
• Experiments: measuring C(Q) mom. corr. 

to gain information about D(r) pair source

• Event generators: D(r) directly available!

• Experimental indications – power-law

component in pion pair-source – Lévy shape?

Event-by-event investigation of

the two-particle source function

in heavy-ion collisions with EPOS

DÁNIEL KINCSES,  EÖTVÖS UNIVERSITY, BUDAPEST

IN COLLABOR ATION WITH BALÁZS KÓRODI, MÁTÉ CSANÁD
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Appearance of Lévy-type sources

in heavy-ion collisions (Au+Au @ 200 GeV)
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• Possible (competing) reasons for the appearance of Lévy-type sources: 
1. (Jet fragmentation)

2. (Proximity of the critical endpoint)

3. Event averaging (different shapes)?

4. Resonance decays?

5. Anomalous diffusion?

• EPOS 200 GeV Au+Au collisions:
Event-by-event non-Gaussianity!!!

• Single-event Lévy fits→ good description

• power-law tail strongly affected by

rescattering, decays; 2 > 𝛼𝐸𝑃𝑂𝑆 > 𝛼𝑒𝑥𝑝

• Lévy shape not from event averaging!

D. Kincses, M. Stefaniak, M. Csanád, 

Entropy 24 (2022) 3, 308

Csörgő, Hegyi, Zajc, Eur.Phys.J. C36 (2004) 67-78; 

Csörgő, Hegyi, Novák, Zajc, AIP Conf.Proc. 828; 

Metzler, Klafter, Physics Reports 339 (2000) 1-77; 

Csanád, Csörgő, Nagy, Braz.J.Phys. 37 (2007) 1002; 

Csörgő, Hegyi, Novák, Zajc, Acta Phys.Polon. B36

Kincses, Stefaniak, Csanád, Entropy 24 (2022) 3, 308



Appearance of Lévy-type sources

in heavy-ion collisions (Pb+Pb @ 2.76 TeV)
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• Brand new results for

EPOS Pb+Pb @ 2.76 TeV
arXiv:2212.02980

• mT dependence of Lévy source parameters

• Effect of resonance decays

• Particle species dependence

• New scaling behavior observed

• Check out the poster

for more details!



Femtoscopic correlation of kaons
Hanbury-Brown and Twiss:
intensity correlation
Goldhaber et al. in HEP
Access the spatio-temporal 
structure of the particle 
emitting source

𝐶2 𝑝1, 𝑝2 =
𝑁2 𝑝1, 𝑝2

𝑁1 𝑝1 𝑁1 𝑝2
use Yano-Koonin formula 
to relate the momentum 
distribution to the emitting 
source

𝑵𝟐 𝒑𝟏, 𝒑𝟐 = ∫ 𝒅𝒙𝟏𝒅𝒙𝟐𝑺 𝒙𝟏, 𝒑𝟏 𝑺 𝒙𝟐, 𝒑𝟐 𝚿𝟐 𝒙𝟏, 𝒙𝟐
𝟐

Source functions
What shape?

Two-particle wavefunction
FSI here, i.e., Coulomb, strong

Two-particle 
momentum distr.

Space-time 
coordinates

𝐾+

𝐾−

𝐾−

𝐾−

𝐾+

𝐾+

𝜋, 𝑝, 𝜑, …
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Generalized Gaussian – Levy distribution

ℒ 𝛼, 𝑅, 𝑟 =
1

2𝜋 3
∫ 𝑑3𝑞 𝑒𝑖𝑞𝑟𝑒−

1
2 𝑞𝑅

𝛼

𝛼 = 2: Gaussian, 𝛼 = 1: Cauchy, 0 < 𝛼 ≤ 2: Levy

Assume the source to be Levy!   ⇒ Correlation:   𝑪𝟐 𝑸 = 𝟏 + 𝝀𝒆 𝑹𝑸 𝜶

Rel. mom. in LCMS
1D variable!

𝜆(𝐾): core-halo parameter
𝑅(K): Levy-scale parameter
𝛼(𝐾): Levy index of stability

Distortion effects:
Coulomb, strong FSI to be included!
Resonances, coherence, …

On the shape of the correlation function

08/12/2022 M. NAGY @ ZIMÁNYI 2022 2



Experimental results from PHENIX

• 𝜋: 0-30% centrality selection
• K: minimum bias, still comparable
• Levy-index agree for 𝜋 and 𝐾 ⇒

common Levy-process?
• Core-halo parameter: 𝜋 and 𝐾 compatible 
• Levy-scale parameter: hydro scaling,
• 𝜋 and 𝐾 compatible, despite 𝑅𝐿𝑒𝑣𝑦 ≠ 𝑅𝐺𝑎𝑢𝑠𝑠

08/12/2022 M. NAGY @ ZIMÁNYI 2022 3



Lévy HBT
▪ Momentum correlation ↔ source function : 𝐶 𝑞 ≈ 1 + ሚ𝑆(𝑞)

2

▪ Lévy distribution: 𝐿 𝒓; 𝛼, 𝑅 = 2𝜋 −3 𝑑3𝒒𝑒𝑖𝒒𝒓𝑒
−
1

2
𝒒𝑅 𝛼

▪ Many possible reasons1,2,3 i.e. anomalous diffusion, critical phenomena …

▪ Lévy-type source + core-halo model: 𝐶 𝑞 = 1 + λ𝑒− 𝑞𝑅 𝛼

▪ Detailed centrality-dependent Lévy shape analysis
• Measurement of:

➢Lévy stability index 𝛼 → shape

➢Lévy scale parameter 𝑅 → spatial scale

➢Correlation strength λ → core-halo, partial coherence

• Study the centrality and 𝑚𝑇 dependence
B. Kórodi for the collab.

Zimányi School, Budapest 2022 1Acta Phys. Polon. B36 (2005) 329-337 
2AIP Conf. Proc. 828 (2006) no.1, 525-532
3Braz. J. Phys. 37 (2007) 1002

Centrality dependent Lévy HBT analysis at CMS B. Kórodi for the collab.



Analysis details

B. Kórodi for the collab.

Zimányi School, Budapest 2022 1Phys. Lett. B 432, (1998) 248
2Phys. Part. Nucl. 51, (2020) 238

Centrality dependent Lévy HBT analysis at CMS B. Kórodi for the collab.

▪ 5.02 TeV PbPb data from CMS

▪ Calculate the correlation function: 

𝐶 𝑞 =
𝐴(𝑞)

𝐵(𝑞)
∙
 𝐵

 𝐴

• A(q) actual (same event) pair distribution

• B(q) background (mixed event) pair

distribution

▪ Remove long-range background→ DR(q)

▪ Obtain the parameters via fitting1,2:

𝐷𝑅 𝑞 = 𝑁(1 + 𝜀𝑞) 1 − λ + λ 1 + 𝑒− 𝑞𝑅 𝛼
𝐾𝐶 𝑞; 𝛼, 𝑅



Main results

B. Kórodi for the collab.

Zimányi School, Budapest 2022

Centrality dependent Lévy HBT analysis at CMS B. Kórodi for the collab.

▪ Lévy source shape

▪ 𝛼 between 1.6 and 2.0

• Centrality-dependent

• Constant in 𝑚𝑇

▪ Hydro-like linear scaling: Τ1 𝑅2~𝑚𝑇

▪ 𝑅 linear scaling in 𝑁part
1/3

→ spatial scale

▪ Decreasing λ vs. 𝑚𝑇

• Caused by the lack of particle id. 

▪ For details see the upcoming poster or 

CMS-PAS-HIN-21-011
Supported by the ÚNKP-21-2 New National Excellence Program of the Ministry for Innovation 
and Technology from the source of the National Research, Development and Innovation Fund.

CMS-PAS-HIN-21-011

CMS-PAS-HIN-21-011

http://cds.cern.ch/record/2806150
http://cds.cern.ch/record/2806150
http://cds.cern.ch/record/2806150
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The conjectured QCD phase diagram
Most of this is only an educated guess based on effective models.
Search for the critical point - conserved charges fluctuations
(cumulants, factorial cumulants).
Experiments: heavy-ion collisions at different energies.
Background:

small fluctuations of the impact parameter
global baryon number conservation

A. Bzdak, S. Esumi, V. Koch, J. Liao, M. Stephanov and N. Xu, Phys. Rept. 853, 1-87 (2020)
A. Aprahamian, A. Robert, H. Caines, et al., Reaching for the horizon: The 2015 long range
plan for nuclear science

M. Barej (AGH Krakow) Zimanyi 2022 08.12.2022 2 / 4



Cumulants with baryon conservation and short-range correlations
obtained from the cumulants without baryon conservation.
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LO reproduces net-baryon
cumulants from
V. Vovchenko, O. Savchuk,

R.V. Poberezhnyuk, M.I. Gorenstein,

V. Koch, PLB 811, 135868 (2020)

NLO is new.

κ
(1,B)
n - cumulants in the subsystem with the baryon conservation and short-range correlations
κ

(G)
n - short-range cumulants in the whole system without baryon conservation

f - a fraction of particles in the acceptance, f̄ = 1− f

M. Barej (AGH Krakow) Zimanyi 2022 08.12.2022 3 / 4



Example
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exact - a straightforward differentiation of the
factorial cumulant gen. func.,

αk - k-particle short-range correlation strength,
αk = 0.1

( 1
2

)k−2, k = 2...6, α1 = 1,

f - a fraction of particles in the acceptance.

NLO improves the results.

MB and A. Bzdak, PRC 106, no. 2, 024904 (2022)
MB and A. Bzdak, [arXiv:2210.15394 [hep-ph]]

M. Barej (AGH Krakow) Zimanyi 2022 08.12.2022 4 / 4

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.106.024904
https://arxiv.org/pdf/2210.15394.pdf


Event-shape-

dependent analysis 
of charm-anticharm 

correlations in 
simulations

Anikó Horváth¹ ² together with Eszter Frajna¹, Róbert Vértesi¹

Zimányi School Winter Workshop on Heavy Ion Physics,

2022.

The research was supported by NKFI-OKTA FK131979 and K135515 , and 019-2.1.11-TÉT- 2019-00078, 2019-2.1.6-NEMZ   KI-
2019-00011 projects, and the Wigner Intern Programme

1 Wigner Research Centre for Physics, MTA Centre of Excellence
2 Eötvös Loránd University



Motivation

• In heavy ion collisions, heavy
quarks (charm) can be used to
track the behaviour of the
collision (long lifetime)

• Smaller collision systems provide
an interesting probe (collectivity)

• Effects of parton level processes
(multiparton interaction (MPI), 
initial (ISR) and final state 
radiation (FSR) )

• Effect of quark creation process
on the correlation: flavor creation, 
flavor excitation, gluonsplitting



Methods

• I used 2 particle c-c azimuthal 
correlations with respect to
event descriptors (𝑁ch, 𝑆0, 𝜌)

• Flatenicity: the distribution of 
𝑝T in the 𝜑-η plane

• 𝜌 highlights the correlation
peaks

• Simulated pp (proton-proton) 
collisions with PYTHIA8  
( 𝑠 = 13 TeV)

𝜌 =
𝜎𝑝T
cell

⟨𝑝T
cell⟩



Parton level processes

• Low: 𝑝T < 4 GeV/c, 
High: 𝑝T > 4 GeV/c

• Hard process, MPI, ISR: 
away-side peak, random 
correlations

• FSR: near-side peak

• Flatenicity cut isolates
FSR from ISR and MPI 
both at low and high 𝒑𝑻

Low 𝜌

High 𝜌

Low 𝑝T High 𝑝T
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Zimányi 2022
Event activity dependence of charm baryon 

production at LHC energies

Zoltán Varga1,2, Róbert Vértesi1

1. Wigner Research Centre for Physics

2. Budapest University of Technology and Economics
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● Traditional assumption: fragmentation functions are 
universal for different collision systems.

● Experimental results (ALICE, CMS, LHCb): significant 
enhancement in the ΛC/D0 ratio in the semi-soft pT range 
(2-8 GeV/c), compared to predictions from e+e-: no 
universality!

● Color reconnection beyond leading color (CR-BLC): 
Describes the multiplicity dependence.

● Multiplicity dependence: connected to the event activity! 
Needs to be better understood!

Production of heavy-flavor baryons
● Heavy-flavor production is usually described with the factorization approach: 

incoming hadron PDFs, hard parton-parton scattering and fragmentation are 
independent:



  3

Λ
C
/D0 enhancement classified by spherocity and flatenicity

● The Λ
C
/D0 enhancement depends on the MPI in the lower p

T 
region.

● Spherocity allows decribing the enhancement in events without a leading 
trigger hadron.

● Flatenicity pulls apart the distributions much more than spherocity.

Z.V., R.V., J. Phys. G: Nucl. Part. Phys. 
49 (2022) 075005 (arXiv:2111.00060)

Λ
c
(qqc), I = 0 ρ = σpT

cell / <pT
cell>

Flatenicity: A. Ortiz, G. Paic, 
arXiv:2204.13733
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Λ
C
/D0 enhancement in jetty and isotropic events

● CR-BLC model links the enhancement to the UE:
- discrimination power in data from the upcoming LHC Run3.

● Flatenicity could be a better quantity to describe the MPI 
and the enhancement!

● Flatenicity ρ in minimum-bias events:
- Λ

C
/D0 enhancement decreases with flatenicity, 

and contrary to spherocity the enhancement is 
sensitive to it in every N

ch
 classes

● Spherocity S
0
 in minimum-bias events:

- Λ
C
/D0 enhancement is more prominent in 

spherical (UE-dominated) than jetty events

ρ = σ
pT

cell / <p
T

cell>Z.V., R.V., J. Phys. G: Nucl. Part. Phys. 49 (2022) 075005 (arXiv:2111.00060)



Analysis of π0 in the large 2014 200 GeV Au+Au dataset

In 2014 large amount of Au+Au data were collected. This
makes it possible to extend the transverse momentum range
and improve the systematic uncertainties.

Study DHM (dead-hot-map)

Applying several condition then
organize these parameters in our
analysis’s ”DHM” will help to
identify the malfunctioning towers.

Figure: Raw hit map befor (the left
side) & after (the right side) applying
DHM.

Apply DHM

As a result, here we apply the final
DHM to see how does it work.

Figure: γ (w/wo)-DHM (left) & The
invariant mass distributions of π0

(right).

Nour J.A (DE/PHENIX) π0 in 2014 200 GeV Au+Au 8th of Dec 1 / 3



The Method of π0 Extraction

Figure: Mixed Event Background
Subtraction Method (low pT ).

Figure: Background Subtraction by
Average Bin Content (High pT ).

Raw π0 in centrality classes (MB)

Figure: The raw yield of π0 in
centrality bins(upper) and the ratios of
individual centrality to MB(lower).

Nour J.A (DE/PHENIX) π0 in 2014 200 GeV Au+Au 8th of Dec 2 / 3



Raw π0 from MB & ERT trigger

Comparison of the raw π0 yields in
different centrality bins indicates
that the shapes at high pT vary
only slowly, as found in earlier
publications.

Figure: The raw yield of pi0 in
centrality classes for MB & ERT
trigger.

Summary

PHENIX measurement of π0 &
direct photons at high pT
reachable at RHIC.

This poster reports on the
work in progress of the analysis
of 2014, with statistics
exceeding all previous data
combined .

The methods clarify the
importance of data QA.

Since these are uncorrected,
raw data and the acceptance,
efficiency and smearing
corrections are large and
strongly centrality dependent,
no physics conclusions drawn
yet.

Nour J.A (DE/PHENIX) π0 in 2014 200 GeV Au+Au 8th of Dec 3 / 3



Probing flow fluctuation through factorization
breaking in heavy-ion collision

- based on P. Bozek, R. Samanta, PRC 105, 034904 (2022)

Rupam Samanta

PhD Supervisor : Prof. dr. hab. Piotr Bożek
Faculty of Physics and Applied Computer Science

AGH University of Science and Technology, Krakow
NCN grant : 2019/35/O/ST2/00357

Dec 8, 2022
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Fluctuation of collective flow in HI Collisions

x

x’

yy’

→ →

Asymmetry in initial source distribution −→ Hydrodynamic evolution of the fireball −→ Final state momentum anisotropy

Momentum anisotropy : Harmonic flow

dN
dpdφ

= dN
2πdp

(
1 + 2

∞∑
n=1

Vn(p)e inφ

)

Flow vector, Vn = |Vn| e i nΨn

|Vn| → Flow magnitude & Ψn → Flow angle
Event by event fluctuation of initial state =⇒
event by event fluctuation of flow vectors Vn’s

lumpy structure of the initial density

R. Samanta (AGH UST) Factorization breaking in HI collision Zimanyi School 2022: Dec. 8 2 / 4



Mapping flow fluctuation by factorization-breaking coefficients

Flow fluctuation −→ decorrelation between two flow vectors in two
momentum bins −→ includes both flow magnitude and flow angle
decorrelation −→ factorization-breaking coefficients .
Flow magnitude and flow angle decorrelation require 2nd order correlations
−→ one flow momentum dependent (Vn(p)) and other flow momentum averaged
(Vn), removes experimental difficulty.
The flow vector square and flow magnitude square factorization coefficients
are constructed as,

rn;2(p) = 〈V 2
n V ∗n (p)2〉√

〈|Vn|4〉 〈|Vn(p)|4〉
and r v2

n
n (p) = 〈|Vn|2|Vn(p)|2〉√

〈|Vn|4〉 〈|Vn(p)|4〉

The flow angle decorrelation is obtained from the ratio of the flow vector and
flow magnitude factorization coefficients,

Fn(p) = 〈V 2
n V ∗n (p)2〉

〈|Vn|2|Vn(p)|2〉 = 〈|Vn|2|Vn(p)|2cos[2n(Ψn −Ψn(p))]〉
〈|Vn|2|Vn(p)|2〉

' 〈|Vn|4cos[2n(Ψn −Ψn(p))]〉
〈|Vn|4〉

R. Samanta (AGH UST) Factorization breaking in HI collision Zimanyi School 2022: Dec. 8 3 / 4



Model Results
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Pb+Pb 5.02 TeV 0-5 % Similar momentum dependent
correlations between mixed-flows
e.g. V 2

2 −V4(p) and V2V3−V5(p)
could be studied −→ measure of
non-linear medium response
For more detailed results and
discussions, please follow the
poster session.

R. Samanta (AGH UST) Factorization breaking in HI collision Zimanyi School 2022: Dec. 8 4 / 4



Jet Energy Loss in Relativistic Heavy-Ion Collisions with
Realistic Medium Modeling

Bc. Josef Bobek

Supervisor: Iurii Karpenko, Ph.D.

FNSPE CTU
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Heavy-Ion Collision
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Nuclear Modification Factor RAA and Jet Shape P(∆r) for
Simplified (Brick) Medium

RAA =

d2NAA
jet

dpT dy

⟨TAA⟩
d2σpp

jet
dpT dy

, P(∆r) = 1
Njet

d(piT−phT)
dz
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Nuclear Modification Factor RAA and Jet Shape P(∆r) for
Realistic Medium

RAA =

d2NAA
jet

dpT dy

⟨TAA⟩
d2σpp

jet
dpT dy

, P(∆r) = 1
Njet
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dz
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Nature Reviews Physics 3, 73 (2021)

1. Hard scattering
2. Parton shower

3. Hadronization

Hadron
Hadron

4. Underlying event

Hadronization with Machine Learning

Monte Carlo data: Pythia 8.303
Monash tune
Rescattering and decays turned off
ISR, FSR, MPI: turned on
Selection: 
 All final particles with
 At least 2 jets

 Anti-kT
 R=0.4
 pT>40 GeV

Event number:
 Train: 750 000, √s = 7 TeV
 Validation and test: 100 000
 ~20 GB raw data

Input:
Parton level
Discretized in the           plane: pT, m, multiplicity 

32 bins
                  ,       32 bins

Hadron level output:
(Charged) event 
multiplicity, 
(tr-)sphericity, mean jet 
pT, -mass, -width, -
multiplicity

Model S Model L

Trainable 
parameters 1.7 M 20 M

ResNet blocks:

Used hardwares: Nvidia Tesla T4, 
GeForce GTX 1080 @ 
Wigner Scientific Computing 
Laboratory

Framework: Tensorflow 2.4.1, 
Keras 2.4.0 2



3

Charged hadron multiplicity 
at various rapidity windows

Good agreement for both 
models

Charged hadron transverse 
momentum
0.1 GeV ≤ pT ≤ 50 GeV

Jets:
● Mean pT ≤ 400 GeV

● Mean multiplicity

The smaller model performs better

Training only at a single c.m. energy, predictions at 
other energies 

Scaling function for multiplicities at various energies:

Charged hadron multiplicities in jetty events: good 
overlap and agreement at all LHC energies

Mean jet multiplicities: different scaling for the 
models

pp @ LHC, Training, validation and  predictions
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The STAR Event Plane Detector

M. Molnár 1

• Much higher granularity compared to BBC
• BBC: 36 tiles (only 18 inner used) ⇒ EPD: 372 tiles
• Also larger acceptance: [3.3,5.0] ⇒ [2.1,5.1]
• 16 radial segments (rings)
• 24 azimuthal segments (sectors)

• Radial segmentation driven by flow, vertex, trigger
• Azimuthal segmentation driven

by higher-order flow harmonics
• Each tile registers hits,

mostly MIPs
• Landau distribution 

of a single hit
• Convolution for multiple hits
• Poisson distribution 

of MIP weights
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• Use iterative unfolding, based on G. D’Agostini, Nucl. Instr. Meth. A362 (1995) 
487

• Implemented in RooUnfold, response matrix to be calculated as:

• In the simulation, we need:
• list of primary tracks 
• list of EPD hits, associated to the primary track

• The above is possible in HIJING+GEANT simulation
• Note: no (light) ion fragments in HIJING; note PHOBOS paper Phys.Rev.C 94 

(2016) 024903

The EPD Response Matrix

M. Molnár 2
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• Systematic checks in the unfolding
• Determination of the longitudinal vertex position (±5 cm 

shift) & centrality (±5% change)
• Comparison of several vertex intervals (+40 cm and -40 cm 

from geometric center)
• Unfolding method:

1. Unfolding 𝑑𝑁/𝑑𝜂; correcting via 𝑁𝑐ℎ 𝜂 /𝑁𝑡𝑜𝑡 𝜂 from 
HIJING

2. Correcting via 𝑁𝑐ℎ 𝑖𝑟𝑖𝑛𝑔 /𝑁𝑡𝑜𝑡 𝑖𝑟𝑖𝑛𝑔 ; unfolding 

”corrected” EPD distribution 
3. Use RooUnfold’s ”Fakes” (where neutrals ⇔ ”fake” 

hits)
• Change in charged/neutral ratio in the training sample (±15%)
• Change in transverse momentum slope in the training sample
• Change in 𝑑𝑁/𝑑𝜂 of training sample

• Broadening to Δ𝜂 = 10, tightening to Δ𝜂 = 2
• Shifting by ±3 units of rapidity

• EPD: number of MIPs ≤ 5, more systematic checks to be done

• Discrepancy with PHOBOS: several differences, multiple 

reasons possible
• Unfolding vs correction, segmentation, simulation 

imperfection, neglections in raw signal

Results & Systematics

M. Molnár 3

Results

• Results obtained for 19.6 GeV and 27 GeV
• Via HIJING+GEANT, without ion fragments
• EPD range: 2.14 < 𝜂 < 5.09
• Expected 𝜂, centrality, 𝑠𝑁𝑁 dependence

Au+Au

𝒔𝑵𝑵 = 19.6 GeV

#MIP ≤ 5

STAR

Preliminary

STAR

Preliminary

Au+Au

𝒔𝑵𝑵 = 27 GeV

#MIP ≤ 5



Newtonian noise estimation for Einstein
Telescope – the effect of rock rheology

Tamás FÜLÖP1,2, László KOVÁCS3, Róbert KOVÁCS1,2,4, Mátyás
SZÜCS1,2,4, Donát M. TAKÁCS1,2, Péter VÁN1,2,4

1Budapest University of Technology and Economics, 2Montavid Thermodynamics
Research Group, 3ROCKSTUDY Ltd., 4Wigner Research Centre for Physics

8st December, 2022



▶ Einsteint telescope – increased sensitivity =⇒ distinguishing,
separation and mitigation of noises are crucial

▶ Newtonian noise – existing calculations based on elasticity
▶ Rocks perform rheological (viscoelastic) behaviour – how to

predict its effects?
▶ Commercial finite element softwares =⇒ not reliable enough
▶ Self-developed thermodynamically consistent symplectic-based

finite difference method

Thank you for your attention!
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PROBABILITY DENSITY-BASED IMAGE RECONSTRUCTION 

FOR PROTON COMPUTED TOMOGRAPHY

Ákos Sudár1, 2 and Gergely Gábor Barnaföldi1 for the Bergen pCT collaboration
1) Wigner Research Centre for Physics,Institute for Particle and Nuclear Physics, Budapest, Hungary

2) Budapest University of Technology and Economics ,Institute of Nuclear Techniques, Budapest, Hungary
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Objective: Proton therapy is an emerging method against cancer.

One of the main development is to increase the accuracy of the

Bragg-peak position calculation, which requires more precise

relative stopping power (RSP) measurements. An excellent

choice is the application of proton computed tomography (pCT)

systems which take the images under similar conditions to

treatment as they use the same irradiation device and hadron

beam for imaging and treatment. A key aim is to develop an

accurate image reconstruction algorithm for pCT systems to

reach their maximal performance.

Approach: An image reconstruction algorithm was developed in

this work, which is suitable to reconstruct pCT images from the

energy, position and direction measurement of individual protons.

The flexibility of an iterative image reconstruction algorithm was

utilised to appropriately model the trajectory of protons. Monte

Carlo (MC) simulations of a Derenzo and a CTP404 phantom was

used to test the accuracy of the image reconstruction.

Main results: The Richardson – Lucy algorithm was applied first

and successfully for pCT image reconstruction. Probability

density based approach was applied for interaction (system)

matrix generation, which is an advanced approach to consider the

uncertain path of the protons in the patient.

Significance: The track of protons are scattered when they travel

through material at the hadron therapy energies. This property

limits the achievable spatial resolution, especially for single-sided

pCT setups investigated in this study. The main motivation of the

presented research is to test new approaches for the image

reconstruction, focusing on the achieved spatial- and density

resolution and the image noise. Realistic imaging setup were

simulated with reasonably low proton statistics, to achieve results,

which is likely to be reproducible in clinical environment.

The Bergen pCT Collaboration: Max Aehlea, Johan Almeb, Gergely Gábor

Barnaföldic, Tea Bodovab, Vyacheslav Borshchovd, Anthony van den

Brinke, Mamdouh Chaarb, Viljar Eikelande, Gregory Feofilovf, Christoph

Garthg, Nicolas R. Gaugera, Georgi Genovb, Ola Grøttvikb, Havard

Helstruph, Sergey Igolkinf, Ralf Keideli, Chinorat Kobdajj, Tobias Kortusi, Viktor

Leonhardtg, Shruti Mehendaleb, Raju Ningappa Mulawadei, Odd Harald

Odlandk, b, George O’Neillb, Gábor Pappl, Thomas Peitzmanne, Helge Egil

Seime Pettersenk, Pierluigi Piersimonib, m, Maksym Protsenkod, Max Rauchb,

Attiq Ur Rehmanb, Matthias Richtern, Dieter Röhrichb, Joshua Santanai,

Alexander Schillingi, Joao Secoo, p, Arnon Songmoolnakb, j, Jarle Rambo

Sølieq, Ákos Sudárc, r, Ganesh Tambaveb, Ihor Tymchukd, Kjetil Ullalandb,

Monika Varga-Kofaragoc, Lennart Volzs, t, Boris Wagnerb, Steffen Wendzeli,

Alexander Wiebeli, RenZheng Xiaob, u, Shiming Yangb, Hiroki Yokoyamae,

Sebastian Zillieni

a) Chair for Scientific Computing, TU Kaiserslautern, 67663 Kaiserslautern, Germany; b) Department of Physics

and Technology, University of Bergen, 5007 Bergen, Norway; c) Wigner Research Centre for Physics, Budapest,

Hungary; d) Research and Production Enterprise “LTU” (RPELTU), Kharkiv, Ukraine; e) Institute for Subatomic

Physics, Utrecht University/Nikhef, Utrecht, Netherlands; f) St. Petersburg University, St. Petersburg, Russia; g)

Scientific Visualization Lab, TU Kaiserslautern, 67663 Kaiserslautern, Germany; h) Department of Computer

Science, Electrical Engineering and Mathematical Sciences, Western Norway University of Applied Sciences,

5020 Bergen, Norway; i) Center for Technology and Transfer (ZTT), University of Applied Sciences Worms, Worms,

Germany; j) Institute of Science, Suranaree University of Technology, Nakhon Ratchasima, Thailand; k)

Department of Oncology and Medical Physics, Haukeland University Hospital, 5021 Bergen, Norway; l) Institute
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& Power Engineering, China Three Gorges University, Yichang, People’s Republic of China
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Spatial resolution Image noise RSP accuracy

Reconstructed Derenzo phantom Reconstructed CTP404 phantom

Steps of the simulation

Single-sided pCT setup

The pCT literature usually measures the energy of protons in the units of their path length in water, referred

as water equivalent path length (WEPL). During the data collection the pCT detector measures the WEPL

reduction of the protons. This approach is useful, because the WEPL reduction is independent of the

energy of the proton as long as it travels through the same trajectory. The reconstruction volume is divided

into volumetric pixels, called voxels. From WEPL reduction point of view the interaction of a proton with

consecutive voxels are independent. As a consequence the imaging can be modelled with the following

linear equation system:

𝑦 = 𝐴 ∙ 𝑥 ,
where 𝑦 vector contains the WEPL reduction of protons, 𝐴 matrix contains the (expected) path length of 

every proton in every voxel and 𝑥 contains the RSP of the voxels. The goal is to restore vector 𝑥 after the 

measurement of vector 𝑦 and matrix 𝐴.

The Richardson—Lucy algorithm*, **:

𝑥𝑖
𝑘+1 = 𝑥𝑖

𝑘 1

σ𝑗𝐴𝑖 𝑗


𝑗

𝑦𝑗

σ𝑙𝐴𝑙 𝑗𝑥𝑙
𝑘 𝐴𝑖 𝑗 ,

for every 𝑖 = 1,… , 𝑁 , where 𝑁 is the length of vector 𝑥, which contains the RSP of the voxels, 𝑘 is the
number of iterations, matrix 𝐴𝑖 𝑗 contains the interaction coefficients between the proton trajectories and

the voxels, 𝑗 = 1,… ,𝑀 is the index of the trajectories, where 𝑀 is the number of the trajectories, 𝑦 contains

the integrated RSP along the trajectories, which is equivalent with the WEPL reduction of the protons

travelling along the trajectories. The
𝑦𝑗

σ𝑙 𝐴𝑙 𝑗𝑥𝑙
𝑘 term is usually called Hadamard ratio, and it represents the ratio

of the integrated RSP along the proton path and its estimate based on the voxel values calculated in the

previous iteration.

Estimation of the proton trajectory:

The most likely path (MLP) of the protons can be estimated from their incoming and outgoing directions

and positions***. In this work the MLP was substituted by a spline approximation to increase computation

efficiency. The uncertainty of the trajectory was taken into account by a Gaussian probability density

distribution around the MLP of the protons.

*) Richardson, William Hadley (Jan. 1972). “Bayesian-Based Iterative Method of Image Restoration”. In: Journal of the Optical Society of
America 62 (1). doi: 10.1364/JOSA.62.000055.
**) Lucy, L. B. (June 1974). “An iterative technique for the rectification of observed distributions”. In: Astronomical Journal 79. Provided by

the SAO/NASA Astrophysics Data System, p. 745. doi: 10.1086/111605.
***) Krah, Nils, Feriel Khellaf, Jean Michel Letang, et al. (July 2018). “A comprehensive theoretical comparison of proton imaging set-ups in
terms of spatial resolution”. In: Physics in Medicine and Biology 63 (13). doi: 10.1088/1361-6560/aaca1f.

METODOLOGY

RESULTS

The spatial and density resolution was tested with dedicated phantoms: the Derenzo and the CTP404 phantoms, respectively.
The spatial resolution (left panel) of the ideal setup was found to be 2.4 lp/cm for the ideal setup, 2.0 lp/cm and 1.5 lp/cm for the silicon

pixel and the silicon strip detector based setups, respectively. The noise (middle panel) of the ideal and silicon pixel setups seems to be

similar (5 % and 4.8 %, respectively), while the silicon strip detector based setup reached significantly lower noise (3.3 %). The error of the

density reconstruction is quickly decreasing up to 70-90 iterations, thereafter all saturates, while for the ideal setup it is getting better at

large iteration numbers. The average relative RSP difference (except air) was found to be 0.3 % for the ideal and 0.5 % for the realistic

setups after 600 iterations. The RSP of the air instead of the real 0.001 was found to be 0.036, 0.051 and 0.061 for the ideal, the silicon

pixel and the silicon strip setups. The density resolution was found to be significantly better than the required 1 % RSP accuracy, except of

the low density region. The spatial resolution approached, but did not reach the expected 2.5 lp/cm.

SIMULATIONS WITH THE ALGORITHM

Unit Ideal setup Silicon pixel Silicon strip

Layer material budget ( Τ𝑥 𝑋0) - 0 4.2 × 10−3 8.5 × 10−3

Distance between layers mm − 50 50

Spatial resolution μm 0 5 66

Angular resolution (130-230 MeV/u) mrad 0 1.7 − 2.9 3.1 − 4.6

Correlation (130-230 MeV/u) mrad×mm 0 −5 × 10−4 −8.7 × 10−2

Statistical WEPL resolution mm 0 3 3

A single-sided detector design with a 230 MeV/u pencil beam was investigated. Three different detector layer was

investigated: the first is an idealized detector with no measurement errors, the second is a silicon pixel detector and the third is

a silicon strip detector based setup. The data taking was simulated with Monte Carlo method using Geant4 (version 11.0.0)

with GATE (version 9.2). In the reference physics list settings QGSP BIC EMY was activated for the calculations. . The beam and

the phantom were modeled appropriately in the simulation, while the measurement uncertainties were assigned in the next

step randomly to the simulated values.



Novel points:

Richardson – Lucy algorithm
(first applied for pCT)

Probability-density based
trajectory model

Measurement uncertainties in
most likely path calculations

Single-sided setup:



Results:

Spatial resolution (MTF10%):
ideal: 2.4 lp/cm & realistic: 2.0 lp/cm

Relative stopping power (RSP) accuracy:
0.3 % for ideal & 0.5 % for realistic setup

Image noise: around 5 % for both cases

Spatial resolution RSP accuracy
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Contributions of gravitational-wave observations to heavy-ion physics
Edit Fenyvesi

Institute for Nuclear Research (Atomki), Debrecen, Hungary; Wigner Research Centre for Physics, Budapest, Hungary

Left: Conjectured interior structure of a neutron star [1]. Right: Matter encountered in neutron stars and binary mergers 
explores a large part of the QCD phase diagram in regimes that
are inaccessible to terrestrial collider experiments [1].



Gravitational-wave detectors

Gravitational-wave signal from a NS-NS 
merger at a distance 100 Mpc, as it sweeps 
across the detector-accessible frequency
range [1].

Einstein Telescope



Merging nuclear theory, multi-messenger 
astrophysics and data from HIC experiments

• According to a recently published study, new constraints on the EOS above 1 nsat was given by merging 
theoretical computations, results of heavy-ion collision (HIC) experiments and GW signals together with 
other multi-messenger astronomy observations of neutron stars [3].

• At first, 15000 different EOS were created in a way that they span the theoretical uncertainty range of 
the chiral effective field theory calculations. 

• The GW170817 signal was compared to theoretical GW models depending on the features of NSs. This 
way, constraint on maximum mass of NSs could be made, which resulted in greater accuracy of the EOS.

• The Einstein Telescope is expected to detect GW signals of 7×104 neutron star mergers per year, 
therefore different parameters of NSs could be examined with increased accuracy. 

• This way, improved EOS could be determined in the nsat range where theoretical calculations become 
less reliable. 

• Moreover, EOS of the matter arises after the coalescence of NSs could be known better by being able to 
detect the GW signal of the post-merger phase.

References:
[1] ET Steering Committee Editorial Team,Design Report Update 2020 for the Einstein Telescope., https://gwic.ligo.org/3Gsubcomm/docs/ET-0007B-20_ETDesignReportUpdate2020.pdf
[2] LIGO-Virgo Compact Binary Catalogue., https://catalog.cardiffgravity.org/
[3] S. Huth, P.T.H. Pang, I. Tews, et al., Constraining neutron-star matter with microscopic and macroscopic collisions., Nature 606, 276–280 (2022). doi:10.1038/s41586-022-04750-w. 
https://doi.org/10.1038/s41586-022-04750-w



Máté Pszota, Peter Ván and Sumiyoshi Abe 
Thermodynamic modified gravity and dark matter 

poster 

 
IF A SCALAR FIELD IS INTRODUCED AS A 
THERMODYNAMIC STATE VARIABLE, THEN 
THE SECOND LAW OF THERMODYNAMICS 

CONSTRAINS THE FIELD TO BE ONLY 
GRAVITY. 



The obtained field equation includes an additional 
square gradient term, resulting in a modified 

vacuum potential. 

𝜑𝜑𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑟𝑟 =
1
𝐾𝐾 ln

𝑟𝑟
𝐾𝐾 + 𝐶𝐶𝑟𝑟 + 𝜑𝜑0 

Δ𝜑𝜑 = 4𝜋𝜋𝜋𝜋𝜋𝜋 + 𝐾𝐾(𝛻𝛻𝜑𝜑)2 



The solution with galactic density distribution 
is similar to dark matter. 



Exploring Quantum Entanglement in Heavy Ion Collisions
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Recent studies established the relation between 
entanglement entropy and parton densities 
for small Bjorken-x, large rapidity regime

S(x)

Sparton = ln(xG(x; Q2) + xΣ(x; Q2))

Perturbative QCD Entanglement Entropy

Entanglement entropy (EE) applies to both 
perturbative and non-perturbative regimes

 EE can connect initial and final state of high-
energy reactions
→

final state

Shadron = − ∑ P(N )ln P(N )

Try to verify the relation:

High Energy Processes

initial state

Sparton ≤ Shadron

1. Deep Inelastic Scattering [3] arXiv:2207.09430v1. M. Hentschinski et al (2022) 

2. Proton-proton collisions [4] Phys. Rev. Lett. 124, 062001. Z. Tu et al (2020) 

Our proposal: entanglement in proton-nucleus collisions with ALICE 

A B



Charged-particle multiplicity distributions Parton Distribution Functions

• Multiplicity distribution is the probability distribution 
 of a collision event to have  particles 

produced 

• [4]: proton-proton (pp) collisions with center-of-mass 
energies , , and  TeV at different 
pseudo-rapidity ranges , , and  of the 
CMS experiment 

• Using Negative Binomial Distribution (NBD) and 
double NBD to fit the data, we take as our 
distribution  half of the average to account for 
one proton distribution 

P(Nch) Nch

s = 0.9 2.36 7
|η | < 0.5 1.0 1.5

P(N )

• The measurable cross-section can be factorized in a 
short-distance interaction — the partonic cross-
section — and in a function containing the long-
distance interactions, the Parton Distribution 
Functions (PDFs) 

• PDFs cannot be derived from first principles  global 
QCD analysis procedure 

• pp analysis: used HERAPDF, NNPDF, and MSTW sets 
to calculate  for d, u, s, and the gluon 
distribution 

→

Sparton

Zimányi School Winter Workshop 2022, Budapest, Hungary 2/3

Entanglement in proton-proton collisions



Entanglement entropies for pp collisions

What about proton-nucleus collisions?
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• Final state entropy Currently working on the data analysis of charged-particle distributions of proton-Lead 

collisions with ALICE [PAG-MM: https://indico.cern.ch/event/1214899/] 

• Initial state entropy nPDFs: Fewer data constraints lead to parametrization bias  new approaches for → Sparton

This work is supported by The São Paulo Research Foundation (FAPESP), grant numbers: 2020/04438-7 and 2022/05642-0. 
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Glueball Resonance Gas (GRG): gas of glueballs → thermal properties of YM
(T<TC ): pressure, entropy & trace anomaly

In YM, the low-mass glueballs are stable.

GRG +

Glueballs*: Regge trajectories

S. Jafarzade talk

Masses from

H. B. Meyer, hep-lat/0508002 , 2004

Chen et al, PRD 73 (2006) 014516

Athenodorou,Teper, JHEP 11 (2020) 172

Interaction
Scalar 0++

S. Jafarzade talk

Formalism: Giacosa & al. EPJC 82 (2022) 5, 487

Tensor 2++

pint
JPC = −T

∑
J

(2J + 1)
∞∑
l=0

∫ ∞

0

dx
2l + 1

π

dδJl (x
2)

dx

∫
d3k

(2π)3
ln
(
1− e−β

√
k2+x2

T

)
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Scalar interaction |J ,m⟩ −→ J = 0,m = 0

1 amplitude →1 phase shift →1 pressure contribution

Tensor interaction |J ,m⟩ −→ J = 2,m ∈ [−2, 2]

625 amplitudes →25 non-zero amplitudes →25 phase shifts →25 pressure contributions
(detailed calculation during poster session)

GRG @A&T D

GRG @A&T D + R.E. up to n=10
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Conclusions

Free glueball gas with 10-15 lightest state: sufficient for TMD
description of LQCD results for pure YM.

The critical temperature in YM turns out to be TC = 323± 18 MeV.

Effect of excited glueballs via Regge trajectories and effect of
interaction are very small.

GRG works well with the masses of Athenodorou & Teper → those
masses are favoured.
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Quantum to �uid

Connected realities

quantum mechanics → superfluids → capillary �uids

From special to general. Analogy?

i~∂tΨ +
~2

2m
∆Ψ− ΦΨ = 0,

Madelung transformation

Ψ = Re i
~
m
S .

ρ = |Ψ|2, vvv = ∇S , �uid form:

ρ̇+ ρ∇ · vvv = 0, ρv̇ +∇ ·PKPKPK (ρ,∇ρ,∇2ρ) = 000,

Perfect Korteweg �uids.
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Fluid to quantum

Thermodynamic deduction

capillary �uids =⇒ superfluids =⇒ quantum mechanics

Consequences

Second Law instead of variational principles

Second Law instead of holography

A super�uid is not water with zero viscosity.

What about QGP?
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volume dependence of the vacuum

The volume dependence of the phase diagram was studied in an (axial-)vector
meson extended Polyakov quark-meson model via a low momentum cutoff.

• Restriction in momentum space
= low momentum cutoff

• Applied to the fermion integrals

• Modification of vacuum contribution
⇒ change of phys. quantities

• Modification of thermal contribution
 0
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Volume dependence of the phase diagram
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For more details and further results find me in the poster section.
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1

Flashtalk

Isospin breaking in the ELσM model
Péter Kovács, György Wolf - Wigner RCP

How well one can describe isospin breaking in a chiral meson model?

We use a Lagrangian that has global U(3)L × U(3)R chiral symmetry – like in
QCD if the quark masses are zero – plus explicit symmetry breaking terms

U(3)L × U(3)R ≃ U(3)V × U(3)A = SU(3)V × SU(3)A × U(1)V × U(1)A

U(1)V −→ baryon number conservation (exact symmetry of nature)

U(1)A −→ connected to axial anomaly

SU(3)A −→ broken down by any quark mass

U(3)L ×U(3)R −→ broken to U(1)V × SU(2)V if mu = md ̸= ms (isospin symm.)
−→ or to U(1)V if mu ̸= md ̸= ms (realized in nature)

P.Kovács (Wigner FK) kovacs.peter@wigner.hu 1 / 3



2

ELSM

Particle content
• Vector and Axial-vector meson nonets

Vµ = 1√
2


ωN+ρ0

√
2

ρ+ K⋆+

ρ− ωN−ρ0
√

2
K⋆0

K⋆− K̄⋆0 ωS


µ

Aµ = 1√
2


f1N+a01√

2
a+1 K+

1

a−1
f1N−a01√

2
K0

1

K−
1 K̄0

1 f1S


µ

ρ→ ρ(770),K⋆ → K⋆(894)
ωN → ω(782), ωS → ϕ(1020)

a1 → a1(1230),K1 → K1(1270)
f1N → f1(1280), f1S → f1(1426)

• Scalar (∼ q̄iqj ) and pseudoscalar (∼ q̄iγ5qj ) meson nonets

S = 1√
2


σN+a00√

2
a+0 K⋆+

0

a−0
σN−a00√

2
K⋆0

0

K⋆−
0 K̄⋆0

0 σS

 P = 1√
2


ηN+π0

√
2

π+ K+

π− ηN−π0
√

2
K0

K− K̄0 ηS


multiple possible assignments
mixing in the σN − σS sector

π → π(138),K → K(495)
mixing: ηN , ηS → η(548), η′(958)

If ζN/S/3 ̸= 0 −→ chiral symmetry is explicitly broken,
especially if ζ3 ̸= 0 – and also δ3 ≡ δu − δd ̸= 0 – the isospin symmetry is violated
Consequently nonzero vev for scalar-isoscalar fields: ϕN/S ≡ ⟨σN/S⟩ and ϕ3 ≡ ⟨a0

0⟩

σN/S → ϕN/S + σN/S , a0
0 → ϕ3 + a0

0.

Different particle mixings appear:
▶ mixings between nonets Vµ ←→ S and Aµ ←→ P
▶ N − 3 sectors of Vµ and Aµ

▶ N − 3− S sectors of S and P

P.Kovács (Wigner FK) kovacs.peter@wigner.hu 2 / 3



3

ELSM

Determination of the parameters
There are 21 unknown parameters:
m2

0, m2
1, c1, δS , δ3, g1, g2, ϕN , ϕS , ϕ3, λ1, λ2, h1, h2, h3, m2

em,S , m2
em,P , m2

em,V ,
m2

em,A, δm2
V , δm2

A −→ determined by the min. of χ2:

χ2(x1, . . . , xN) =
M∑
i=1

[
Qi (x1, . . . , xN)− Qexp

i

δQi

]2

,

(x1, . . . , xN) = (m0, λ1, λ2, . . . ), Qi (x1, . . . , xN) → calc. in the model, Qexp
i →

PDG value,
δQi = error (e.g. max{5%,PDG value}) multiparametric minimalization −→
MINUIT
▶ PCAC → 2 physical quantities: fπ, fK
▶ Charged and neutral masses → 24 physical quantities:

ma0 , mK⋆
0
, mf L0

, mf H0
, mπ, mK , mη, mη′ , mρ, mK⋆ , mω, mΦ, ma1 , mK1 , mf H1

▶ Charged and neutral decay widths → 21 physical quantities:
Γρ→ππ, Γω→ππ, ΓK⋆→Kπ, ΓΦ→KK , Γa1→ρπ, Γa1→πγ , Γf1→K⋆K , ΓK⋆

0→Kπ,
Γa0→KK , Γa0→πη, Γa0→πη′ , Γ

f
L/H
0 →ππ

, Γ
f
L/H
0 →KK

,
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Study of Self-similar Solution of Self-gravitating
Non-relativistic Fluids

Balázs E. Szigeti 1 2, Imre Ferenc Barna2, Gergely Gábor Barnaföldi 2

1Eötvös Loránd University

2Wigner Research Centre for Physics



Motivation

• The properties and existence of the dark matter is one of the most
fascinating question in cosmology.

• Our main goal of this research is to find scaling solutions of the
gravitational fields, which can be good candidates to describe the
evolution of the Universe or collapse of compact astrophysical objects

• We present a dark fluid model described as a non-relativistic and
self-gravitating fluid

• We studied these coupled non-linear differential equation systems
using self-similar time-dependent solutions

B. Szigeti (ELTE, Wigner RCP) Zimányi 2022 2021 Nov 2 / 5



The Model

We consider a set of coupled non-linear differential equations, which
describes the non-relativistic dynamics of a compressible fluid with zero
thermal conductivity and zero viscosity.

∂tρ +∇(ρu) = 0

∂tu + (u∇)u = −1
ρ
∇p + g

p = p(ρ)

Equation of State (Polytropic and Chaplygin gas)

p = −wρn p = − A
ρα

B. Szigeti (ELTE, Wigner RCP) Zimányi 2022 2021 Nov 3 / 5



Sedov-Taylor Ansatz

• We are reducing the PDE system into ODE system using Taylor
ansatz:

u(r, t) = t−α f
(

r
tβ

)
ρ(r, t) = t−γg

(
r
tβ

)
Φ(r, t) = t−δh

(
r
tβ

)
,

• ( f , g, h) shape-functions only depend on ζ = rt−β

• α, β, γ, δ similarity exponents
• The β describes the rate of spread of the spatial distribution
• Other exponents describe the rate of decay of the intensity of the

corresponding field

B. Szigeti (ELTE, Wigner RCP) Zimányi 2022 2021 Nov 4 / 5



Result:
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Propagation properties of spin degrees of
freedom within the framework of relativistic

hydrodynamics with spin
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Spin tensor in the GLW pseudogauge
▶ P µ =

∫
dΣνT µν and Jµν =

∫
dΣλJλ,µν are invariant under the

pseudogauge transformations. F. W. Hehl, Rept. Math. Phys. 9 (1976) 55

▶ We use the GLW (Groot-van Leeuwen-van Weert) pseudogauge for
the Dirac field.

▶ LTE for a polarized fluid can be described by

fσ
eq =

[
exp

(
βp · U − σξ − 1

2ωµνsµν

)
+ 1

]
, sµν = 1

m
ϵµναβpαsβ ,

(1)
where β = T −1, ξ = µ/T , σ = ±1 and ωµν is the spin potential.

▶ The spin tensor comes out as:

Sλ,µν = (A1 + A3)Uλωµν + (2A1 − A3)UλUαU [µων]
α+

A3(∆λαU [µων]
α + Uλ∆α[µων]

α + Uα∆λ[µων]
α), (2)

where

A1 = s2

9

[(
∂N
∂ξ

)
β

− 2
m2

(
∂E
∂β

)
ξ

]
,

A3 = 2s2

9

[(
∂N
∂ξ

)
β

+ 1
m2

(
∂E
∂β

)
ξ

]
. (3)



Spin waves as transverse waves
cspin MJ
cspin FD, ξ=0
cspin FD, ξ=3
cspin FD, ξ=5
cspin FD, ξ=10
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▶ Decomposing ωµν into its electric Cκ and magnetic Cω components,

ωµν =
(

0 CκX CκY CκZ
−CκX 0 −CωZ CωY
−CκY CωZ 0 −CωX
−CκZ −CωY CωX 0

)
,

we find CκZ = CωZ = 0, while(
∂2

∂t2 − c2
spin

∂2

∂z2

) (
CκX
CκY
CωX
CωY

)
= 0, c2

spin = −1
4

A3

A1
→

{ 1
2 , m

T → 0,√
T

2m , m
T → ∞.

(4)
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