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* Centrality dependence of baryon annihilation freeze-out temperature

* Suppression of light nuclei in central collisions
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Proton yields at the LHC

nt+n K'+K 0 K*+K* p+p 42 QO+ A 3
2 2 Fe 2 0 2 a 2 2 d 5 e

L]
> : : : : ; L e : ]
D 10° e : : : : ALICE Preliminary 2
S R [ e . Pb-Pb sy =5.02TeV,0-10% ]
P ~o— i g, ! ; : : :
10 k & &R : : i i : : 5
Dol é 5 : E
1rF 5 Ll | :
10‘1 - < Not in fit : : : : P :
102 k Model T (MeV) 72INDF 3
5 — THERMUS 4 152 +2 58.7/10 3
107 EF  |--- GSI-Heidelberg 153 + 2 41.9/10
104 B |- SHARE3 153 + 3 49.7110 P - 5=
: : ; : ! BR=25% E

,3\H+ °H

(mod.-data)/c . (mod.-data)/mod.

Proton yield overestimated in standard thermal models

—
1

+
+

(P+p)/(n

0.07

0.06

0.05

0.04

0.03

0.02

0.01

— ALICE VO Multiplicity Classes
- pp, \s=7TeV E p-Pb, \ sy =95.02 TeV ]
C Nat. Phys. 13, (2017) 535-539 PLB 728 (2014) 25-38
C Pb-Pb, \ s =2.76 TeV Pb-Pb, \ s\ = 5.02 TeV]

T T T T TTT T

IIIIIIII|IIII|III|

Illllllllllllllllllll

- | PRC 88, 044910 (2013) Preliminary B
C Xe-Xe \SNN =544 TeV .
: 1 L PlI’elllrlrlllr]lalrly 1 L 1 1 11 11 I 1 1 1 1 11 11 I 1 -

2 34 10 20 102 2x10° 10% 2x10°

(dN ch/ d 77>|n| <05

The effect is larger in central collisions, hint of centrality dependence



Proton yields at the LHC: 5 TeV data

ALICE Collaboration, Phys. Rev. C 101 (2020) 044907
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Figure 7: Transverse momentum integrated K/7 (top) and p/x (bottom) ratios as a function of (dNg,/dn) in Pb —
Pb collisions at \/syn = 5.02 TeV, compared to Pb —Pb at 2.76 TeV [14]. The values in pp collisions at Vs =5.02
and 2.76 TeV are also shown. The empty boxes show the total systematic uncertainty; the shaded boxes indicate
the contribution uncorrelated across centrality bins (not estimated in Pb — Pb collisions at \/sx\y = 2.76 TeV).
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» Evidence for suppression of p/pi ratio in central collisions (~20%, >4a level)

* Hadronic phase effect?



Mechanisms affecting the proton yield

* Re-evaluating the chemical equilibrium proton abundance
* Baryonic excluded volume [wV et al., PLB 775 (2017) 71]
* Finite resonance widths [VV, Gorenstein, Stoecker, PRC 98 (2018) 034906]

* S-matrix approach to mN scattering [Andronic et al., PLB 792 (2019) 304]
centrality-independent

* Multiple freeze-out scenario (strange vs light)

e.g. Flor, Olinger, Bellwied, PLB 814, 136098 (2021)
centrality-independent

» Effects of the hadronic phase stcinheimer, Aichelin, Bleicher, PRL 110 (2013) 042501

« Baryon annihilation, NN = 57

e No backreaction*, 57 = NN. Some baryons will regenerate

Rapp, Shuryak, PRL 86 (2001) 2980;

centrality-dependent Pan, Pratt, PRC 89 (2014) 044911

*Gradually being implemented [Garcia-Montero et al., PRC 105 (2022) 064906]

Indications from lattice QCD
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Hadronic phase with partial chemical equilibrium (PCE)

Expansion of hadron resonance gas in partial chemical equilibrium at T < T,

[H. Bebie, P. Gerber, J.L. Goity, H. Leutwyler, Nucl. Phys. B '92; C.M. Hung, E. Shuryak, PRC
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Implementation within Thermal-FIST package (since v1.3)

[VV, H. Stoecker, Comput. Phys. Commun. 244, 295 (2019)]
open source: https://github.com/vivovch/Thermal-FIST %U'
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How to add baryon annihilation?
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https://github.com/vlvovch/Thermal-FIST
https://doi.org/10.1016/j.cpc.2019.06.024

Partial chemical equilibrium with baryon annihilation

Add nucleon annihilations NN < 57 into the PCE framework

(Anti)nucleon and pions numbers no longer conserved, Ny, Nj, N; # const. but

Ny + Ng n N
2 5

— const

If NN & 57 proceeds in relative equilibrium, [ UN = N = guw ]

Also, mN < A equilibrium implies AN < 6w and AAe 7,
i.e. baryon resonances annihilate as well
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[ no annihilations
1.0

p/m ratio is suppressed during the
cooling in the hadronic phase

= :
ol = - p/m suppression from NN & 5z annihilations
full calculation _
— - —-perturbative calculation

00 . 1 N 1 M 1 A 1 N 1 N
100 110 120 130 140 150 160
T [MeV]

ann



Baryon annihilation freeze-out temperature
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Baryon annihilation freeze-out temperature
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but freezes out earlier than (pseudo-)elastic hadron scatterings

initial stage of the hadronic phase



Annihilation vs other mechanisms affecting the p/m ratio
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Annihilation vs other mechanisms affecting the p/m ratio

SHM: Thermal-FIST 0.08 ' S ) ' o
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Annihilation vs other mechanisms affecting the p/m ratio
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Annihilation vs other mechanisms affecting the p/m ratio

SHM: Thermal-FIST 0.08 ' S ! ' o
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Baryon annihilation and other mechanisms are complementary



Another way to look at it
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Baryon annihilation and other mechanisms are complementary



Baryon annihilation and light nuclei

Naively, if nucleons are suppressed by yy~0.8, then y,~(yy)? e.g. y4~0.64

Quantitatively, use the Saha equation for nuclear abundances, ugy = Ay 1% 50 sy ozt oo &
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* Baryon annihilation causes suppression in central collisions

* Possible non-monotonic multiplicity dependence due to (another) suppression in small systems

Can be tested with precision measurements of the centrality dependence 10



Baryon annihilation and light nuclei

New data: ALICE Collaboration, arXiv:2211.14015
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Indications for non-monotonic multiplicity dependence of d/p and 3He/p



Baryon annihilation

and e-by-e fluctuations

and correlations

ALICE Coll., arXiv:2206.03343
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Baryon annihilation affects net-proton fluctuation measurements, making more “local”

baryon conservation preferable

Can resolve the tension between proton fluctuations that seem to prefer “global”
baryon conservation vs light nuclei data that prefer more “local” baryon conservation

12



Summary

* Statistically significant suppression of p/pi in central collisions @LHC

e Can be attributed to baryon annihilation in the hadronic phase
. = 140}
* Extract T,,, from experimental data 3
= 120}
* Annihilations relevant but freeze-out earlier than hadron scatterings N T
W e e
* PCE results are similar to hadronic afterburners "o i 10
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» Testable suppression of light nuclei yields in central collisions
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Thanks for your attention! -
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Hadronic afterburner

Model the hadronic phase with hadronic afterburner (UrQMD, SMASH)

Suppression of baryon abundances through baryon annihilation, e.g. NN = 57
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* No backreaction*, 50 - NN. Some baryons will regenerate [e& Ra]pp. Shuryak, PRL 86 (2001) 2980; Pan, Pratt, PRC 89 (2014)
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e Global thermal fits may be affected by other theoretical uncertainties

*Gradually being implemented [Garcia-Montero et al., PRC 105 (2022) 064906]



Baryon annihilation in SMASH transport

Baryon annihilation in transport with stochastic rates

SMASH-2.0.1-110-g058c42463
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Garcia-Montero et al., PRC 105, 064906 (2022)
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