled to |⌘| < 0.5, using the method described in [18].108

The resulting multiplicity fluctuations were presented109

on equal footing for all measurements [27]. For com-110

pleteness, these results for central (0-5%) collisions as a111

function of collision energy are reproduced in terms of112

solid circles in Fig. 1. An increase in the scaled variance113

is observed in going from low to high collision energy.114

The measured values of !ch have contributions from115

several sources, some of those are statistical in nature116

and the rest have dynamical origin. The dynamical part117

has the connection to thermodynamics and can be used118

to extract kT [1]. Thus an estimation of the statistical119

part is necessary to infer about the dynamical compo-120

nent of multiplicity fluctuations.121

One of the major contributions to statistical fluctua-122

tions comes from the geometry of the collision, which123

includes variation in impact parameter or number of par-124

ticipant nucleons. Other e↵ects, such as, resonance de-125

cays and contributions from mini-jets may have less sig-126

nificance on an event-by-event basis. In a participant127
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kT expressed in fm3 GeV-1

Phys. Lett. B784 (2018) 1-5



Two-particle transverse momentum correlations

Sean Gavin et. Al
PRL 97 162302 (2006)
PRC 94 024921 (2016)
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Two-particle transverse momentum correlations
Sean Gavin et. Al
PRL 97 162302 (2006)
PRC 94 024921 (2016)
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PLB Phys Lett. B, Volume 
804 (2020) 135375

Ongoing further developments: Extend this study for pp and pPb
and study the variation of G2 observable with dNch/dη

Promising results, soon will be reported from ALICE, about
System size dependence of G2 (Momentum Correlator)



Cumulant

Normalized Cumulant
R2 is a robust observable!

Single track efficiencies 
cancel out of the ratio

4 different charge combinations for R2:  
(+ -), (- +), (+ +), and (- -)

Charge Independent (CI) combinations

Charge Dependent (CD) combinations

R2
CD is proportional to the Balance Function 

C2 (x1, x2 ) = ρ2 (x1, x2 )− ρ1(x1)ρ1(x2 ) x ≡ {y,ϕ, pT} ρ(x) = 1
σ
dσ
dx

R2 (x1, x2 ) =
C2 (x1, x2 )

ρ1(x1)ρ1(x2 )

B(Δx) ≈ dNch

dx
R2
CD = dNch

dx
1
2
R2

+− − R2
++ + R2

−+ − R2
−−⎡⎣ ⎤⎦

CI = 1
2
LS +US{ }

CD = 1
2
US − LS{ }

LS = 1
2
(++)+ (−−){ }

US = 1
2
(+−)+ (−+){ }

General Definition of Balance Functions

For Charged particle, Signs (+) & (-)
represents charge.

For Λ’s being neutral particle, we define
(+) for baryon number & (-) for antibaryon 
number.

Similary, LS means same-type Baryonic 
number and US means opposite-type 
Baryonic number
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Conservation of quantum numbers.
-> for each positive general charge, a negative balancing 
charge produced at approx. the same space-time.

Importance of Studying Balance Functions

Understand / Probe
1. Two-wave quark production model:

π± p(𝒑) : predominantly produced at late stage
K± : predominantly produced at early stage

2. Collision dynamics, e.g., radial flow
3. Hadro-chemistry – Charge / Strangeness / Baryon / Resonance 
production

The width of the BF was initially proposed to 
be related to the time of hadronization.

Bass, Danielewicz, Pratt PRL 85 2689  (2000)
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Two-particle Number (Δη,Δφ) Correlations 8



Motivation:
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Motivation: π K p Balance Functions

✓
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Run I : Pb+Pb @ 2760 GeV
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Increasing Mass ( MeV)

Centrality

Charged Hadrons  =
Strange(     )+ Non-Strange(           )

Strange Meson 
= Kaon (K±) 

Non-Strange Baryon
= Proton (p(𝑝̅)) 

Non-Strange Meson
= Pion (π±) 

139                                     496                                             938

1. What about 𝝠
Strange Baryon ??

2. Strange Baryons: 
Lambda 
Cascade
Omega 

3. Strangeness-
Dependent Net 
Baryon?
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Motivation:
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Run I : Pb+Pb @ 2760 GeV Run II : Pb+Pb @ 5020 GeV
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Work in ProgressB S
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Results: R2

Same
Baryon/Strange

ΛΛ + $Λ $Λ Λ$Λ

Ref: Eur.Phys.J. C77 
(2017) 569

p+p @ √s =7 TeV60-80%

30-40%

0-10%

R2 (x1, x2 ) =
C2 (x1, x2 )

ρ1(x1)ρ1(x2 )

Opposite
Baryon/Strange
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Results: B

Two Wave quark Production???

Radial Flow effect???
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At Lund:
1. Make a multiplicity dependent RT & SO analysis for         analysis 

and make a connection Between Balance Function & Per Trigger 
Yield analysis

2. Extend Jonatan’s study of 𝚵 𝚵 correlation to Ω Ω Correlation 
3. Grid MC: for Rope Tune CD based CR 
4. Pythia ANTAGYR Study and Make a comparison with QCD-

QGP(EPOS) approach to regular PYTHIA MPI model(Lund string 
model), Strange (Rope Hadronization framework/ Flavour Ropes) 
and Flow(Rope Hadronization framework/ String shoving)

5. …

Λ#Λ

Thank You



Back-up Slides



Introduction: Relativistic Heavy Ion Collisions

We want to study the 
Quark Gluon Plasma 

(QGP)

We measure the 
correlations between 

identified particles

B1

Ø These collisions 
produce “large” systems 
of quarks and gluons
called the Quark-Gluon 
Plasma (our universe up 
to a few µs after BB)

Ø nearly perfect fluid 
(surprise!)

Ø Briefly ~100,000 times 
hotter than the core of 
the Sun.

Ø Thousands of particles 
are produced in every 
event. 



Correlation Variables

p — particle momentum
pT — transverse momentum
φ — azimuthal angle
θ — polar angle
η — pseudorapidity
y — rapidity

pT
2 = px

2 + py
2

η ≡ − ln tan(θ
2
)

⎡

⎣
⎢

⎤

⎦
⎥ =
1
2
ln
p + pz
p − pz

y = 1
2
ln
E + pz
E − pz

Transverse plane

Lorentz invariant

B2

N1
N2



Two-particle Number (Δη,Δφ) Correlations B3



Large Hadron Collider @ CERN
- Largest machinery ever built by human with the highest energy of collisions

27 kilometers (17 mi) in circumference                                ~ 100 meters (328 ft) underground
Lead ions are accelerated to more than 99.9999% of the speed of light and collide.

B4



ALICE (A Large Ion Collider Experiment)
Excellent particle 
identification capability 

π± K± p(p)

Purity >97 % >95% ~ 94%

B5
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Analysis Details:
Runlist MagFieldMinus: 

Runlist MagFieldPlus:

Data sets LHC18q  & LHC18r pass1

Event SelecLon: V0M, |Vz| < 10 cm. Pile up cut
Track SelecLon: TPC Only Tracks ( filterBit= 128 ) 
-0.7 < y < 0.7 
0.6 < pT< 3.6 GeV/c
nCluster >=70 
0 ≦ ɸ ≦ 2π

New 
RunList_LHC18q_pass1_CentralBarrelTracking_hadronPID.txt SSD SPD SDD V0 TPC TOF T0 ZDC 126 runs 

RunList_LHC18r_pass1_CentralBarrelTracking_hadronPID.txt SSD SPD SDD V0 TPC TOF T0 ZDC 90  runs 

B7

https://twiki.cern.ch/twiki/pub/ALICE/AliDPGRunList18q/RunList_LHC18q_pass1_CentralBarrelTracking_hadronPID.txt
https://twiki.cern.ch/twiki/pub/ALICE/AliDPGRunList18r/RunList_LHC18r_pass1_CentralBarrelTracking_hadronPID_7.txt

