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Partly supported by: 

Introduction to femtoscopy and the appearance of Lévy-type sources 

3) Final-State Interactions (FSI)

• Correlation function 

(w/o FSI, w strength param. 𝜆):

𝐶0 𝑄 = 1 + 𝜆 ⋅ 𝑒− 𝑅𝑄 𝛼

• Correlation function with Coulomb 

correction 𝒦 [6]:

𝐶2 𝑄 = 1 − 𝜆 + 𝜆 ⋅ 𝒦 ⋅ 1 + 𝑒− 𝑅𝑄 𝛼
 

• 𝒦 = ∫ 𝐷 𝑟 𝜓𝑄 𝑟
2

𝑑𝑟 / 1 + 𝑒− 𝑅𝑄 𝛼
 

• Strong interaction - small effect [7]

1) Femtoscopy for identical particles

• Pair momentum correlation

(relative momentum Q): 

𝐶2 𝑄 = ∫ 𝐷 𝑟 𝜓𝑄 𝑟
2

𝑑𝑟

• Pair source function

(pair separation 𝑟, avgerage mom. 𝐾):

𝐷 𝑟, 𝐾 = ∫ 𝑑4𝜌𝑆 𝜌 +
𝑟

2
, 𝐾 𝑆 𝜌 −

𝑟

2
, 𝐾

2) Lévy-type source functions

• Appearance of such sources [1-6]:

anom. diff., crit. behavior, jets, decays

ℒ 𝛼, 𝑅; 𝒓 =
1

2𝜋 3
න 𝑑3𝒒𝑒𝑖𝒒𝒓𝑒−

1
2

𝒒𝑹𝒒 𝛼/2

𝑆 𝑟 = ℒ 𝛼, 𝑅; 𝑟
⇓

𝐷 𝑟 = ℒ 𝛼, 21/𝛼𝑅; 𝑟
• Lévy exponent: 

𝛼 = 2 Gaussian, 𝛼 < 2 power-law

• Lévy-scale parameter 𝑅: 

connection to geometry

𝛼 = 2

𝛼 < 2
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Measurement and fitting of two-pion correlation functions

6) Example fit to a measured C(Q)

• Iterative fitting method, 

Coulomb FSI & Lévy source

• Track and pair systematic uncert.

illustrated with boxes 

• Fit range study included in total 

systematic uncertainty

• Fits converged with 

conf.level > 0.001 in all cases

4) The STAR experimental setup

• Vertex position, centrality: 

BBC, VPD, TPC

• Tracking and momentum 

reconstruction: TPC

• Particle ID: TPC (dE/dx), TOF

5) Measurement of the corr. func.

• Run-11 Au+Au, 𝑠𝑁𝑁 = 200 GeV, 

~550 M evts.

• Event-mixing: C(Q) = A(Q)/B(Q)

• A(Q): 

pairs w members from same evt.

• B(Q): 

pairs w members from diff. evt.

• C(Q) measurements: 

• Avg. tr. mom.: 

21 bins, 

(0.175-0.750) GeV/c

• Centrality: 

0-10%,10-20%, 20-30%, 30-40%

𝑘𝑇 = 0.5 𝐾𝑥
2 + 𝐾𝑦

2



𝒎𝑻 and centrality dependence of the source parameters

9) Lévy exponent 𝜶

•𝛼 = 𝛼0 constant fit, 

good description for 𝑚𝑇 dep.

• Slight increase from central to peripheral

7) Correlation strength 𝝀

• Increase from low to high 𝑚𝑇 = 𝑚𝜋
2 + 𝑘𝑇

2

• Decrease from central to peripheral

8) Lévy scale 𝑹

•𝑹 = 𝑹𝟎 𝑨𝒎𝑻 + 𝑩 −1/𝝃 

good description for 𝑚𝑇 dep.

• Decreases with centrality (connection to geometry)
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10) Summary, outlook

•Pion pair source described by 

Lévy distribution

•𝑚𝑇 and centrality dependence 

investigated

•Lévy-exponent 𝛼 ≈ 1.3 − 1.5, 

not Gaussian (𝛼 ≠ 2)

•𝛼 independent of 𝑚𝑇, 

slightly decreasing with 𝑁part

•Next steps:

similar analysis in 3D,

similar analysis for kaons, 

similar analysis at lower energies

•For more discussion,

come and check out the 

poster!

Conclusions



















Estimating elliptic flow coefficient in heavy-ion 
collisions using deep learning

N. Mallick*, S. Prasad, A. N. Mishra, R. Sahoo, and G. G. Barnaföldi

• Transverse collective flow is a crucial observable in studying the

properties of quark-gluon plasma (QGP)

• Collective flow is anisotropic and depends on the equation of

state and transport coefficients of the system

• Hydrodynamic response to the initial eccentricity of the system

• Anisotropic flow appears to be developed in the early partonic

phase, evolves through relativistic hydrodynamics, and later

gets influenced by hadronic rescatterings

• First deep learning-based estimator for elliptic flow (𝒗𝟐)

• Machine learning model to learn from multiparticle production

dynamics and its correlation to estimate any physical

observable of interest

1. Introduction

1. N. Mallick, S. Prasad, A. N. Mishra, R. Sahoo, and G. G. Barnaföldi, 

Phys.Rev.D 105, 114022 (2022).

2. N. Mallick, S. Prasad, A. N. Mishra, R. Sahoo, and G. G. Barnaföldi, 

Phys.Rev.D 107, 094001 (2023).
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Pb-Pb collisions, 𝑠NN = 5.02 TeV, AMPT simulation

• Particle freezeout surface to elliptic flow mapping

• (𝜂 − 𝜙) space as the primary input space 

• 𝑝𝑇, mass, and log 𝑠𝑁𝑁/𝑠0 weighted layers serve as the 

secondary input space 

• Model trained on Pb-Pb, 𝑠𝑁𝑁 = 5.02 TeV (Minimum Bias)

• Feature size = 32 × 32 × 3 = 3072 per event

• Increasing sparsity and model parameters with pixel size

• Optimzer: adam , Loss function: mse

• Max epoch: 100

Batch Size: 32, callback = early_stopping

• Training: 2 × 105 events (~60 GB) 

• Validation: 10% Events  

A multiphase transport model (AMPT)

1. Initialization: Glauber MC with HIJING

2. Parton Cascade: Zhang’s Parton Cascade 

3. Hadronization: Quark Coalescence Model

4. Hadron Cascade: A Relativistic Transport Model

2. Deep learning estimator

Input, output, and training



3. Results
• Predictions are obtained for the collision

centrality, energy, system size, particle

mass, particle species, and transverse

momentum dependence of elliptic flow

• The number-of-constituent-quark scaling

behavior across different collision systems

at different energies is also predicted by

the DNN

• AMPT explains the data to a reasonable

extent from low- 𝑝𝑇 to intermediate-

𝑝𝑇 but deviates for high-𝑝𝑇

• DNN preserves the centrality, 𝑝𝑇, energy,

and meson-baryon dependent behavior of

elliptic flow

• Applicable to RHIC and LHC energies

• Faster and more efficient prediction as

compared to the conventional methods

Summary



The Future of Quantum 
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What is the future of Quantum Supercomputing and Space?



Quantum 
Supercomputers and 
Multiparticle Dynamics. 

 How might Quantum Supercomputers involve 

Multiparticle Dynamics? 

 Multiparticle Dynamics, is a form of study which is

most definitely involved in the Space Industry.

 Since this involvement will couple with an

inevitable increase in demand of computer

calculation capability, it is very likely that

Quantum Supercomputers and Multiparticle

Dynamics will have a close relationship.

 Quantum Supercomputers could conduct the

calculations required for Multiparticle Dynamics

with much more efficiency and accuracy capability.

 This will enhance this form of study and ensure any

work done in the Space Industry, will be more

efficient and with greater accuracy.



Quantum 
Supercomputers 
and the New 
Space Age. 

 How can Quantum Supercomputers 
influence the New Space Age? 

 An increased interest, investment and
production, has transformed the older
space industry, into a ‘New Space Age.’

 This New Space Age, will require
increased calculation capabilities into
the future.

 The Quantum Supercomputer can
achieve this high calculation standard.

 Many Quantum Supercomputers can
achieve significantly advanced
calculation capabilities.

 Systems, like the Capricorn Model 1, can
be engineered to be deployed in space
itself.



The Likely Role 
of Quantum 
Supercomputers 
within Space. 

 Explore, Evaluate and Nominate the likely role 
of Quantum Supercomputers and Space. 

 Since we now know that requirement for more 
advanced calculations in the New Space Age, 
has been mandated. 

 We can now determine the specific role of 
Quantum Supercomputers and Space. 

 The New Space Age will greatly benefit from 
the deployment of Quantum Supercomputers, 
such as the Capricorn Model 1, into space itself. 

 Space-based systems could conduct tasks such 
as; monitoring/controlling space traffic, 
assisting with updates/repairs on space 
equipment, managing data traffic flow amongst 
space systems, independent self 
location/movement decisions and linking in 
with future space systems.



Predictions of how Quantum 
Supercomputers will assist 
the New Space Age. 

 Predictions of the role of Quantum 
Supercomputers in the New Space Age and how 
it will crucially assist this emerging industry. 

 Since we now acknowledge that there will be an 
increased demand for calculation rates in the 
New Space Age, there will also be numerous 
ways that Quantum Supercomputers, like the 
Capricorn Model 1, can assist the New Space 
Age. 

 We have already determined that a space-based 
system, like the Capricorn Model 1, would be of 
great benefit to the New Space Age. 

 Further applications of Quantum 
Supercomputing can assist the New Space Age 
even further. 

 An entire network of Quantum Supercomputing 
Systems could be dedicated to developing the 
substantial calculation networks that the New 
Space Age will most definitely require. 

 These dedicated systems could eventually 
advance to the point where operators in this 
field could rely on the Quantum Supercomputers 
to make the majority of decisions and for it to 
take actions required by the human operators. 
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Jets as a source of vorticity

1

Vorticity driven polarizaztion

Jet Energy Loss
Fluid behavior

Jet Quenching

 ISMD 2023

isolate the circular pattern
of the ring effects.
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The energy absorbed from the jet
thermalizes and behaves as a fluid!

Ring Observable

Serenone et al, Phys. Let. B,
820, 126500 (2021) 



Jets as a source of vorticity

2

Jet Energy Loss
Fluid behavior

Jet Quenching

 ISMD 2023

The energy absorbed from the jet
thermalizes and behaves as a fluid!

Scenario of vorticity
ring formation already
evaluated in PLB,
820, 126500 (2021) 

Serenone et al, Phys. Let. B,
820, 126500 (2021) 



Systematic Study

3 ISMD 2023

(250 events) (1 event)
Smooth IC  vs.  Lumpy IC

Jet pointing +x̂ Randomization of
jet direction

Both analyses are qualitatively similar
and present the same order of magnitude.

The randomization of the jet's direction
suppresses the influence of background
polarization.



Systematic Study

4 ISMD 2023

Signal consistent with zero in events
without jet quenching;

Jet-medium excitations induce
non-zero measurements;

The ring observable is robust with
different types of scenarios.

Ebe distribution of
distributed x



Thanks for your attention!
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