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Overview

Motivation
o Sequential Hadronization Evidence

The FIST

Collision Energy Dependence of Chemical Freeze-out
Parameters in A-A collisions

System Size dependence of Chemical Freeze-out
Parameters at ALICE

o Single Freeze-out Temperature (1CFO)

o Multiple Freeze-out Temperatures (2CFO)

Summary

Cavalry

Alice Meets the Cheshire Cat

Figure: Carroll, Lewis (illustrated by John Tenniel), Alice’s Adventures in Wonderland. McMillan LTD. 1865.
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Sequential Hadronization Evidence: Susceptibilities

- = Continuum extrapolated Lattice QCD x4/ x>
results for light and strange quarks:

o Depict different behaviors between light and
strange quarks

str'ange quérk x4/x2' L
25 | light quark x4/xo

HRG prediction for the strange quark - - - -
for the light quarks

2 ] m Flavour-specific “kinks" at particular temperatures
= m Deviations of lattice curves coinciding with said
15 kinks
o Support flavour separation of characteristic
temperatures

m ~15 MeV higher for strange quarks

| = Similar findings exist from Hadron Resonance
Gas (HRG) Model Calculations
150 160 170 180 190 o Event-by-event net particle multiplicity
T [MeV] fIL.Jctuations 3 .
o Via flavour specific x1/x2 ratios

0 L L
130 140

Figure: R. Bellwied and WB Collab. 10.1103/PhysRevLett.111.202302


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.111.202302
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Sequential Hadronization Evidence: STAR

Based on Fluctuations Based on Yields
180F Au+Au 39 GeV (GCE)
180 ” £+ ' \
0 /.L. —~ 160 A *
< 160 : S + o+ 1
> =0 o + ¢
[} ' . 00 L] E
5140 B N L
5= STAR thermal fits (7T,p,K) Y, K p, A E, K:, Q
120| = STAR thermal fits (77,p,K,A,Z.Q.,6.Ks°) 1200 % m, K, p,AE
O x:"/x2" (this work) oK
100 XiPIx2" and x;9/x.° (Alba et al.) o T . P . . . ‘ fa)
0 50 100 150 200 250 50 100 150N200 250 300 350

part

Hs[MeV]
= HRG Model Calculations via flavour specific x1/x> ratios
o Support energy dependent separation of freeze-out temperatures
= Phenomenological Evidence at STAR (AuAu 39 GeV):

o Common T, when all particle species are fit
o Tep “drops” by 15 - 20 MeV if only light-flavour particles are fit (7 K p)

Figures: R. Bellwied et al. 10.1103/PhysRevC.99.034912 and STAR Collab. 10.1103/PhysRevC.96.044904
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.99.034912
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Sequential Hadronization Evidence: ALICE

R . " —_— = OO 3 3G -
T KeK o K, BB, ExEoeser g AT we i Pseudo-critical temperature from
S 10° T T T ¢ T T T T T T i i ° ] Lattice QCD 157ﬂ:9 MeVT
S0 e ALICE, 0-10% Pb-Pb, {5, =276 TeV 7
3 = e el e ol H ‘ ) 1o E
wof e T 4 Seems to coincide with single
oL : R PO B 1 chemical freeze-out temperature
£ Not in fit : 1
- 4 at ALICE, T, =156 +2 MeV
0 Extrapolated H H 1 Ci
1073 - . N . H H H —
L Model T(Mev) V(fm’) +2INDF S ] .
108 [ |—THERMUS 23 1552 5924 x 543 24.8/11 5;:2.5%; ] " Apparent ten_S|0n between
[ = = GSl-Heidelberg 156 = 2 5330 = 505 19.6/11 1
07 [ [-::sHARES 1563 4476696 15.1/11 . "": strange and llght baryons
5 S S S S S S S S : ] o 3o effect in protons
g o5F . | B g
g o Em:ln 0081000 & 5ot . . et . '#'H] M L o —20 effect in =
3 sk g8 Bt Hﬂ{« II ?H.
13 ~E E| .
1 aFr = — LahT : = Question at hand:
) 2 F - o : P A E . .
B s i = P R o ey =3 Does hadronization occur at the
Y S — STRANGE: i same temperature for all quark

o ) flavours?
Preliminary data for PbPb @ 5.02 TeV shows even greater tension.

Figure: ALICE Collab. 10.1016/j.nuclphysa.2017.12.004, t WB Collab. PLB (2015). 10.1016/j.physletb.2015.11.011
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https://www.sciencedirect.com/science/article/pii/S0375947417304839?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269315008588?via%3Dihub
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Sequential Strangeness Freeze-out: 2CFO Approach

= We model the idea of two chemical freeze-out (2CFO) temperatures
o Strangeness Freeze-Out (SFO) occurs before Light Freeze-Out (LFO) > Ts > T,

Using a state-of-the-art thermal model package, we will show the 2CFO approach produces a more
natural explanation of Strangeness Enhancement across various system energies and system sizes.
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Thermal FIST (The FIST)

= User-friendly package within the family of HRG models

(Hadron Resonance Gas Model ~ Statistical Hadronization Model)

o V. Vovchenko, H. Stoecker. 10.1016/j.cpc.2019.06.024
o HRG Model Options

m |deal, Diagonal Excluded Volume, van der Waals
® Parameterization of S-matrix approach
m Finite resonance widths

o Statistical Ensemble Options
m Grand Canonical, Canonical, Strangeness Canonical
= Primary Modes
o Thermal Fit Mode — Extracting Freeze-out Parameters from Experimental Yields
o Thermal Model Mode — Calculating Yields from fixed Freeze-out Parameters
o Event Generator Mode
= User Input

o Hadronic Spectrum
o Experimental Yields

Fernando A. Flor (fernando.flor@cern.ch)


https://www.sciencedirect.com/science/article/pii/S0010465519302139?via%3Dihub
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Thermal FIST (The FIST)

n
o
n
n
a
o
[m]
= User Input

o Hadronic Spectrum
o Experimental Yields
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Hadronic Spectrum (Particle Data Group Lists)

= Ideal HRG Model assumes a noninteracting gas of

N

- hadrons and resonances
5 A %_ s o The more complete the hadronic spectrum, the closer
i Y S | the model is to reality

) ' - = There exists different levels of confidence on the

k: — o existence of individual resonances

1 = ‘ = From Particle Data Group (PDG)

2 == =l o **¥** Denotes Well-Established States

o * Denotes States with least experimental confirmation

= Incomplete decay channel information/branching ratios

From Houston Theory Group:

mass (GeV)
mass (GeV)

wl F ‘ = o PDG2016+: 738 States (*, **, *** and **** )
s %: : ~ ‘ ®m Provides best compromise between number of states
% 2 —— % Ll e = Used for entirety of this work
g — ¢ m See arXiv:2002.12395 (P. Alba et al.) for a detailed
15[ ) description of the effect of additional resonances on

freeze-out parameters.

PDG 2016f1PDG 2016+ fBuark Model  hQM PDG 2016 PDG 2016+Duark Model  hQM

Figure: P. Alba et al. 10.1103/PhysRevD.96.034517
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https://arxiv.org/pdf/2002.12395.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.034517
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Experimental Yields Used in this Study

= ALICE

5 PbPb @ 5.02 TeV (10.1016/j.nuclphysa.2018.10.015)
5 PbPb @ 2.76 TeV (10.1103/PhysRevC.88.044910)

5 pPb @ 5.02 TeV (10.1016/].physletb.2013.11.020)

5 pp © 7.00 TeV (10.1038/nphys4111)

= STAR

o AuAu @ 200 GeV (10.1103/PhysRevC.79.034909)
AuAu @ 64.2 GeV (10.1103/PhysRevC.83.024901)
AuAu @ 39.0 GeV (arXiv:1906.03732v1)
AuAu @ 27.0 GeV (arXiv:1906.03732v1)
AuAu @ 19.6 GeV (arXiv:1906.03732v1)
AuAu @ 11.5 GeV (arXiv:1906.03732v1)

O o o o o

= For all STAR Energies, (anti)proton yields are “all inclusive”
o Not corrected for weak-decay feed-down contributions from As
= For this work, (anti)proton yields corrected via 10.1016/j.nuclphysa.2006.03.012 (Andronic et al. 2006)
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https://www.sciencedirect.com/science/article/pii/S0375947418302884?via%3Dihub
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Collision Energy Dependence of Chemical Freeze-out Parameters in A-A collisions

= Input available ALICE and STAR data into The FIST; extract freeze-out parameters

Grand Canonical Ensemble
Most Central Bin (0 - 10 %)
Fit Parameters:
= Model: Ideal
= Ensemble: Grand-Canonical
= Fitting T, V and ug
Particles in Fit:
ot 7, KT, K, p, B, A, A, =7, =+, Q™ and Q* (K2 and ¢ where available)
Perform multiple fits w/ different combinations of the above
Examine sensitivity of fit parameters when fitting different particle species
Compare with HRG Model Susceptibility Calculations
Compare with Lattice Calculations
Particle/Decay List
= PDG2016+

[m]

o o

[m]
HE B B BB

a
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The FIST: PDG2016+ Fits PbPb @ 5.02 TeV (0 - 10%)

10°

(2] E T
© F unine | sl 1CFQ T = 150.4 MeV, X2 / dof = 5.639
- F : mmmmmm 20FO T = 142.4 MV, (x*/ dof) = 2.446
[&] n : 20FO T = 164.4 MeV, (x?/ dof) = 0.163
= I : : : : : ° ALI CE PbPb @5.02 TeV
1% | : P o e : : :
E PEEE T age | omer ; ;
o H H | — — : :
: D e :
10 : : : :
E : a1 mgms !
o : — —
1k : :
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Energy Dependence: “Full” Fit

190
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Tch ( IVEV)

170

160

150

140

130

—r 1
[ Thernmal FIST: PDG2016+ (0 - 10%

[ Grand Canonical Ensenble

———
TKpAZQK @
ALI CE PbPb @5.02 TeV

ALI CE PbPb @2.76 TeV
STAR AuAu @200 GeV

STAR AuAu @62.4
STAR AuAu @39.0
STAR AuAu @27.0
STAR AuAu @ 19. 6
STAR AuAu @11.5
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T |p=0 = 157 +3.8 MeV

We parameterize

T |us-0 value for flavour
specific fits and check
for energy dependent
temperature splitting
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Energy Dependence (0 - 10%): Flavour Specific Fits

= Supports a flavour-dependent freeze-out temperature
T |,5-0 values:

19090——T"—"——7F"+—"—"—7——— 777
S [ Thermal FIST: PDG2016+ (0 - 10% Lattice QD ] T; =150.2 £2.6 MeV
g I Grand Canoni cal Ensenbl e VB ol | aborat i I
Z  180f e knzawke T aboracion ( )—: Ts=163.1 +2.7 MeV
L v m K P 4
B ob 1 Tigep =157 =14 MeVi
160 4 Byeye T; and Ts lines
1  converge at high ug
150 - =
/ If we use temperatures
140 - - extracted from yields that
C i serve as susceptibility (i.e.
130 L— ' ' ' ' ' ' . order parameter) proxies, then
0 50 100 150 200 250 300 350 P ) proxi

our measurements may signal
Hg (MeV) a critical point at high ug.

WB Collab. 10.1016/j.physletb.2015.11.011


https://www.sciencedirect.com/science/article/pii/S0370269315008588?via%3Dihub
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System Size dependence of Chemical Freeze-out Parameters @ ALICE (1CFO)

= Run The FIST in Thermal Model Mode; extract yields ¥ ALICE Systems T

= All Centralities (Multiplicity classes)
= Fit Parameters:
Ensemble: Strangeness Canonical (Ideal Model)
Fixing:
B up = 0 MeV
V=V,
moys=1
Fixing freeze-out temperature to values extracted from Energy Dependence Procedure:
= T, =150 MeV
= T., =158 MeV
= Ts =163 MeV
Particle/Decay List
= PDG2016+
o Compare anti-hadron to 7 Calculated Yield Ratios
= Normalizing WRT High-Multiplicity pp Limit

a

[}

[m]

a

Due to deterioration of GCE fit qualities in small systems (see next slide).

Fernando A. Flor (fernando.flor@cern.ch)
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ALICE FIST Fits (GCE Trials)

% F ALICE Dpé7-00T9V ' ' ' )
S 1g0b 0 PPb@502TeV 4 GCE approach fails to
~ B PbPb @276 TeV E .
6 3 i adequately describe all three
160 b , . . 4 systems consistently
€ u n ] .
E — T - ; o Large systems:
140 = u H N ] = Favor temperature splitting
= Quality of fit is consistent V
- L ; ; ; 3 multiplicities
§ 20 2 3 = Quality of fit slightly improves
¥ bBE ° 8 E for flavour specific fits
of * s =
5E g 8. 8 - E o Smaller systems:
0E 8 , BooB N A §FE = Not described well by SHM
10 107 10° " = Quality of fit worsens at low
[N dnCiS o multiplicities
FIST: PDG2016+ : mKp » Full equilibration of systems is
Grand Canonical Ensemble . MTKpA=ZQ t likel
H=0 v, =1 : KAZQ not fikely

Fernando A. Flor (fernando.flor@cern.ch)



UNIVERSITYof HOUSTON | PHYSICS

ALICE FIST Fits (GCE Trials)

E l T T T T T T T T T T
-  Grand Canonical Ensemble (1CFO) b
| V=V, uB=O y =1 i .
s ¢ : GCE approach fails to
adequately describe all three
-3 | _ M
107 ¢ —— . o 5 g systemg con5|§tently
L oo - o Particularly in Smaller systems:
L T i = Not described well by SHM
- o - ® E = Quality of fit worsens at low
L ° E multiplicities
| FIST: PDG2016+ ALICE | m Full equilibration of systems is
% ' not likely
° pp @ 7.00 TeV
a4 T, = 158 MeV ] pPb @ 5.02 TeV .
10 3 O PbPb@2.76 TeV ] Best bet is the Strangeness
1'0 — 1(')2 — 1(')3 Canonical Ensemble
HC
[@N ch/dn[;;|< 0.5

Fernando A. Flor (fernando.flor@cern.ch)
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ALICE FIST Fits (SCE)

< n - 7 SCE approach adequately
() - ALICE pp  @7.00Tev E .
S Lok o pPb @S02Tev 4 describes all three systems
~— - B PbPb @276 TeV . .
= C ] consistently
T & N - o Large systems:
160 B <<>> 00 ¢ - - ] = Favor temperature splitting
T e 0 506 n -] - o :
- # IRIRS = T ] L] Qualllty. C.of.flt is consistent V
140 b B mm ] multiplicities
C ] = Quality of fit slightly improves
S 15 : : : = for flavour specific fits
T F m
Y% W0F 5 o Smaller systems:
sEessten g 1R e sl
E e " | s 8 & -
0 0 '0. & § 869 62 63 multiplicity class
' ! an e s For dNg,/dn > 10, quality of fits
FIST: PDG2016+ nKp o T 05 are consistent with those from
Strangeness Canonical Ensemble TKpAZQ large systems
Mg =0 vy =1 Ve=V KAZQ

Fernando A. Flor (fernando.flor@cern.ch)

= Quality of fit improves for
flavour specific fits
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FIST Thermal Model Mode (€2) — Single Freeze-out Picture

aQ = 25_ T T T T T T T | ]
e T | Strangeness Canonical Ensemble i
T\: [ V=V, B,=0 v =1 1 Single Freeze-out Picture
g 21 . (1CFO):
— - o A o Calculated Yields for Q and 7+
/E i . u TL =150 MeV
_ 1.5 N 7] m Tc =158 MeV
g L i m Ts5 =163 MeV

i ] o Inadequate description of Small

1_ 444444444444444444444444444444 Qe s ] Systems
L o g = Particularly in low-multiplicity
i ¢ i classes
05 FIST: PDG2016+ ] m s system really canonically

L ° ALICE @ 7.00 Tey === T =150 MeV -

o 0 ALCEpPb @502Tev T, = 158 Mev - suppressed?

L CE PbPb @ 2.76 — T, = 4 . . .

I F AHCEPRRD @RTOTEY === Ten = 163 Mev 1 s this effect different outside

0 10 102 10° 1CFO picture?
HC
[@N ch/dn[:;l7|< 0.5
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System Size dependence of Chemical Freeze-out Parameters @ ALICE (2CFO)

= Repeat previous procedure, now assuming two freeze-out temperatures (2CFO)
o 7" Yields Extracted from T, = 150 MeV — Light Freeze-out (LFO)
o h Yields Extracted from Ts =163 MeV — Strange Freeze-out (SFO)
o Ratios calculated and normalized accordingly
= WRT High-Multiplicity pp Limit

Fernando A. Flor (fernando.flor@cern.ch)
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FIST Thermal Model Mode (£2) — 2CFO Picture

a > - T L T T L T T L ]
%\f 25 [_Strangeness Canonical Ensemble (2CFO) ]
B Bl SRVEVA Ha=0 vy =1 g
-, i ]
" L & i
IS 2 Ch ]
~ | o [
O
- 15 o .
3 - §o 00 ]
<} - g ]
L o —
1 - l ©  ALICEpp @ 7.00TeV e
C I 2 ¢  ALICEpPb @5.02TeV 7
L ° & O  ALICE PbPb @ 2.76 TeV -
0.5 L ° P FIST: PDG2016+ ]
i b & T,=163MeV, T =150MeV |
L= - i
O s M| s s MRS | s s MRS |
10 10° 10°
HC
[dN /d
ch n nl< 0.5
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Summary — FIST Thermal Model Mode 1CFO v. 2CFO

E.: FIST: PDG2016+ (SCE, 2CFO) @  ALCEpp @7.00TeV
R i —Prvst e Pt
[T Eemesweeen——— 5 o ¢ c] = 2CFO Picture describes all systems more
oo 3 adequately than the 1CFO picture
= B ] o Strangeness Equilibration in small systems seems
I - —— inaccurate
Fg 2’% . 3 = s and V. to be considered
oo R = Questions at hand:
T @ L. . .
ni . /ﬁggggg Oy | o Does the 2CFO Picture more adequately describe
» ] Strange Baryon Production across all LHC Systems?
PR . . o Can the 2CFO treatment be applied across all BES
l: W o e 00 O0OE © 3 Energies
P Lo s = Namely for pug # 0
10" P E .
T e o s Strangeness fully saturated at top LHC Energies?
10 107 10°
@N,, fdnS, o

See Cavalry for Deviation plots.
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Outlook

= Flavour separation confirmed from LHC down to lower RHIC energies

o Flavor dependent fits consistently depict an overall better quality of fit
o Confirms flavour hierarchy extends into BES
o Potential convergence of T; and Tgs lines at high pg might signal interesting physics

= We show evidence for a flavour-dependent chemical freeze-out temperatures in the
cross-over region of the QCD phase diagram

o Converge above ug =300 MeV

= Ongoing analyses:
o Centrality Dependent 2CFO Scheme for BES Energies
o SCE with Strangeness Saturation Factor s and Correlation Volume V(¢
o Charm Canonical Ensemble (CCE); including charmed hadrons in thermal fit
o Upper-bound thermal model calculations for exotica yields

Fernando A. Flor (fernando.flor@cern.ch)
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System Size Volume Dependence (ALICE)

10 _ E
£ T =150Mev o =
10° E O 3
F ] ]
oL 000 ]
10 oo ®?
F o—0=® 3
10 3
T g 3
€ F Ty =158 MeV g 3
= 10° - =
> =
i ] ]
102 o <><><> E
E » E
F ® ‘) & ]
10 <> ¢ 3
FT,=163Mev a8 3
10° O -
E O E
[ ] 3
il 000
3 o*® O E
10 ? PY <> ® é
10 102 10°
FIST: PDG2016+ (SCE) GN /d UEPHC
° ALICE pp @ 7.00 TeV ch n< 0.5
O ALICE pPb @ 5.02 TeV
O ALICE PbPb @ 2.76 TeV
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Extrapolated STAR (Anti)Proton Feed-down Contributions

= Applied to STAR Data prior to performing fits via The FIST
Proton Anti-Proton
NG 5 T(-0) | & [(1-9)
7.70 GeV | 19.00% | 81.00% | 56.50% | 43.50%
11.5 GeV | 23.00% | 77.00% | 48.00% | 52.00%
19.6 GeV | 27.50% | 72.50% | 44.00% | 56.00%
27.0 GeV | 29.50% | 70.50% | 41.50% | 58.50%
39.0 GeV | 31.00% | 69.00% | 40.00% | 60.00%
64.2 GeV | 32.00% | 68.00% | 38.50% | 61.50%
200 GeV | 34.00% | 66.00% || 36.50% | 63.50%

Extrapolation to BES Data from methods in: Andronic et al. (2006). 10.1016/j.nuclphysa.2006.03.012
(Andronic et al. 2006)

Fernando A. Flor (fernando.flor@cern.ch)
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FIST 1CFO and 2CFO Deviations

ALICE pp (7.00 TeV)
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Centrality (Multiplicity) Classifications

= ALICE pp @ 7.00 TeV
o Most Central: 0 - 4.7%; dubbed as “High-Multiplicity pp Limit" (HMpp)

m Used V Normalizations

o Mid-Central: 14 - 28%
o Most Peripheral: 48 - 100%

= ALICE pPb @ 5.02 TeV

o Most Central: 0 - 5%
o Mid-Central: 20 - 40%
o Most Peripheral: 80 - 100%

= ALICE PbPb @ 2.76 TeV

o Most Central: 0 - 10%
o Mid-Central: 20 - 40%
o Most Peripheral: 60 - 80%

Fernando A. Flor (fernando.flor@cern.ch)
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ALICE pp @ /s = 7 TeV Reference Multiplicities

Enhanced Production of Multi-Strange Hadrons in High-Multiplicity Proton-Proton Collisions.
ALICE Collaboration. 2017. Nature.Phys.13.2017.535-539.

Class Name H T/ merso ‘ (dNey/dn)
I 0-095% | 21.3+0.6
| 095-47% | 165+0.5
11l 47-95% | 135+04
v 95-14% | 11.5+0.3
\" 14-19% | 10.1+0.3

Vi 19-28% |8.45+0.25
\1 28-38% |6.72+0.21
Vil 38-48 % |540+0.17
IX 48 - 68 % |3.90+0.14
X 68 - 100 % | 2.26+0.12

Event multiplicity classes, their corresponding fraction of the INEL>0 cross-section (o /o nE[>0) and their corresponding (dNCh/dn) at midpseudorapidity (|| < 0.5).

Fernando A. Flor (fernando.flor@cern.ch)
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ALICE pPb @ ,/syy = 5.02 TeV Reference Multiplicities

Multiplicity Dependence of Pion, Kaon, Proton and Lambda Production in p-Pb Collisions at
VSww = 5.02 TeV. ALICE Collaboration. 2014. Phys. Lett. B 728 (2014) 25-38.

Event Class H VOA Range ‘ (chh/dn)

0-5% > 227 45+ 1
5-10 % 187 - 227 | 36.2+0.8
10 - 20 % 142 - 187 | 30.5+0.7
20 - 40 % 89-142 | 23.2+05
40 - 60 % 52 -89 16.1+0.4
60 - 80 % 22 - 52 9.8+0.2

80 - 100 % <22 44+0.1

Fernando A. Flor (fernando.flor@cern.ch)

Definition of the event classes as fractions of the analyzed event sample and their corresponding (chh/dn) within (|nis] < 0.5).
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ALICE PbPb @ \/syy = 2.76 TeV Reference Multiplicities

Centrality Dependence of 7, K, and p Production in Pb-Pb Collisions at /s, = 2.76 TeV.
ALICE Collaboration. 2013. Phys. Lett. C 88, 044019 (2013).

Centrality H (chh/dn) ‘ Norm. Uncertainty
0-5% 1601 + 60 0.5 %
5-10% 1294 + 49 05 %

10 - 20 % 966 + 37 0.7 %

20-30 % 649 + 23 1%

30-40 % 426 + 15 2%

40 - 50 % 261+9 2.4 %

50 - 60 % 149+ 6 35 %

60 - 70 % 76 + 4 5%

70 - 80 % 35+2 6.7 %
80-90% | 134+16-1.2 +12 % - 8.5%

(chh/dn) within (|n| < 0.5) with additional uncertainties from centrality definitions.
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