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Relativistic heavy-ion collisions

Pb-Pb /syy = 2.76 TeV
run: 137171, 2010-11-09 00:12:13

Event display of a Pb-Pb collision in ALICE at LHC

Thousands of particles created in relativistic heavy-ion collisions

\

Apply concepts of statistical mechanics to describe particle productioZ?30



Historical perspective
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Early applications of statistical concepts to o momcmsemnon oseasonsmmm usemm
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particle pl‘OdUCtiOh [Fermi; Landau; Pomeranchuk] ™= " @ o g tn. 51 1%

Hagedorn’s model (statistical bootstrap),

— A — T
applications to high-energy collisions m) = Am~" exp(m/Ty)

S-matrix formulation of statistical mechanics,

the basis of the thermal model (TrAS Tl
Dashen, Ma, Bernstein, PRC 187, 45 (1969)

QCD as accepted theory of strong interactions

(GeV)
T //
|||||||

Thermal fits to heavy-ion hadron yield data, H_ €
mapping HIC to the QCD phase diagram

Cleymans, Satz; Braun-Munzinger, Stachel; Rafelski; Redlich; Becattini;...

Open-source implementations of the thermal model:
SHARE (Rafelski+), THERMUS (Cleymans+), the
Thermal-FIST package (V.V.) "



Relativistic heavy-ion collisions: Thermal model

— t
hadronic phase
QGP and . and freeze-out
initial state hydrodynamic expansion
i"." .f.l:,
|¢,,|1 i
|||
#l‘ 1|| l
pre-equilibrium hadro.nation
dynamical models (transport, hydro,...) macroscopic approach
Pros: Cons:
e Simplest model with very few free * No dynamics
parameters (T, ug,...) e Describes only yields

e Connection to QCD phase diagram e Thermal parameters fitted to data at

e Easier to test new ideas each energy
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Hadron resonance gas (HRG) at freeze-out

HRG: Equation of state of hadronic matter as a multi-component non-
interacting gas of known hadrons and resonances

] d;V oo
InZ = Xieypln Z;* = ZiEM,Bﬁfo tp?dpIn [1 T exp(

“=)

Grand-canonical ensemble: ; = b;jug + q;ug + Sils chemical equilibrium

A NPy
mEg o eNAT T Thermal model:
A ann{\nTtN T TENp .
o NN N omg tomnN Equilibrated hadron resonance
npﬂNﬂf\tT-\'N\{/}rn.\innppn .
o BN AN EAL P T ) gas at the chemical freeze-out
R NE P e A ol P Ot B tage of high lisi
o AT N XnNn 8 stage of high-energy collisions
Ar T N n R A T T e N
N TPA NT[TE I\E)nA I]j ﬂ\nA AT E:
e N o g pEN R A TA A Model parameters:
NTEKTIE\IND;)RE m New nﬂz'\p“ r AT
w A n QA TN T ANm NN g NN I —temperature
I
N RN LN Up Hp WUs —chemical potentials
R pnA“g N \'ARTLRNR B, I*Q, S
np nj\ﬂ:.\'nnN K n; np]itpn
T N
© J. CIeymansTt "

V — system volume
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The basis of the HRG model

Dashen, Ma, Bernstein (1969): Inclusion of narrow resonances as free,
point-like particles models attractive interactions where they are being
formed [S-matrix formulation of statistical mechanics, PRC 187, 345 (1969)]

Example: interacting pion system n

Interacting pion gas within the S-
matrix approach agrees with the
non-interacting n+p gas

Include all resonances as free,
point-like particles

0‘0 i i 1
100 150 200
T (MeV)
HRG model Venugopalan, Prakash, NPA (1992)
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List of hadrons and resonances

In 7hre = ZLEMB — f _|_p2dp In [1 T exp (.ul )]

Particle list in the thermal model usually includes all hadrons

and resonances listed as established in the PDG listing PARTICLE

PHYSICS
BOOKLET

~400 species
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Connecting model to experiment

-1
hrg o 9 —U —m:/T
= e () 1] e
Particle decays: Unstable resonances decay before being detected
N K T
A :: K™ :: P :: etc.
Tt T Tt

) i h ; ; h
Take into account feeddown: Nl-flrl = N; '8 4 Z]- BR(j - l)N] '8
60-70% of m, p, etc. are from feeddown
Conservation laws:

Zero net strangeness - Ug
Electric-to-baryon ratio Q/B = 0.4-0.5 - Ko

Freeze-out parameters T, ug, V extracted through ¥# minimization

(Nfln_ exp)z
Z exp)z , I =1, K,p, A, ..
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Thermal fits at SPS and RHIC energies

> : > ,__
L) S = G ° G v IS, F200 GeV
S1PE e B 76Gev | 2 gk EW 5
© o 5
—i— 10 f_ =
. - gl
. - 2, |
10F —— E ? 'EEIL'L‘—'JH =
- 10 & ) =
- i)
1F A '_I[L'—: " Data .2,
i ] £ o sTAR B
el
— . 1 PHENIX
1o- ™ Data (NA49) ' 1 A1 BRAGMS i |
- Model, §2/N,=16.3/8 i ] - Mbodel, x2/N,=29.7/11 i :
i T=138 MeV,ji =360 MeV, V=1380 fm® | "~ T=164 MV, j1 = 30 MeV, V=1950 fir ?
o KK p P AKX Z T o TTKKPpPARAZZT Qo dd KIA

Andronic, Braun-Munzinger, Stachel, PLB (2009)

e Fair data description across several orders of magnitude
e Evidence for chemical equilibration of matter
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Thermal fits at LHC
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ALICE collaboration (SQM 2015)
10/30



Heavy-ion collisions and the QCD phase diagram

Thermal fits for systems at different collision energies map chemical
freeze-out stage in heavy-ion collisions to the QCD phase diagram

;200_wm| AR
% 180 _ Quark-Gluon Matter _
160 MEEE—E T ] . |
| %% 1+ Chemical freeze-out curve in T-ug
140 - h
Hadronic Matter O p|ane
120 | 3
100 - Lattice QCD, T, q
80} Borsanyi et al.; HotQCD Collab. I _: ° Tch(.uB) ~ q— b‘ué _ C‘Ug
i Statistical Hadronization, T, I-_I_ZI:] i J. CIeymans et al. PRC (2006)
60~ o Cleymans, Redlich ] '
40 i ¢ Vovchenko et al. q) ]
[ Becattini et al B .
- i Sﬁ‘,;"";“g'oi;; 1 * Energy per particle E/N = 1 GeV
20 - [ Andronic et al. Nuclei ] J. Cleymans, K. Redlich, PRL (1998)
0 L | |||| 1 1 L 11 |||| 1 1 L 11 |||| 1 1 L1 | ||' i
2 3
1 10 10 10
g (MeV)

A. Andronic et al., Nature 561, 321 (2018) 11/30



HRG model and lattice QCD equation of state

16 [ =

non-int. limit

3p/T 4 -
g/T4 N i
3s/4T3 [0 .

T [MeV]

130 170 210 250 290 330 370
[HotQCD collaboration, 1407.6387; similar results from Wuppertal-Budapest collab., 1309.5258]

0
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HRG model and lattice QCD equation of state

rF 11t 1t 1P 1P 1P 1P 1P 1P 17T 17T 1717 17 17T 17T 17 17T 1T 71T 11
16 [ -
non-int. limit
12
8
e/T4 0
4 3s/4T3 0 -
T [MeV]
0 | I I N N N N N N N A N N RN N N R

130 170 210 250 290 330 370
[HotQCD collaboration, 1407.6387; similar results from Wuppertal-Budapest collab., 1309.5258]

HRG describes quite well LQCD thermodynamic functions below and in the
vicinity of the pseudocritical temperature
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Thermal model and radial flow

- d: 00 E: — 1i; —1
hx H
N,.%:vzﬂfzfo p? dp [exp( ’T ’):I:l]

In thermal model yields are computed in local rest frame, i.e. no flow
But matter in HIC appears to have a substantial collective flow, so how
can the model be applied to data?
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Thermal model and radial flow

- d- 00 E. — 1. -1
hr L
Nig:VQ’ﬂfz/o p? dp [exp( ’T ’):I:l]

In thermal model yields are computed in local rest frame, i.e. no flow
But matter in HIC appears to have a substantial collective flow, so how
can the model be applied to data?

-1
dp; d; T
yero: M= [ doyur [ S8, Lo (Pt 4

T

W

1
nilrg

“Freeze-out” across space-time hypersurface o (x) with collective
velocity profile u#(x). If T and u; uniform across the hypersurface then

hrg
hro | N. N.

N; = n"® / do,,ut and = —

Jo | N_] NJ 5

Veff
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Thermal model and radial flow

- d: 00 E: — 1i; —1
hx H
Nig:V%fz/O p? dp [exp( ’T ’):I:l]

In thermal model yields are computed in local rest frame, i.e. no flow
But matter in HIC appears to have a substantial collective flow, so how
can the model be applied to data?

~1
d®p d; Yu, — i
Hydro: N, = dcrﬂ,u'“'/ p‘f’p“ U — [exp (p, & M'):I:l

T

W

1
nilrg

“Freeze-out” across space-time hypersurface o (x) with collective
velocity profile u#(x). If T and u; uniform across the hypersurface then
hrg
o N: N.®
N,' — n?lg’ / dO'pJUPJ and L — Ihl‘ .
Jo g | N_] NJ &

Veff
Effects of collective motion largely cancel out in yield ratios
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Many aspects of the thermal model

e particle list and decay properties

e finite resonance widths

e |oosely bound states

* chemical non-equilibrium (y,, v)

e excluded volume/van der Waals interactions

e exact conservation of conserved charges (canonical ensemble)
e particle number fluctuations

e statistical hadronization of charm
14/30



Different particle lists

e Established (*** & ****) hadrons from PDG (the standard option)

* Include unconfirmed (* & **) or theoretical (quark model) states

01} PDG2016 — /] 0.07 1 PDG2016 =
PDG2016+4 ++++++ 2, R S— :
hQM PDG20164 = = : o R4
— rs o008 F hQM PDG2016+ P
QM PDG2016+ ’ QM PDG2016+ — - — M
0.08 r Lattice ~—= : Lattice »—a— X 4
3 T 005f - :
% 0.06 % o004 |
o =
= & 003}
2 oo0al 2 =
(=1 a
0.02 }
0.02
0.01 k.o
a 1 1 1 1 1 1 0 1 1 1 1 1 1
130 135 140 145 150 155 160 130 135 140 145 150 155 160
T [MeV) T [MeV]

[Alba et al., 1702.01113; see also 1404.6511 (HotQCD)]
Evidence for extra strange baryons from lattice QCD

e Exponential Hagedorn mass spectrum p(m) = Am™ exp(m/Ty)

New phenomena: “limiting” temperature, (phase) transition to QGP etc.
[Gallmeister et al., 1712.04018; V.V. et al., 1811.05737]
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Decay properties

Decay properties of many resonances are not very well established

2016
PARTICLE

This affects determination of feeddown contributions
K1(1400) DECAY MODES Fraction (I';/T) N(1650) DECAY MODES Fraction (I;/T)
K*(892) (94 +6 )% N 50-70 %

Kp ( 3.0£3.0) % Nn 15-35 %
K f5(1370) (2.0+2.0) % AK 5-15 %
Kw ( 1.0+1.0) % Nz 8-36 %
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Decay properties

Decay properties of many resonances are not very well established

2016
PARTICLE

This affects determination of feeddown contributions
K7(1400) DECAY MODES Fraction (I';/T) N(1650) DECAY MODES Fraction (I';/T)
K*(892) (94 +6 )% N= 50-70 %

Kp ( 3.0+3.0) % N 15-35 %

K f3(1370) (20+2.0)% AK 5-15 %

Kw ( 1.0+1.0) % Nz 8-36 %

=(1690) DECAY MODES Fraction (I;/r)  =(1820) DECAY MODES Fraction (I';/T)
K seen NK large

K seen K small

= seen =T small

= atn~ possibly seen _:( 1530) m small

— " -
That’s not very helpful

“Educated” guesses sometimes needed to calculate feeddown

Source of a systematic uncertainty ~10%
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Finite resonance widths

n;(T,,u,; m;) — . dm pr(m) ”f(T:M? m)

1) Zero-width approximation
Simplest possibility, used commonly in LQCD comparisons o

2) Constant Breit-Wigner (BW) in +2I; interval

Popular choice in thermal fits pi(m) = A;
Enhances resonance yields

3) Energy-dependent Breit-Wigner (eBW)
m[;hr_ 2 lj+1/2
Fisj(m) = biyi T [1 — ( ’_”) } suppression at the threshold

m

Suppresses resonance yields

d0
4) Phase shifts within the S-matrix approach pi(m) 2o(m)

0
Usually based on measured scattering phase shifts m
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Finite resonance widths: effect on thermal fits

0.10

0.08 |

Thermal-FIST
- — Zero-width
—--=BW
eBW

Energy-dependent Breit-Wigner
leads to a 15% suppression of

00 proton yields
S
0.04 |- e . .
This is enough to describe the
e ‘proton yield anomaly’ at the LHC
Hg =
0'0920 ' 150 1z|10 1;30 1éo 1%0 180
T [MeV]
o Zero-width, T=154.6+ 1.8 MeV, V = 4771 + 523 fm®, x*/dof 5418.1/10
a] BW, T=154.9+ 1.8 MeV, V = 4529 + 506 fm’, x*/dof 421.6/10
160 o eBW, T = 155.0 + 1.7 MeV, V = 4865 + 489 fm’, x’/dof 5{13.4/10 | “]
g her : : : : : : : :
= % % 3 : : 5 % : E T
S, . f”_;mm_ % } | .
ST T T
0.6 BR=25/
o K K0 P A = Q d °He H ‘He

[V.V., Gorenstein, Stoecker, 1807.02079; see also phase shift analysis P. Lo et al., 1808.03102]
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Thermal model and loosely-bound states

Yields of light nuclei at LHC decrease
exponentially with mass

102 ALICE

10° 0-10% Pb-Pb, |y = 2.76 TeV
1077

N N A A R A R R S—
10" —y""3 2 -1 0o 1 2 3 4

ALICE collaboration, 1710.07531
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Thermal model and loosely-bound states

Yields of light nuclei at LHC decrease
exponentially with mass, agree well
with thermal model at T = 155 MeV

ALICE

10°
10

1
107"
1072
107°
107
107°

10° 0-10% Pb-Pb, |y = 2.76 TeV
1077

dN/dy

N N A A A N R N
0" —y "3 2 -1 0 1 2 3

ALICE collaboration, 1710.07531

Data/Model

Yield dN/dy

10° ;— Ll L Pb-Pb \}SNN:2.76 TeV, 0-10% centrality
E K K K,
2 L J— J—
10° ¢ e P B A A T=156.5 MeV
F (R Sl AP
10¢ ae EE
E wl B, 4+
1:_ Q Q
E = e
F d d
107 M
102=
1073 ® Data, ALICE He3He 3,, 3—
"'"T AH X
104 E — Statistical Hadronization

T KK KopPF ARSI oddd HHe HH HeTe

Andronic et al., 1710.09425
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Thermal model and loosely-bound states

Yields of light nuclei at LHC decrease
exponentially with mass, agree well
with thermal model at T = 155 MeV

ALICE

10°
10

1
107"
1072
107°
107
107°
10°®
1077

dN/dy

0-10% Pb-Pb, s, = 2.76 TeV

N N e A R A—
W3 2 1 0 1 2 3 4

ALICE collaboration, 1710.07531

-
o
[}

Yield dN/dy
o

10-@

102

1073

107

Data/Model

10@

%— ene. Pb-Pb \}SNN:2.76 TeV, 0-10% centrality
PP AA T=156.5 MeV
LS Al PP

=

~  * Data, ALICE

C A
L = Statistical Hadronization g

T KK KopPF ARSI oddd HHe HH HeTe

Andronic et al., 1710.09425

Loosely-bound states (few MeV or less binding energy) expected to be
immediately destroyed at T = 155 MeV. Why the thermal model works so

well for the yields of light nuclei remains not fully understood
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Incomplete chemical equilibrium of strangeness

A reasonable description of strangeness production often requires
introduction of strangeness saturation parameter y¢, which in thermal
picture interpreted as an incomplete equilibration of strangeness

Nhrg (]/ )|Sl|Nhrg

_ |s;| - strange quark content
0.8

~7 06

Ys < 1in p-p & A-A at AGS/SPS

0.4

o2 1 ¥s = 1linA-AatRHICand LHC

| 10 100 1000 10000
Vs (GeV)

Figure from Castorina, Plumari, Satz, 1603.06529
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Chemical non-equilibrium scenario

In chemical non-equilibrium scenario Nl.hrg - (yq)mi'(ys)'Si' Nl.hrg
both light (| g;|) and strange (|s.|) quarks out of chemical equilibrium

Scenario: hadronization of chem. non-eq. supercooled QGP [Letessier, Rafelski, ‘99]

190
180 |
170 |

T [MeV]

160
150
140

130
120
110

LHe

RHIC

SPS

. y AGS
L
3 -
| O ;%x -
@ % oK
£ + = *
3 v+ §
+
2012 *%
Pb-Pb Au-Au e ¥
e SHARE-nonequilibrium Pb_Pb‘Q *
+ GSI o L
* Florence ¥ 7
* THERMUS
1 10 100 ug [MeV]

1.8
1.6
1.4
1.2

1
0.8
0.6

Exp/Th

ALICE 2.76 TeV,

Pb+Pb 0-20%

il
~[—e— 1.00 1.14 155
—+— 1.00 1.00 157

Ty Y% TIMeV] V
163 208 138

2460 9.5/9
3460 35/10
3480 64/11

[fm® x%ndf

_d_j_“_“_?i%“‘“?i ______

@

;

+
T

)|

1
K™ K p+ P

[M. Petran et al., 1303.2098]

e smaller reduced y? compared to chem. equilibrium scenario

* Vg =163 => u; = 135 MeV = m, => pion BEC? [V.Begun et al.,, 1503.04040]
* However, y, = ¥s ® 1 when light nuclei included in fit [m. Floris, 1408.6403] ,
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Excluded volume corrections

Excluded —2
lume \),»%—-.\ '
SN
: |
; i L
’/
\
|
\ y

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

Excluded volume model:

V- V-bN =

p(T.p) =p(T.pu— bp)

[D. Rischke et al., Z. Phys. C ‘91]

Recent lattice QCD data favor EV-like effects in baryonic interactions

Fourier coefficients at imaginary ,uB

Suscept/b//ltles g~ Op/ du A

---------------
—_p, mxy =D (T)sin(uy/T) — o LQCD Wu ertal- Buda est
061 _E; + b,(T)*sin(2u,/T) . : 0pl ® LQcD EHotgz:D) g ) EV HRG :
. + by(T)*sin(3u,/T) o ° 1 ,' ;
04f b, +b,(T)*sin(4pu,/T) EV-HRG, b = 1 fm® K %
L + .. [ ==-uptob, //
© ool ® 4stutN=12 . °3 —-=--uptob,
e o o ¢ m l(\l 01p = up to b,
= full result
0.0 =il N
R L non-corr. hadrons \‘\
0.2+ * o o 1 0.0 — \_“.
- EV-HRG, b =1 fm’ — l ! 4
o4l v NN R | \ L \ ] . ] . L \ T L \
130 140 150 160 170 180 190 200 210 220 230 120 130 140 150 160 170 180 190 200

T (MeV)

Evidence for EV effects for mesons is less compelling

T (MeV)

V.V,, A. Pasztor, Z. Fodor, S.D. Katz, H. Stoecker, 1708.02852
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Excluded volume corrections and thermal fits

Excluded volume effect: N, — « e—vf—ﬁ N,
This may have an effect on data description if v, are different

centrality

ALICE, Pb+Pb, s, = 2.76 TeV, 0-5%

Y LI

10 : .

9 | m—r = 0.0 fm
wweel = 0.0 fm, ra=ﬂ.3 fm

Rl A m:’a, r= 0.5 fm
" 1 1

0
0 100

~-~- BB repulsion only with r,=0.59 fm |
n 1 L 1 i
400 500

200 300

T (MeV)
V.V, H. Stoecker, 1512.08046 & 1606.06218

Depending on v, parameterization effects on fits are between

being negligible to strong and controversial (x# minima at very high T)
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van der Waals interactions in HRG
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V.V., M.l. Gorenstein, H. Stoecker, PRL 118, 182301 (2017)
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Canonical statistical model

Grand-canonical ensemble: configurations with all possible quantum numbers

Bup+Quqo+Sus

75 (g, pq.pis) =y, >y, e T Z%BQ)S)

B=—oc0 Q=—o0 S5=—¢

including those not realized in heavy-ion collisions, e.g. S #+ 0

Thermodynamic equivalence of ensembles: N = N + O(V~1)

GCE justified for large systems, but canonical effects needed for smaller systems
[Rafelski, Danos, et al., PLB '80; Hagedorn, Redlich, ZPC ‘85]
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Canonical statistical model

Grand-canonical ensemble: configurations with all possible quantum numbers

Bup+Quqo+Sus

25 (1B, Q- Hs) Z Z Z e T £%(B. Q. 5)

B=—0o0c Q=—0o0 S=—00

including those not realized in heavy-ion collisions, e.g. S #+ 0

Thermodynamic equivalence of ensembles: N = N + O(V~1)

GCE justified for large systems, but canonical effects needed for smaller systems
[Rafelski, Danos, et al., PLB '80; Hagedorn, Redlich, ZPC ‘85]

Canonical partition function:

J

[Becattini et al., ZPC ‘95, ZPC ‘97]

Z(B Bi,Q—Q;,S— S)
B Z(B,Q.5) \

CE effects typically suppress yields relative to the GCE (canonical suppression)

Strangeness enhancement as a manifestation of an absence of CE suppression
[Hamieh, Redlich, Tounsi, PLB (2000)] 25/30
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Canonical statistical model and thermal fits

Canonical thermodynamics allows to use thermal model for small

systems such as p-p, p-p, e*e”

=10 o
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Multiplicity (therm. model)

[F. Becattini et al., ZPC ‘95, ZPC '97]
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More on this on Wednesday, 15:40
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Thermal model tools

Available thermal model codes:

1) SHARE 3 [G. Torrieri, J. Rafelski, M. Petran, et al.] Since 2003
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.] Since 2004

C++/ROOT. Canonical ensemble, EV corrections, charm, nuclei
open source: https://github.com/thermus-project/THERMUS
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Thermal model tools

Available thermal model codes:

1) SHARE 3 [G. Torrieri, J. Rafelski, M. Petran, et al.] Since 2003
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.] Since 2004
C++/ROOT. Canonical ensemble, EV corrections, charm, nuclei
open source: https://github.com/thermus-project/THERMUS

New development:

%u Thermal-FIST v1.1 (or simply “The FIST”)  [V.V., H. Stoecker]

C++. Chemical (non-)equilibrium, EV/vdW corrections, Monte Carlo,
(higher-order) fluctuations, canonical ensemble, combinations of effects
open source: https://github.com/vivovch/Thermal-FIST Since 2018
physics manual: arXiv:1901.05249

27/30


http://www.physics.arizona.edu/%7Egtshare/SHARE/share.html
https://github.com/thermus-project/THERMUS
https://github.com/vlvovch/Thermal-FIST
http://arxiv.org/abs/arXiv:1901.05249

Thermal-FIST

1.0 - X
Particle list file: \C:/FIST/PDG2014/Iist-withnuclei.dat Load particle list... Load decays...
Thermal model ~ Thermal fits ~ Equation of state  Event generator  Particle list editor
Data to fit: Hint: double-click on yield to edit ~ HRG model configuration:

Name Fit? Exp. value Exp.error Model value Deviation Data/Model Feeddown ~ Model: |Ideal ~|  Ensemble: Grand-canonical -
1opk 669.5 8 605.439 -1.33461 1106 0,079 Strong+EM decays Statistics: O Boltzmann ® Quantum for All particles ~ Use quadratures
2 pi- 668 47 605.474 -1.33034 1.103 £ 0.078 Strong+EM decays

Resonance widths: eBW @

3 K+ 100 8 108.722 1.09024  0.920 £ 0.074 Strong+EM decays
4 Kk 99.5 85 108.657 107724 0916 + 0.078 Strong+EM decays Conservation laws... EV/vdW interactions... Other options...
5 p 315 2.5 33.4123 0.764917 0.943 + 0.075 Strong+EM decays Fit parameters:
6 anti-p 305 25 33.2773 1.11091  0.917 % 0.075 Strong+EM decays Parameter  Fit? Initial value Min value Max value -
7 Lambda 24 25 19.3002 -1.87991 1.244 + 0.130 Strong+EM decays o [T Me) 155 20 500
Add quantity to fit... Remove selected quantity from fit Load data from file... |Save data to file... R (fm) 8 0 25
Extracted parameters: uB (MeV) k0 -100 S00

Parameter Value Error § Thermal fit result - o * v
T (MeV) 154.766  1.19547 Data/Model .
UB (MeV) 0323424  3.94532 55F ! ! . . . . . . . . . . . . . . . . . . , .
vaq 1 - S
ys 1 - 2 1
R (fm) 10.5875 0.263018 15¢ :} l 1
V (fm~3) 497127 370.495 Lt [} . . . ; ) ' 3 i { ‘} 3 : ; i E ! 1
chi2/dof 26.0616/19 - f J
Plots: Yields Deviations  Data/M: s ]
Equation of state...  Chi2 profile... o K p ‘ p A A = = =& a «xs ;p(Lozoﬁ 4 d he She A PA “he  he v

© 2014-2019 Volodymyr Vovchenko
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“So that’s how you get your results so quickly!”
J. Cleymans

“Thanks for reproducing my results!”
F. Becattini 28/30
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Using Thermal-FIST

The package is cross-platform (Linux, Mac, Windows, Android)
Installation using git and cmake

# Clone the repository from GitHub
git clone https://github.com/vlvovch/Thermal -FIST.git
cd Thermal -FIST

# Create a build directory, configure the project with cmake
# and build with make

mkdir build

cd build

cmake ../

make

# Run the GUI frontend
./bin/QtThermalFIST

# Run the test calculations from the paper
./bin/examples/cpclHRGTDep
./bin/examples/cpc2chi?
./bin/examples/cpc3chi2NEQ
./bin/examples/cpc4mcHRG

GUI requires free Qt5 framework, the rest of the package has no external dependencies

Quick start guide Documentation Physics manual
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Summary

e The statistical thermal model is the “simplest” model for particle
production, which describes yields across many collision energies
on a 10-15% level

 The model has many ambiguous details — sources of systematic
uncertainty in the model — currently under investigation

e Model applications available through a number of open source
codes. New Thermal-FIST package provides most of the features
used in thermal model analysis in a convenient way.

https://github.com/vivovch/Thermal-FIST
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Thanks for your attention!
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