
The Universe Primordial Soups

In part supported byNiseem Magdy Abdelrahman
niseem.abdelrahman@tsu.edu

mailto:niseem.abdelrahman@tsu.edu


What is matter made of ?

2



What is matter made of ?

2



What is matter made of ?

2



What is matter made of ?

2



➢ Ancient Greece:
✓ All matter is composed of tiny, indivisible particles called atoms

➢ 1803: Dalton's Atomic Theory:
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➢ In the 1960s:
✓ Murray Gell-Mann and George Zweig proposed 

the existence of quarks 
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What is the nature of the quarks and gluons interactions?

➢ The unbounded quarks and gluons interactions (not inside the protons)
✓ Extreme conditions of heat and compression to unbound quarks and gluons  



➢ The bounded quarks and gluons interactions (inside the protons)
✓ Scattering experiment to reflect the bounded state structure
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Compress + Heat 

What is the nature of the quarks and gluons interactions?

➢ The unbounded quarks and gluons interactions (not inside the protons)
✓ Extreme conditions of heat and compression to unbound quarks and gluons  

What is matter made of ?

Forming the Quantum chromodynamics matter called Quark Gluon Plasma (QGP)
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What is the nature of the quarks and gluons interactions?
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Heavy Ion Collisions (HIC)
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The Quark Gluon Plasma (QGP) can be formed in the laboratory 

What is the nature of the quarks and gluons interactions?

➢ The unbounded quarks and gluons interactions (not inside the protons)
✓ Extreme conditions of heat and compression to unbound quarks and gluons  

108 times hotter than the sun
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Central event

Big system

What is the nature of the quarks and gluons interactions?

➢ The unbounded quarks and gluons interactions (not inside the protons)
✓ Extreme conditions of heat and compression to unbound quarks and gluons  

Many produced 

particles
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Central event

Peripheral event

Big system

What is the nature of the quarks and gluons interactions?

➢ The unbounded quarks and gluons interactions (not inside the protons)
✓ Extreme conditions of heat and compression to unbound quarks and gluons  

Many produced 

particles

Small system
Few produced 

particles
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▪ Correlations

What is the nature of the quarks and gluons interactions?

➢ The unbounded quarks and gluons interactions (not inside the protons)
✓ Extreme conditions of heat and compression to unbound quarks and gluons  
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▪ Correlations ▪ Collectivity

The observation of a specific pattern or 

behavior that is followed by most 

members in a system

What is the nature of the quarks and gluons interactions?

➢ The unbounded quarks and gluons interactions (not inside the protons)
✓ Extreme conditions of heat and compression to unbound quarks and gluons  
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Questions in heavy-ion research
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➢ The unbounded quarks and gluons interactions (not inside the protons)
✓ Extreme conditions of heat and compression to unbound quarks and gluons  
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ln(𝐴𝑥/𝐴0) 

𝑥

Slope = 𝛽
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➢ In heavy ion collisions:

✓ The viscous matter linearly reduces the magnitude of ε2:
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Experimental setup

STAR detector at Brookhaven National Laboratory

STAR detector provides:
➢ Capability to access relativistic nuclear collisions of

✓ Au+Au at different beam energies (BES-I and BES-II)

✓ U+U, C+Au, Ru+Ru, Zr+Zr, Cu+Cu, and O+O at 200 GeV 16



Experimental setup

STAR detector at Brookhaven National Laboratory

sPHENIX detector:

➢ New detector 
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What is the collided nucleus's shape and structure?
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STAR  Collaboration

Nature 635 (2024) 8037, 67-72

Niseem Magdy

Eur.Phys.J.A 59  3, 64 (2023)

238𝑈
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What is the collided nucleus's shape and structure?
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The nuclear deformation effect enhances shape and size

U rotational time scale = 10-21s

Nuclear crossing time scale =10-25s 

Shape-frozen snapshots

G. Giacalone,

PRL 124, 202301 (2020)

238𝑈



What is the collided nucleus's shape and structure?

20

The nuclear deformation effect enhances shape and size

U rotational time scale = 10-21s

Nuclear crossing time scale =10-25s 

Shape-frozen snapshots

Models must consider the nuclear deformation effect

238𝑈



Can we validate our linear formula?

Au + Au
U + U Cu + Au Cu + Cu d + Au p + Au

21
DOE Highlights,
https://www.energy.gov/science/np/articles/new-findings-flow-particles-heavy-ion-collisions

STAR Collaboration

PRL 122 17, 172301 (2019) 

PRL 129 25, 252301 (2022) ln
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STAR Collaboration
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Similar slopes imply similar viscous coefficients for all presented systems

𝑣2/ϵ2 for all systems scales 

to a single curve.
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STAR Collaboration

PRL 122 17, 172301 (2019) 

PRL 129 25, 252301 (2022) 

Can we validate our linear formula?

We can measure the QGP viscosity → 𝛽′′
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STAR Collaboration

PRL 129 25, 252301 (2022) 
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STAR Collaboration
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What is the nature of the QGP viscosity?

The first experimental measurements of the QGP viscosity
✓ Can the non-monotonic behavior be considered as an indication of the phase transition? 

ln
v2

ε2
= −𝛽′′ NCh

−1/3



STAR Collaboration

PRL 122 17, 172301 (2019) 

PLB 809 135728 (2020)

PRL 129 25, 252301 (2022) 

PLB 839 137755 (2023)

arXiv:2401.06625

We can understand the nature of the QGP viscosity in HIC
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Phys.Rev.C 109 2, 024906 (2024)

Phys.Rev.C 110 2, 024906 (2024)
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What is next?

Niseem Magdy

Phys.Rev.C 106 4, 044911 (2022)

Phys.Rev.C 107 2, 024905 (2023)

Phys.Rev.C 109 2, 024906 (2024)

Phys.Rev.C 110 2, 024906 (2024)



The multi-particle 

correlations

Are sensitive to the interplay between initial- and 

final-state effects. 
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Analysis Method The multi-particle 

correlations

Symmetric 

Correlations 

Asymmetric 

Correlations 

k-even particle correlations

n-m flow harmonics correlations

n-order flow harmonic fluctuations Event plane angular correlations

n-m mode-coupling

Are sensitive to the interplay between initial- and 

final-state effects. 

Differential flow angle fluctuations Transverse momentum flow correlations

k-odd particle correlations

Niseem Magdy
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Normalized Symmetric 

Correlations 
Normalized Asymmetric 

Correlations 

The multi-particle 

correlations

Are sensitive to the initial state effects. 
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The world's first nuclear time machine
The Electron-Ion Collider
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Stable

Unstable 

What is matter made of ?
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What happens between the excitation and the decay?

∆𝑡

Excitation of atomic nuclei
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𝑡 ~ 0 s
Time
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The Electron-Ion Collider 2030+

Can we measure this time sequence?

For the first time
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The BeAGLE model

Wan Chang et al., 

PRD 106, 012007 (2022) 

Computer simulations

Can we measure this time sequence?

For the first time
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The BeAGLE model

Wan Chang et al., 

PRD 106, 012007 (2022) 

Computer simulations

Can we measure this time sequence?

For the first time

Primary interaction treated by 
PYTHIA

Cascade process handled by 
DPMJET

Target remnant evaporation 
and break up included by
FLUKA

32
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Can we measure this time sequence?
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Niseem Magdy et al.

J.Phys.G 52 (2025) 1, 015002

Can we measure this time sequence?
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Next Time …

TIGER
TSU Initiative for Gravity and Experimental-nuclear Research

TSU Physics Podcast: Beyond the Equations



Thank you



4 𝑛𝑚 = 𝑒𝑖𝑛 𝜙1 − 𝜙2  + 𝑖𝑚 𝜙3 − 𝜙4

𝑁𝑆𝐶 𝑛, 𝑚 =
4 𝑛𝑚 − 2 𝑛 2 𝑚

2 𝑛
𝑆𝑢𝑏 2 𝑚

𝑆𝑢𝑏

𝑣𝑛 4 /𝑣𝑛 2 𝑣𝑛 6 /𝑣𝑛 4

Symmetric 

Correlations 

𝑣𝑛
4 4 = 2 2 2

𝑛 − 4 𝑛

𝑣𝑛
2 2 = 2 𝑛

2𝑚
𝑛

= 𝑒𝑖𝑛 σ𝑗=1
𝑚 (𝜙2𝑗−1 − 𝜙2𝑗) 

6 𝑣𝑛
6 6 = 6 𝑛 − 9 2 𝑛 4 𝑛 + 2 𝑛

3

k-even particle correlations

Flow harmonics correlations and fluctuations 

Are sensitive to the interplay between 

initial- and final-state effects. 

Are sensitive to the initial state effects. 

Asymmetric 

Correlations 

Event plane angular correlations

k-odd particle correlations

3 𝑛+𝑚,𝑛𝑚 = 𝑒𝑖(𝑛+𝑚 𝜑1−𝑛𝜑2−𝑚𝜑3)

𝑣𝑛+2
𝑀𝐶 =

cos((𝑛 + 2)𝜑1
𝐴 − 2𝜑2

𝐵 − 𝑛𝜑3
𝐵)

𝑣2
2𝑣𝑛

2

𝑣𝑛+2 
𝐿𝑖𝑛𝑒𝑎𝑟 = 𝑣𝑛+2

𝐼𝑛𝑐𝑙𝑢𝑠𝑖𝑣𝑒 2
 − 𝑣𝑛+2

𝑀𝐶 2 

ρn+2,2𝑛 =
𝑣𝑛+2

𝑁𝑜𝑛 𝐿𝑖𝑛𝑒𝑎𝑟

𝑣𝑛+2
𝐼𝑛𝑐𝑙𝑢𝑠𝑖𝑣𝑒

~ cos((𝑛 + 2)Ψ𝑛+2  − 2Ψ2 − 𝑛Ψ𝑛)



Anisotropic Flow Fluctuations
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STAR  Collaboration

PRL 129 25, 252301 (2022) 
The 𝑣2{𝑘} and (𝑣2 4 /𝑣2{2}) centrality dependance 

 0

 0.04

 0.08

 0.12

 0  20  40  60
v

2
{
k
}

Centrality (%)

(a)

k = 2

Au+Au 200 GeV

Centrality (%)

p 
K 
p 

 0

 0.04

 0.08

 0.12

 0  20  40  60

v
2
{

k
}

Centrality (%)

(b)

k = 4

 0.2

 0.4

 0.6

 0.8

 1

 0  20  40  60

 0.2

 0.4

 0.6

 0.8

 1

Centrality (%)

(c)

v
2
{
4
}
/v

2
{
2
}

Hydro-I p 

 0.8

 1

 1.2

 0  20  40  60

R
x
/R

p

Centrality (%)

Hydro-I

➢ 𝑣2 4 /𝑣2 2  decrees from central to peripheral collisions  

➢ The model calculations:

(I) (𝑣2 4 /𝑣2{2}) agrees well with the data

(II) (𝑣2 4 /𝑣2{2}) and (𝜖2 4 /𝜖2{2}) bracket the data

➢ 𝑣2 4 /𝑣2 2  show weak dependence on particle species. 

The influence from final-state is less than the 

one from initial-state ?



Anisotropic Flow Fluctuations STAR  Collaboration

PRL 129 25, 252301 (2022) 

➢ 𝑣2 k  show characteristic BES dependence

➢ 𝑣2 4 /𝑣2 2  show weak dependence on beam energy. 

DOE Highlights,
https://www.energy.gov/science/np/articles/new-findings-flow-particles-heavy-ion-collisions

Eccentricity fluctuations do not affect beam energy measurements

✓ Safe to use model-calculated eccentricities with any fluctuations

What are the respective roles of the initial/final state effects in the HIC?

The respective roles of ε𝑛 and ε𝑛-fluctuations

https://www.energy.gov/science/np/articles/new-findings-flow-particles-heavy-ion-collisions


STAR  Collaboration

PRL 129 25, 252301 (2022) 
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➢ 𝑣2 k  show characteristic system-size dependence.

➢ 𝑣2 4 /𝑣2 2  show a system-size dependence. 

➢ Within uncertainties, 𝑣2 6 /𝑣2 4   are consistence with unity

DOE Highlights,
https://www.energy.gov/science/np/articles/new-findings-flow-particles-heavy-ion-collisions

Flow in heavy ion collisions

The respective roles of ε𝑛, ε𝑛-fluctuations and the QGP 
𝜂

𝑠
(𝑇, 𝜇𝐵)

Anisotropic Flow Fluctuations

https://www.energy.gov/science/np/articles/new-findings-flow-particles-heavy-ion-collisions


Can we add more constraints on the extraction? 



High 𝑝𝑇 flow harmonics

➢ The two-particle flow harmonics contains short- and long-range non-flow correlations: 𝑣𝑛
𝑎𝑏 = 𝑣𝑛

𝑎𝑣𝑛
𝑏 +  𝛿𝑠ℎ𝑜𝑟𝑡 + 𝛿𝑙𝑜𝑛𝑔

✓ Short-range non-flow effect gets reduced using |Δη| > 0.7 cut

✓ Long-range non-flow effects get reduced using:

✓ Peripheral Subtraction (𝑐1) 

✓ Global Momentum Conservation (GMC)

𝑣𝑛𝑛 = 𝑣𝑛𝑛
𝑓𝑙𝑜𝑤

− 𝐶 ( ҧ𝑣𝑛+1 𝑛+1 + ҧ𝑣𝑛−1 𝑛−1)
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➢ Good agreement observed between;

✓ GMC and the peripheral subtraction methods

✓ STAR after subtraction and PENIX 𝜋0 measurments  
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➢ Peripheral Subtraction

𝑣𝑛𝑛
𝑃𝑆(𝑝𝑇) = 𝑣𝑛𝑛

𝑐𝑒𝑛𝑡%(𝑝𝑇) −  𝜒𝑐𝑒𝑛𝑡%(𝑝𝑇) 𝑣𝑛𝑛
90% (𝑝𝑇) 

𝜒𝑐𝑒𝑛𝑡%(𝑝𝑇) = 𝑣11
𝑐𝑒𝑛𝑡%(𝑝𝑇)/𝑣11

90%(𝑝𝑇)



Fathom the fundamental structure of atomic nuclei

Emergent phenomena of the many-body quantum system

➢ Quadrupole/octupole/hexadecapole deformations

➢ Clustering, halo, skin, bubble…

➢ Non-monotonic evaluation with N and Z

Fathom the fundamental structure of atomic nuclei 

• Emergent phenomena of the many-body quantum 
system 
• Quadrupole/octupole/hexadecapole deformations
• Clustering, halo, skin, bubble…
• Non-monotonic evaluation with N and Z

Understanding nuclear structure is crucial for nucleosynthesis, 
Nuclear fission, and neutrinoless double  beta decay                  .
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STAR  Collaboration

arXiv:2401.06625

Accepted in Nature

Snapshot imaging = tracing the intrinsic nuclear structure?Snapshot imaging = tracing the intrinsic nuclear structure?

“…figuring out a pocket watch by smashing two 

together and observing the flying debris”

— Richard Feynman

Short-time scale imaging could see detailed shapes?
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“…figuring out a pocket watch by smashing two together and 

observing the flying debris”

— Richard Feynman

Short-time scale imaging could see detailed shapes?

Nuclear deformation in heavy 238U nucleus

Low-energy estimate with rigid rotor assumption from B(E2) data

B. Pritychenko et al., J.ADT.107, 1(2016) 

C. Y. Wu et al., PRC54, 2356(1996) 

DFT calculations predict a slightly small WS deformation 

W. Ryssens, G. Giacalone, B. Schenke and C. Shen, PRL130, 212302(2023)

corresponding to a larger volume deformation in presence of 𝜷4U~0.1

Nuclear deformation in heavy 238U nucleus
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What is the collided nucleus's shape and structure?

Shape-frozen snapshots in nuclear crossing (10-25s << rotational time scale 10-21s)

STAR  Collaboration

arXiv:2401.06625

Accepted in Nature



The BeAGLE model

dbR
O

�

�
� ∗

�

➢ With the BNL and SBU groups, I worked on updating the BeAGLE model version 1.03

➢ Currently involved in building the next generation of the BeAGLE model “BeAGLE++”

15-NOV-2022 EICGEN R&D 2022 proposal 4 - BeAGLE 6

From HEP Software Foundation meeting

Talk by Markus Diefenthaler https://indico.cern.ch/event/1200496/

NOTE: eA generators are very rudimentary compared to ee, ep, pp, pA, AA…
More support is needed in the outyears – but beyond the scope of this proposal. 
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