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Physical context
L]

What are we looking for ?

QCD phase diagram and CEP

Since the QGP has been observed (indirectly), efforts has been made to learn about
its properties, and to map the QCD phase diagram.

3,
°
624Ge e\‘ Quark-Gluon Plasma
)
%,
A3

- Theoretically : use models & theories to
make predictions (T, ug,) or to extract
information from measurements
(T, ug,m/s...

Temperature (MeV)

- Experimentally : exploration of QCD phase
diagram thanks to the Beam Energy Scan
(BES) program, measurements of

. 0 250 500 750 1000
observables of interest Baryon Chemical Potential g (MeV)

D. Cebra, 2013

Question(s) of interest : is there a 15t order phase transition and a critical endpoint
between QGP and hadronic gas phases ? If yes, where ?

2/18


https://www.c-ad.bnl.gov/ardd/LEeC/Presentations/Cebra_LEReC_BESII_ver2.pdf

Physical context
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How can we find it ?

Susceptibilities

To answer this question, there are many tools that can be used, among which are the

susceptibilities.

In a grand-canonical ensemble, to what a heavy-ion collision can be compared to,
they are defined as derivatives of the partition function Z :
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As we are searching for
radical changes in the
state of nuclear matter,
i.e. phase transition,
these derivatives of Z
should reveal them.
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R. Bellwied et al., 2019
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https://arxiv.org/abs/1910.14592v2
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How can we find it ?

Susceptibilities

2" order susceptibilities for B, Q, S

Linked to the (co)variances of the
considered charges :

In a more convenient and understandable
way, susceptibilities can be written as a

function of the net-charge cumulants xv 1 41 (NxNy)—(Nx)(Ny)
(Nx =nx — n)T) X1 = VT3 XY — VT3
They represent in fact event-by-event
fluctuations of the considered net charges. x 1 o (Nx®) —(Nx)?
X2 =y ox = VT3

Also, in order to have observables
independent from volume or temperature,
which cannot be measured directly in
experiments, ratios are often used.
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What has been done recently ?

Experimental results

STAR collaboration measured (for particles with || < 0.5 + 0.4 < pr < 1.6 GeV/c) :
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o (co)variances G, , (proxies for Xy} 5°)
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- as a function of (Npar)
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https://arxiv.org/abs/1903.05370v2
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What has been done recently ?

Experimental results

STAR collaboration measured (for particles with || < 0.5 + 0.4 < pr < 1.6 GeV/c) :
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https://arxiv.org/abs/1903.05370v2
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What has been done recently ?

Lattice QCD + HRG model

R. Bellwied et al. :

@ breakdown of hadronic species contributions to "
susceptibilities, using Hadron Resonance Gas
model

= best proxies for ratios
(so potentially the most sensitive ones)
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https://arxiv.org/abs/1910.14592v2

Physical context
oce

What has been done recently ?

Lattice QCD + HRG model

R. Bellwied et al. :

@ breakdown of hadronic species contributions to
susceptibilities, using Hadron Resonance Gas
model
= best proxies for ratios

(so potentially the most sensitive ones)
= results depending on /s + kinematic cuts
compared with STAR data

QS 2
00877(11 _1 ok
=78 T o2, 2
x5 2 Oy + 0}
BS 2
c _ X1 Oh
BS = s 2 2

... and what about event generators ?
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22%01,° (proxy)
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https://arxiv.org/abs/1910.14592v2
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What is EPOS ?

EPOS

Event generators are programs made to compute models and simulate every steps
of a collision (e.g. EPOS, PYTHIA, HIJING++...).

Advantage : perfect detector, as final-state particles are all listed (no uncertainties)

Energy conserving quantum mechanical approach, based on
Partons, parton ladders, strings,

Off-shell remnants, and

Saturation of parton ladders

Event generator based on Parton-Based Gribov-Regge Theory, which unifies
Parton model and Gribov-Regge theory by solving inconsistencies of both models.

Can simulate any type of collision :

et/~+et/- et/~+p p+p p+A A+A
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https://ejc2018.sciencesconf.org/data/pages/joliot.20.pdf
http://home.thep.lu.se/~torbjorn/pythia81html/Welcome.html
https://arxiv.org/abs/1901.04220
https://arxiv.org/abs/hep-ph/0007198

Generation of an event

Initial conditions

A remnants i ”
Primary interactions treated with PBGRT ———
exchange of multiple Pomerons in parallel : :

elementary 3
interactions §

— can be seen as cut (particle production) or
uncut (o calculation) parton ladders — i

participants

K. Werner et al., 2000

Core-corona separation

remnant

@ Core = high string density
region

@ Corona = escaping
segments (with high pr)

remnant

K. Werner, 2018
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https://arxiv.org/abs/hep-ph/0007198
https://ejc2018.sciencesconf.org/data/pages/joliot.20.pdf

Generation of an event

Medium evolution, hadronisation and re-scattering

Core evolution )
Corona evolution

Viscous 3D+1 hydrodynamics expansion
based on a cross-over transition EoS
+
Hadronisation of the medium via
Cooper-Frye procedure

Strings evolution following dynamics of
gauge invariant Lagrangian
+
String fragmentation to produce hadrons

4

Re-scatterings between formed hadrons with UrQMD model until
chemical freeze-out (no more inelastic scatterings)
kinetic freeze-out (no more elastic scatterings)

4

‘ Final state particle ‘
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https://link.aps.org/doi/10.1103/PhysRevD.10.186
https://arxiv.org/abs/hep-ph/9909407

°
Goal of the study

What we can (not) study with EPOS

The hydrodynamic evolution of the core in EPOS does not include fluctuations :
susceptibilities are NOT sensitive to any possible CEP

= search for signatures of CEP impossible with EPOS by construction !

In fact, in EPQOS, all the fluctuations are coming from initial conditions,
hadronisation process and/or hadronic cascades.

Hence, what we plan to do is to
study the impact of hadronisation and hadronic cascades on the susceptibilities
by comparing susceptibilities :

@ from micro-canonical & grand-canonical decays
o from before & after UrQMD
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Results
°
First results : testing EPOS

Koch ratios vs energy

- ‘STAR data (0-5%) '
Results from EPOS 4 with BEST EoS, with T s oo I
T, = 155 MeV and ug, = 350 MeV e E"“"“‘“T’ ! 1
(cf. recent presentation from M. Stefaniak S | ]
for more details) T . 1
I CAUTION : B version of EPOS 4 !l 1
— just started parametrisation for & il EEBEE Sy ]
LHC data IS S 1 ]
L]
(+ only 2 energies tested yet) ask
-t + + b +
= EPOS underestimate ratios ocel
Let's check in detalls... R s

V8NN (GeV/A)
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https://indico.cern.ch/event/980953/contributions/4135710/attachments/2158449/3641156/Eos%40EPOS.pdf

Results
[ Ie]
More details

(Co)variances vs Npart
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Qualitatively / Quantitatively X
- EPOS general behaviour = STAR data - few EPOS results match with STAR data
- globally same variation trends w energy - too much / not enough variation
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More details

Hadronic species multiplicity

150 F02<py<2Gevic mKp:py|<01 In fact, discrepancies for these 2" order cumulants
- AZ: <05 are directly linked to the multiplicity of the
100 1= 4 | considered species.
50 o | Indeed, if we multiply net particle numbers Nx and
L , Ny by factors cx and cy, we get :
T KKppAAZE oy = (Nx-Ny) — (Nx) (Ny)
= <CxNx.CyNy> — <C)(Nx><CyNy>
= cxcy(Nx.Ny) — cx(Nx)cy(Ny)
150
[ 02<py<2GeVic wmKp:ly]<0.1
L AZ:ly]<0.5
100 |- | }
s0 | !
bt
Tw KK ppAAZZE
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More details

Hadronic species multiplicity

0 F @ =77 Gevia (< 03) In fact, discrepancies for these 2" order cumulants
5 are directly linked to the multiplicity of the
20 considered species.
1 F | i Indeed, if we multiply net particle numbers Nx and
[ St Ny by factors cx and cy, we get :
L w.‘\J: I I TIR R EN BRI
0 10 200 300 Oy = (Ny.Ny) — (N5) (Ny)
= <CxNx.CyNy> - <CXNX><CYNY>
= cxcy(Nx.Ny) — cx(Nx)cy(Ny)
30
I V(s)=7.7GeV/A (| < 0.5) Then
20 |-
; ot} = (ox.cv) x ol |
10 * and similarly

T R RTIEN RRE N SR 2 __ 2 11
%0 100 200 300 ‘GX_(CX) XGXY‘
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Conclusion
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Summary & outlook

Plan : use last version of EPOS 4 study the impact of hadronisation and
hadronic cascades on 2™ order susceptibilities of B, Q, S.

In particular : compare values of STAR proxies and best proxies proposed by R.
Bellwied et al. before and after hadronic cascades
+ compare them for different hadronisation processes (grand-canonical /
microcanonical)

Status :
1. compare EPOS results with STAR measured proxies :
OK qualitatively, NOT OK quantitatively
BUT "works” technically, even without any RHIC data matching test yet

= finish EPOS 4 parametrisation + add proxies from R. Bellwied et al.
— investigate particle production (yields, dN/dy vs Npgt...)
— check results for other energies to see better the global tendency
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https://arxiv.org/abs/1903.05370v2
https://arxiv.org/abs/1910.14592v2
https://arxiv.org/abs/1910.14592v2

Conclusion
ooe

Thanks for your attention !

Time for questions

"you can't use Monte Carlo simulations
for everything"

that's where
you're wrong
kiddo

Every comments or suggestions are welcome ©
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Backup slides

A bit more about EPOS...

More references about EPOS :

@ primary interactions & hydrodynamics in EPOS
@ hydrodynamics in EPOS

@ heavy flavors in EPOS

@ jet-fluid interaction in EPOS

Recent developments for EPOS 4 :

@ parton saturation (see also here)
@ factorisation

@ BEST equation of state inclusion

Stay tuned ! More papers to come...
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https://hal.archives-ouvertes.fr/hal-02434245/document
https://inspirehep.net/files/cc4a3c1641ea61c867f92d41ed6668aa
https://arxiv.org/abs/1901.03856.pdf
https://arxiv.org/pdf/1911.04155.pdf
https://iopscience.iop.org/article/10.1088/1742-6596/458/1/012020/pdf
http://triton.itep.ru/ions/GDRE/2016/nant/nantes_kaluswerner.pdf
https://arxiv.org/pdf/1805.05249v2.pdf

Backup slides

Hadron Resonance Gas Model (summarised from R. Bellwied et al.)

It assumes that a gas of interacting hadrons in ground states can be described by a
gas of non-interacting hadrons and resonances.
One can then re-write partition function, allowing to consider kinematic cuts simply by
changing the phase space integration :

In(ZR) =

1'c2T3/ 0>.dp. In nR.zR.e’SR/T>

Hence, with such assumption, one can decompose susceptibilities as a function of
hadronic species :

XG5 (Tofis.frasfis) =Y. Y (Pap) < By@hSE x I (T, ig, fra fis)
R icstable
with :
- l=i+j+k
- Prop =Yg Ng_)p X nga : (np) produced in process o by each resonance R
- Bi , C}{,, Sk : quantum numbers of particle specie p

- If(T.fB.as) = 3y [ XrIN(2R)]  (@r = iB-Br+ii0-Qr +fis-Sk)
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