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Thermal model ﬁu
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Common tools: (not an exhaustive list)

1) SHARE 3 [G. Torrieri, J. Rafelski, M. Petran, et al.]
Fortran/C++. Chemical (non-)equilibrium, fluctuations, charm, nuclei
open source: http://www.physics.arizona.edu/~gtshare/SHARE/share.html

2) THERMUS 4 [S. Wheaton, J. Cleymans, B. Hippolyte, et al.]
C++/ROOT. Canonical ensemble, EV corrections, charm, nuclei
open source: https://github.com/thermus-project/THERMUS

3) GSI-Heidelberg code [A. Andronicetal.] not open source

4) Florence code [F. Becattinietal.]  not open source


http://www.physics.arizona.edu/%7Egtshare/SHARE/share.html
https://github.com/thermus-project/THERMUS

Thermal-FIST

[V.V., H. Stoecker; Uni-Frankfurt]

User-friendly thermal model package for general-purpose applications
open source (GPL-3.0, C++): https://github.com/vlvovch/Thermal-FIST

- [m] x
Particle list file: ‘C:/Users/volodyalDocuments/ProgramminglResearchWork{HRG/T hermal-FIST-Extended/Thermal-FIST/input/list/PDG2014/list-withnuclei.dat Load particle list... Load decays...
Thermal model Thermal fits Event generator & chi2 profile
Data to fi: 700 1 Fit parameter T
i+ 1 )
Name Fitz  Exp.value Exp.emor Mode \ / ~®- Caleulated | T, (130.00000 |3 Tmax: |250.0000C
i \ ~~~ Parabolic
1 pi+ 733 54 643.39 col \ ‘,r . ‘0_00 ;|Xz,m; ‘70_14
- \
2 pi 732 52 643.39 ‘\\ ‘1' Calculate Replot Write to fil¢
3 K+ 109 9 115.45 \ /
50 \ 7
4 K- 109 ) 115.45
5 p 34 3 39.972
40
6 anti-p 33 3 39.972
< B
Add quantity to fit... Remove selected quantity from fit Loaé 30
Extracted parameters:
Parameter Value Error 20+t
T (MeV) 161.499 3.81292
B (MeV) 0 - 10}
Ya 1 -
s 1 - ol . . : i . . .
135 150 165 180 195 210 225 240
R (fm) 9.77428 0.59524 T
V (fm~3) 3911.5 714.614 —
- Calculation time = 2103 ms
Show calculation results... Chi2 profile... Calculation valid!
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Thermal-FIST  (vv, H. stoecker; Uni-Frankfurt] %U

User-friendly thermal model package for general-purpose applications
open source (GPL-3.0, C++): https://github.com/vlvovch/Thermal-FIST

FIST 0.6.3 <
Particle list file: ‘C:/Users/volodyalDocuments/ProgramminglResearchWork{HRG/T hermal-FIST-Extended/Thermal-FIST/input/list/PDG2014/list-withnuclei.dat Load particle list... Load decays...
Thermal model Thermal fits Event generator & chi2 profile
Data to fi: 700 Fit parameter T
i \
Name Fitz  Bxp.value Exp.emor Mode Trini [130.00000 |2 ] Tax: [250.0000¢

1 pi+ 733 54 643.39 . - .

60| XZno [0.00 2] Xoma: [70.14
2 pi- 732 52 643.39 Replot Write to fil
3 K+ 109 9 115.45

50 -
4 K- 109 9 115.45
5 p 34 3 39.972

40
6 anti-p 33 3 39.972
< B
Add quantity to fit... Remove selected quantity from fit Loaé 30+
Extracted parameters:

Parameter Value Error 20+t
T (MeV) 161.499 3.81292
B (MeV) 0 10}
Ya 1
s 1 - ol . . : i . . .
135 150 165 180 195 210 225 240
R (fm) 9.77428 0.59524 T
V (fm~3) 3911.5 714.614 —
- Calculation time = 2103 ms

Show calculation results... Chi2 profile... Calculation valid!

© 2014-2018 Volodymyr Vovchenko

“So that’s how you get your results so quickly!”
J. Cleymans

“Thanks for reproducing my results!”
F. Becattini 3


https://github.com/vlvovch/Thermal-FIST

Thermal model aspects in Thermal-FIST

Alternative/extended scenarios:
* chemical non-equilibrium (y,, y)
* light nuclei

Equation of state

Extensions of the HRG model:

e different treatment of finite resonance widths

e repulsive interactions (excluded volume)

e van der Waals interactions (criticality) M. Gorenstein, talk Thursday

e particle number fluctuations and correlations (probabilistic
decays, EV/vdW interactions)

Canonical statistical model (CSM):
e exact conservation of conserved charges

Monte Carlo event generator (Blast-wave, CSM, interactions)



FIST in THERMUS mode: cross-check
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FIST results coincide with THERMUS,
provided that the same input used


https://github.com/vlvovch/Thermal-FIST

Finite resonance widths

resonances have finite lifetime,
their width should be taken into account

Breit-Wigner spectral density usually used in thermal models
[Becattini, ZPC '96; Torrieri et al. (SHARE); Wheaton et al. (THERMUS); Andronic et al. (GSI-HD), NPA ‘06 ]

We explore finite widths effects on final hadron yields

V. Vovchenko, M.I. Gorenstein, H. Stoecker, Phys. Rev. C 98, 034906 (2018)
source code: https://github.com/vivovch/1807.02079


https://doi.org/10.1103/PhysRevC.98.034906
https://github.com/vlvovch/1807.02079

Modeling finite resonance widths

n?plax:
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Broad A and N™ resonances appear in TN scattering...

D0
Use N scattering phase shifts? pi(m) o 6Nn5m)

[P.M. Lo, Friman, Redlich, Sasaki, 1710.02711]

A(1600) DECAY MODES

- dmpi(m) ni(T, p; m)

PARTICLE

PHYSICS
BOOKLET

Fraction (I';/T)

e Seems appropriate for A(1232) LAz

Nrnrm
A(1232) 7

: _ : A(1232) 7, P-wave
e Higher-mass resonances mainly A(1232) 7. Fwave

have 3-body final states N(1440)7, P-wave
A(1620) DECAY MODES

10-25 %
75-90 %
73-83 %
72-82 %
<2%

seen

Fraction (I';/T)

e S-matrix would require a Nr_
Nrr
coupled-channel treatment?

20-30 %
55-80 %

To what extent can TN channels describe A’s and N *’s?



TN channels for Aand N*

A and N* proton feeddown through w/N only vs the full feeddown,
i.e. throw away protons from e.g. A, N* — pnrr decays

1.1

| HRG with zero widths
1O
0.9+
081 (P)ynwsnr TN decays only
(P enesns @l decays
0.7 |
0.6

6IO | 8I0 | 1 (I)O | 1 éO | 1;10 | 1 éO
T (MeV)

e Suppression of proton yield at high T if only mN decays taken

 Would describe, but not explain, the ‘proton anomaly’



TN channels for Aand N*

A and N* proton feeddown through w/N only vs the full feeddown,
i.e. throw away protons from e.g. A, N* — pnrr decays
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e Suppression of proton yield at high T if only mN decays taken
 Would describe, but not explain, the ‘proton anomaly’
e Similar p suppression in phase shift calculation [Andronic et al., 1808.03102]



Different scenarios for spectral functions ﬁu

More conservative approach: consider different prescriptions to estimate
the systematic error coming from resonance widths modeling

Thermal-FIST implements three options:
1) Zero-width approximation pi(m) = o(m— m;)
Simplest possibility, used commonly in LQCD comparisons

. . . . . 2 mm;j r;
2) Fixed Breit-Wigner (BW) in +2I; interval pi(m) = A, (E w22 | T

Popular choice in thermal fits (e.g. THERMUS), no threshold suppression

3) Energy-dependent Breit-Wigner (eBW) Mi(m) =" Tis;(m)

mthr li+1/2
Fioj(m) = bf’i‘f rPoe [1 — (’T_”) } suppression at threshold

+ m-dependent decay feeddown N/* = N + /dm BR(j — i; m) pj(m) N/"(m)
jepdg”
9



Modeling widths: Spectral functions

300 | ' | 7 390
250} A's from PDG | 300 N*'s from PDG
— eBW | % 250 |
----- BW O, 200}
= 150
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< 100}
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50}
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* BW: spectral function shifted to lower masses

e eBW: spectral function shifted to higher masses

e OQOverall normalization same, but difference shows up in thermodynamics

due to integration with the Boltzmann factor




p/m

Modeling widths: Effect on hadron yields

Modification of final hadron yields protons
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Modeling widths: Thermal fits at LHC

o Zero-width, T=154.6+ 1.8 MeV, V =4771 £ 523 fm’, yv’/dof = 18.1/10
O BW, T=154.9+ 1.8 MeV, V = 4529 + 506 fm’, +*/dof = 21.6/10
161 eBW, T = 155.0 + 1.7 MeV, V = 4865 + 489 fm”, */dof = 13.4/10 g
' : : : : ' ' ' ' Fel=
] N s ] 1]
= . T e :+
- RE) 0 I X ) SO 1
S % { A | A % % {; t
S ; ; ; ; ; ; L] ; o
§ 10— :HT:T I S ST UL R
Hf TTH ¥ TR
o8t % I SRR -
5 5 5 5 5 L] preasw
06 1 1 S 1 ] ] ] ] ] ] 3 1 | 3 ] 7
m K Ky 0 P A c Q d ‘He H ‘He

* ‘Proton anomaly’ largely eliminated in the eBW scheme

e Systematic uncertainties due to widths modeling are significant
e Qutlook: combine with other effects (excluded volume, non-eq.,...)

12



Modeling widths: Thermal fits at RHIC

;:s

0-5% STAR BES data (7, K, p, A, £), weak decay feeddown for protons incl.
Q/B=O4,S=O - ‘LlQ,,LlS

[STAR collaboration, 1808.03102]

VSN (GeV) Scheme Fit results

T (MeV) g (MeV) x2 /dof

7.7 zero-width 1443 +25 417 £15 13.9/7
BW 144.3 £2.5 415+ 15 15.6/7

eBW 146.9 £ 2.7 427 £ 17 10.8/7

11.5 zero-width 153.1£2.3 303 £ 14 9.2/7
BW 153.4 +2.8 303+ 14 10.4/7

eBW 155.4 £2.8 309 £ 15 5.5/7

19.6 zero-width 159.2 £3.3 199 £ 12 14.5/7
BW 159.4 £3.3 199 £ 12 16.5/7

eBW 162.0 & 3.4 203 £13 8.8/7

27 zero-width 161.0 + 3.3 156 + 11 15.5/7
BW 161.1 £3.3 156 £11 18.0/7

eBW 164.1 £3.4 159 £ 11 9.0/7

39 zero-width 161.5 £ 3.1 106 £ 10 14.0/7
BW 161.4 +3.1 106 £ 10 16.4/7

eBW 164.6 & 3.2 109 £+ 10 8.0/7

13



Small systems and canonical ensemble

thermal model applied also for small systems, even for

elementary reactions like ete™, pp, pp
[Becattini et al., ZPC ‘95, ZPC ‘97]

canonical treatment of (some) conserved charges needed

when the reaction volume is small, suppresses yields
[Rafelski, Danos, et al., PLB ‘80]

Here applications to LHC data are considered
V. Vovchenko, B. Doenigus, H. Stoecker, Phys. Lett. B 785, 171 (2018), work in progress

14


https://doi.org/10.1016/j.physletb.2018.08.041

Canonical statistical model (CSM)

Canonical partition function: [Becattini et al., ZPC ‘95, ZPC ‘97]

2(B.Q. S)/dqu/dch/dcbs e~ (Béa+Q9q+565) ayp szl ol (Bj¢B+Qj$q+5;¢s)

J

m2T rimyce Z(B B Q Q 5— S) rlm ce

s

chemical factors, = 1 at large volume (GCE)

CSM implementation in Thermal-FIST:
model .ConserveBaryonCharge (true) ;
e Selective canonical treatment of charges —— model.conserveElectriccharge (false) ;

e Full quantum statistics ™S podel. ConserveStrangeness (true) ;
e Supports |Bj| > 1 (light nuclei)

e Particle number fluctuations and correlations

e EV/vdW interactions within Monte Carlo formulation [VV. et al., 1805.01402]

15



When is the canonical treatment necessary?

Normally, when the total number of particles carrying a conserved charge
is smaller or of the order of unity

The canonical treatment is often restricted to strangeness only (SCE)
[STAR collaboration, 1701.07065; ALICE collaboration, 1807.11321]

1.0

B " ‘tot
- nQ/ntot
nS/ntot A
- _ Q-
S ]
B .

Along the freeze-out curve |

I“ibz B llllli63 T 120 ‘ 150 ‘ 140 I 150 | 1é0 ‘ 1%0 I 180
su [GeV] T [MeV]
e Strangeness conservation is most important at low energies (HADES, CBM)

e Small systems at RHIC and LHC: exact baryon conservation at least as
important as strangeness 16



CSM at LHC

;:s

Enforce exact conservation of charges, B = Q =S = 0, in a correlation

volume V. around midrapidity
In general, Vo # dV/dy

Causality argument: exact conservation across a few units of rapidity?
[Castorina, Satz, 1310.6932]

New application:
CSM for light nuclei

e Suppression of nuclei-to-
proton ratios at low

multiplicities

e For these observables
sufficient to enforce

exact baryon

conservation only
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CSM at LHC: light nuclei
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[V.V., B. Doenigus, H. Stoecker, 1808.05245]

CSM qualitatively captures the behavior seen in the data

* Data prefers Vi > dV /dy and/or Ty, > Tppipp
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CSM at LHC: light flavor hadrons
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[ALICE collaboration, 1807.11321]

ol L
10 102 10
dN./dv

3

= pp (s=7TeV

B p-Pb |5, =5.02 TeV
= Pb-Pb \(S_NN= 2.76 TeV
Thermus v3.

T =146-166 MeV
R=R;

k=1.33 + 0.28

ALICE data show clear
multiplicity dependence

Have been considered in
strangeness-canonical

picture only
[Vislavicius, Kalweit, 1610.03001]

What is the role of
baryon and electric
charge conservation?
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CSM at LHC: correlation volume dependence %U

Correlation volume dependence within various mixed-canonical ensembles

(hm)/(h/m) o

2.0 T T T
St iivivaaiadl e SCE appropriate for K,
or Q, =, less for A, totally off
10 - forpand ¢
Canonical for Canonical for
05 5s 1 5s ]
e
............ S
cmoncar | ® Baryon-strangeness CE
B,S,Q .
. ocBs appropriate for most
o N O - S Y S
S - N observables, except ¢ /m
< /) I
0Bl e G L .1 e Tension with data for
10 10 10 10 10 10 10 10 10 10 10 10
V_ [fm’] Ve [fm’] V, [fm’] ¢/mandp/n

[V.V., B. Doenigus, H. Stoecker, in preparation]
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CSM at LHC: summary %“'

e Canonical picture seems to work fairly well for strange hadrons
and for light nuclei

¢ /mand p/m ratios are not described by CSM

e Strangeness-canonical ensemble is only appropriate for charged
kaons and multistrange hyperons, exact baryon conservation
needed for other observables

e Outlook: Finite-size effects (excluded volume) within CSM, in

particular for light nuclei
21



Excluded volume corrections %U

Notion that hadrons have finite eigenvolume suggested a while ago
[R. Hagedorn, J. Rafelski, PLB ‘80]

Excluded volume model: V — V — bN = repulsive interactions
[D. Rischke et al., Z. Phys. C ‘91]

Whether EV corrections are needed at all has been debated...
Recent lattice data favor EV-like effects in baryonic interactions

lllllllllllllll T Y i Y 1 N ! ' ! N ! r
06L —0b Im 5, = b, (T)*sin(ug/T) — o LQCD (Wuppertal-Budapest) ,
: b1 +b,(T)*sin(2u,/T) ‘ 0.2 = LQCD (HotQCD) ] g
— o oL L
' b +b(TY'sin(3u,/T) o ] S -
3 .
04t +b,(T)*sin(4p/T) EV-HRG, b = 1 fm® S % I
L + .. ] [ ===-uptob, /
= o3 —-—--uptob '
< 02k e 4stout, N, =12 . poy p 3
o e e mlN o1k ----- uptob
* 1 = — full result
0.0
© e e ey non-corr. hadrons \‘\
02r * ot e e ] 0.0 - [ i
t EV-HRG, b= 1fm’ — T i
o4 v v e N . ! . 1 N 1 R ! . 1 N 1 \ . 1 R
130 140 150 160 170 180 190 200 210 220 230 120 130 140 150 160 170 180 190 200
T (MeV) T (MeV)

V.V., A. Pasztor, Z. Fodor, S.D. Katz, H. Stoecker, 1708.02852

but not much info regarding (non-)existence of EV effects for mesons 5>



“One size fits them all” scenario

=
EV effects cancel out in hadron yield ratios if v; = v, volume renormalized

EVmodel:  N; o exp (_Viﬂ) — larger hadrons suppressed

23



“One size fits them all” scenario

% f:\

EVmodel:  N; o exp (—v,£> — larger hadrons suppressed

T

EV effects cancel out in hadron yield ratios if v; = v, volume renormalized
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F. Bellini (ALICE collaboration), QM2018

GSI-HD, THERMUS:

r = 0.3 fm for all
mesons, baryons, and
light nuclei

SHARE:
no EV effects
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Another extreme: bag model scaling

Bag model: v; o< mj

500

[V.V., H. Stoecker, 1512.08046]

500

100

[Chodos et al., PRD '74; Kapusta et al., NPA’83, PRC '15]

" Lines: S/A const.

"Crossterms" EV, r,= 0.5 fm
Contours show valleys of f minima

P
-7 58V
AT o

Circles: r,= 0.5 fm
Diamonds: r,= 0.0 fm

1 . 1 " 1 " L . 1 " 1

200 400 600 800 1000 1200
g (MeV)

[V.V., H. Stoecker, 1606.06218]

Extraction of T and u can be quite sensitive w.r.t EV corrections,
but entropy per baryon, S/A, is a robust observable

NB: This calculation disregards Hagedorn states needed to model the crossover

transition C. Greiner, talk Wednesday

24



More moderate: two-component model

Two-component model: ry =0fm, rg = 0.3 fm [Andronic et al., 1201.0693]

Deuteron eigenvolume? Two options: v, = v,and v; = 2v,

10 ' | ' ] ' ] ' | ' ] ' ] b ] ' ] ' |
ol r, = 0.0 fm, r, = 0.3 fm /’ 1
8l - = V=V , i
7L vV, = 2vp i
5o} :
< 5| _
N
=, )
3k i
2L 4
ALICE 0-10% data, hadrons + (anti)deuterons, N_ =13
1E i
_ (a) -
0

130 140 150 160 170 180 190 200 210 220 230
T (MeV) [V.V., H. Stoecker, 1610.02346]

The 2nd minimum strikes again
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Rapidity scan V. Begun, talk this afternoon

Fireballs at midrapidity: ug(ys) = ug(0) + b y2
RHIC @ \/Syy = 200 GeV: ug(y;) = 25 + 11y2 [MeV] [Becattini et al., 0709.2599)]

Example: AFTER@LHC project: Pb+Pb collisions @ /syy = 72 GeV

F \IENNT’JZC;EJ; ----- nf‘ ] % 400F * aKpazo ]Tr-
r 3 = e 1K pa /{ |
@ T
=. 300} /; .
— /'4‘//
: e : 200 A

pof e LALL IR Thermal fits for I A |
SRR S T different dy bins ' ,,é"& '
] o 100 —i;:}_;,i’ N
1E-4 | - (b) 1

N ot . 4 O 1 1 1 1

0 2 0 1 2 3 4
y

[Begun, Kikola, V.V., Wielanek, 1806.01303]

Rapidity scan: complementary approach to scan QCD phase diagram
see also Li, Kapusta, 1604.08525; Brewer, Mukherjee, Rajagopal, Yin, 1804.10215 26



Summary %‘;

 New Thermal-FIST package provides most of the features used in
thermal model analysis in a convenient way

* Broad resonances is a source of systematic uncertainty in HRG
model, ‘proton anomaly’ is within this uncertainty

e Canonical statistical model captures multiplicity dependence of
light nuclei and strange hadron production at LHC, ¢ /m and
p /T ratios not captured

e Understanding effects of broad resonances and excluded volume
interactions is important for precision studies
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Summary %‘;

 New Thermal-FIST package provides most of the features used in
thermal model analysis in a convenient way

* Broad resonances is a source of systematic uncertainty in HRG
model, ‘proton anomaly’ is within this uncertainty

e Canonical statistical model captures multiplicity dependence of
light nuclei and strange hadron production at LHC, ¢ /m and
p /T ratios not captured

e Understanding effects of broad resonances and excluded volume
interactions is important for precision studies

Thanks for your attention!
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Particle number fluctuations and correlations
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Standard picture for Pb+Pb @ 2.76 TeV

i KK Kos K*+R* 9;25 A E’-ié? Q-ié!'l" d iH;iH *He

¢
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10° | e . Pb-:Pb o = 2.76 T:eV, 0-1(:)%

dN/dy

o L NIOt in fit : : : : : H H H
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(mod.-data)/c . (mod.-data)/mod.

ALICE collaboration (SQM 2015)

Similar results with Thermal-FIST and Florence codes [Becattini et al., 1605.09694]

Consistent picture between codes for chem. equilibrium ideal HRG



Alternative/extended scenarios
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Chemical non-equilibrium model

: el : hrg : S
In chemical non-equilibrium scenario N; © o< ()19 (y5) st

150
140

130
120 |

110

. hadronization of chem. non-eq. supercooled QGP [Letessier, Rafelski, ‘9]
CLHC RHC SPS - ALICE 2.76 TeV, Pb+Pb 0-20%
(Lo . AGS - 18 - Yy % TIMeV] V[m y2ndf __
. * ' ' B 163 208 138 2460 9.5/9 C
-0 X ¥ N 1 1.6 F|—e— 100 1.14 155 3460 35/10 e
g ¥ X 4+ 100 1.00 157 3480 64/11 o
8 £ * c 14 T I
S R S12ra, 0w
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Pb-Pb Au-Au ®e 0.6 @
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+ GSI - o K K plp AT OE
x  Florence %
< THERMUS | [M. Petran et al., 1303.2098]
1 10 100 pg [MeV]

smaller reduced y? compared to chem. equilibrium scenario
describes pt-spectra of many hadrons [v. Begun et al., 1312.1487, 1405.7252]
Vq = 1.63 => p, = 135 MeV =~ m, => pion BEC? [V. Begun et al., 1503.04040]

However, ¥, = ys = 1 when light nuclei included in fit [m. Floris, 1408.6403]
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[M. Petran et al., 1303.2098]

 smaller reduced y? compared to chem. equilibrium scenario
e describes pr-spectra of many hadrons [v. Begun et al., 1312.1487, 1405.7252]
* ¥q =1.63 => pu,; = 135 MeV = m, => pion BEC? [V.Begun et al, 1503.04040]

* However, y, = y; = 1 when light nuclei included in fit [M. Floris, 1408.6403]



Influence of the hadronic phase

Modification of hadron yields in non-equilibrium hadronic phase

BB annihilation reduces (anti)proton yields  [Steinheimer et al., 1203.5302]

_ ~ 180 —
= 2F Pb+Pb |5, = 2.7 TeV % [
1.5 = 170k
s ° o 170
P
1: o o e o a L
0.5 160 |-
oL 5
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|7( MeV)|ps(MeV)|  vs  |x?/NDF 140
Pb-Pb 20% central v/sxx = 2.7 TeV [
Std. it [ 156 £5 [ 1£12 [1.09 £0.07] 26.5/9 3ok
Mod. fit| 166 £3 | 2+6 [0.984+0.04| 11.5/9 -
Pb-Pb 5% central ysax — 17.3_GeV o %‘
Std. fit [ 151 =4 [ 266 £9 [0.91 £0.05] 26.9/11 120 1
Mod. fit| 163+4 | 2504+ 9 [0.8340.04| 20.4/11 F
Pb-Pb 5% central \/syw = 8.7 _GeV 1OF
Std. fit [ 148 =4 [ 385 £ 11 [0.78 £0.06] 17.9/9 o
Mod. fit| 161 +6 | 376 + 15 [0.72 4+ 0.06| 25.9/9 P R T T T TN TN T
Pb-Pb 5% central \/sxx = 7.6 GeV 0 100 200 300 400 500 600 700
Std. it [ 140£1 | 437 £5 [0.91 £0.01] 22.4/7 U (MeV)
Mod. fit| 156 £5 | 426 +4 [0.81+0.00| 14.7/7

[Becattini et al., 1212.2431, 1605.09694]

« somewhat better y? and increase in T}, by 10-15 MeV
* no backreaction, e.g. 5M — BB, in UrQMD. What is its role?



Flavor hierarchy at freeze-out

QCD transition is a broad crossover 2CFO scheme
. . : ' . 1 2
=> different “T_” for different observables 5. Chatterjee et al., 1306.2006]
200 +
strange vs light number susceptibility 5\150!@?;&@ 3 S
| | | str'ange quérk x4/xgl+ ' é =
25 | light quark xa/xp —— | 1007

HRG prediction for the strange quark - - - -

for the light quarks 50

2_ -
15| 0 T00 200 300 200
ug (MeV)
1t 12} ]
i £
05 ﬂ’11+l+% ]l ' + |
A I A LS
130 140 150 160 170 180 190 |
T [MeV]
0.9 . | ,
[R. Bellwied et al., 1305.6297] A Besy

* higher T, for strange particles than for non-strange

e effect may disappear if more strange baryons included
[Bazavov et al., 1404.6511, S. Chatterjee, 1708.08152]



Flavor hierarchy in hadron sizes

Alternative: Flavor hierarchy in hadron sizes [P. Albaetal.,, 1606.06542]
v, « m; for non-strange, v, < m; ! for strange, excluded-volume HRG
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Flavor hierarchy in hadron sizes

Alternative: Flavor hierarchy in hadron sizes [P. Alba et al., 1606.06542]

v, « m; for non-strange, v, < m; ! for strange, excluded-volume HRG
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Flavor hierarchy in hadron sizes

Alternative: Flavor hierarchy in hadron sizes [P. Alba et al.,, 1606.06542]

v, « m; for non-strange, v, < m; ! for strange, excluded-volume HRG

ool 1 ALICE 0-5%: X*/Naot T (MeV)
05 _ _ XZ/Ndof = 0-88/7 ALICE 5-10% 1.022/7 ~ 0.14 || 154.3+£2.3
7 ALICE 10-20% § 2.7/9 ~ 0.30 156.7+1.6
g 04+ ALICE 20-30% §| 6.08/8 ~ 0.76 158.44+1.8
y— L
= osl ALICE 30-40% | 6.9/8 ~ 0.86 | 158.7+1.9
- ALICE 40-50% § 3.07/8 ~ 0.38 § 158.0£1.8
0.2
I ALICE 50-60% J| 4.42/8 ~ 0.55 155.3+2.0
0.1r ALICE 60-70% §| 8.09/8 ~ 1.01 153.24+2.9
P ALICE 70-80% | 5.01/8 ~ 0.62 | 161.2+4.5
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 N EE—
m (GeV)
2 2 2
----- ALICE 0-5%2.76 TeV =~ —— X/ Naof X"/ Naot
5 1 o= =
OIS e T STAR 200 16.8/8 ~ 2.1 6.5/8 ~ 0.82
I e TR SR |
T _q — T Temm e — PDGl4-id NA49 158  70.1/10 ~ 7.01 57.4/10 ~ 5.7
= — --- PDG14-2b
22 S PDGL4-sinv  NA49 80  71.7/7 ~ 10.2 28.3/7 ~ 4.05
e e exp.data
ntn- K* K- KO P B A § I Z-Q+0 NA49 40  44.2/8 ~ 5.5 15.1/8 ~ 1.8
NA49 30  29.6/7 ~ 4.2 7.08/7 ~ 1.01
* Significant improvement in fit quality across +/s and centralities
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Reflects systematics in data, exact physical reasons to be clarified



Hierarchy in baryon number?

Considering the ALICE 2.76 TeV Pb+Pb 0-10% data in ideal HRG model...
1) Fit of mesons + baryons + nuclei: T, = 155 + 2 MeV, x*/N,; =41.9/20

2) Fit of mesons + baryons: T., = 155+ 2 MeV, x*/N,; = 36.7/12
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Hierarchy in baryon number?

Considering the ALICE 2.76 TeV Pb+Pb 0-10% data in ideal HRG model...
1) Fit of mesons + baryons + nuclei: T, = 155 + 2 MeV, x*/N,; =41.9/20

2) Fit of mesons + baryons: T., = 155+ 2 MeV, x*/N,; = 36.7/12

3) Fit of mesons (%, K*,Kg,¢): T, = 141+ 9 MeV, x2/N,, = 3.7/4

4) Fit of baryons (p, A, E, Q): T., =192 + 14 MeV, x*/N4s = 15.3/6

5) Fit of nuclei (d,3He, 4H, *He): T. =161+ 4 MeV, x?/Ny,; =2.4/6

Similar results at other centralities

Rather different fit temperatures in different baryon number sectors...

More tension in the baryonic sector
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Systematic uncertainties in the HRG model

Input hadron list and decay channels

 High-mass resonances and their decay channels poorly known

e Evidence for missing strange baryons for lattice QCD
[A. Bazavov et al., 1404.6511; P. Alba et al., 1702.0113; S. Chatterjee, 1708.08152]

Modeling finite resonance widths
e Zero-width approx., energy (in)dependent Breit-Wigner, phase shifts

Excluded volume/van der Waals interaction effects

e Thermal fits affected when EV parameters differ between hadrons
[V.V., H. Stoecker, 1512.08046, 1606.06218]

In-medium hadron masses

* In-medium masses due to interactions/chiral symmetry restoration
[D. Zschiesche et al., nucl-th/0209022; G. Aarts et al., 1703.09246]

 Needs reconciliation with vacuum masses actually measured
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Modeling widths: effect on thermal fits

+ + —- - 0
T K P A = Q Ks ()
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[V.V. et al., in preparation]

Significant improvement
in the eBW scheme due
to a reduced proton
feeddown from A and N*

Modeling of wide
resonances important!!
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Fitting light nuclei only

One could forget about the hadrons and fit just the light nuclei

Advantage: No dependence on high-mass resonance spectrum and feeddown

30 I ' I ' ' I ' i I
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ldeal HRG (or v; = const.): T = 160 £ 5 MeV
EV-HRG with v; = v|A;|: Tf = 160 — 250 MeV
Disadvantage: Fits are even more sensitive to EV corrections
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