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ALICE data — “snowball in hell”

* e T, K, p, ...
Ty ™ 115\3Me\/ X T ; f TfoTch = 156.5 MeV

(to< 1 fm/c)

Y

binding energies:

“H, *He, *He:2.22, 7.72, 28.3MeV

Data/Model

- ﬂ Pb-Pb {50y=2.76 TeV, 0-10% centrality -
P PAA E
i S ¥

- ® Data, ALICE %Ho %Hg 4

L — Statistical Hadronization o8

L]

. *””++++HH

o KK K¢ ppP ARXREZEI ahddd He'HelH A HeHe

Andronic et al, Nature 561 (2018) 321

SH:130keV  «T~150 MeV :



Can snowball survive hell?

Count only the nuclei produced at “QGP hadronization” (at T)

dNRgP

= — {0 px Vet ) NP NIZEP survival probability = N3&(7) /N2 (7ch)
Pb-Pb, 2.76 TeV T [MeV]
’ 0655 40-6]0“/!‘?5 0-20% 1?0 810
N : : : —d
> 801 : L *He
Foll 0
'g I : | | 1
o . : : Teq — :
—_ - mn
g Y| | o (0 AxVrel) N
2 ' T
- 20 - I 1 1
n | I I
1 [} |
O 1 I. I L
10 12 14 16 18 20
T [fm/c]

)

The observed nuclei are unlikely to be (pre-)formed at the “QCD phase boundary’
even the “thermal” production mechanism is correct



situation in an expanding hadronic gas
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The evolution of the hot central region produced in central heavy ion collisions is analvzed. Tt
is shown that the main properties of the final state can be understood s a result of an adiabatic
expansion process. The role of the entropy per pa s u globul characteristic of the system is
emphasized. Qur main concern is the evolution of the chemical composition,

1. Introduction

In heavy-ion collisions, a hot central region is formed, which is generally
assumed to consist of a quark-gluon plasma if the collision energy is sufficiently
high [1]. The minimal energy density necessary for the formation of this plasma is
estimated to be around 2 GeV/fm’. Such densities of energy are presumably
attained in present fixed-target collisions with projectile energies of up to 200
GeV /nucleon [2]. As the hot zone expands and cools down, a phase transition to a
hadron gas takes place. Soon after the transition, which is estimated to occur at a
critical temperature around 200 MeV, the energy density is mostly stored in
hadronic resonances (p, w,...) [3=5]. As the expansion and cooling proceed, these
excited states decay, leading to a [inal state at freeze-out consisting mainly of
pions. At presently available energies, central collisions generate final states
containing several hundred pions (e.g.. in O + Au (S + S) central collisions at 200
GeV /nucleon ~ 400 (300) pions are observed [6]). Two-pion interferometry indi-
cates that the radius of the “source™ as measurcd with pions close to central
rapidity is about 7 fm [6].

The processes which take place during the collision are discussed e.g. in refs.
[1.7-9]. on the basis of the Landau hydrodynamic model [10]. In the initial phasc
the hot spot is expected to look like a pancake whose thickness is swelling, an
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The total number of stable
hadrons (pions, kaons,
nucleons, hyperons)
number of stable hadrons
(pions, kaons, nucleons,
hyperons) of direct
hadrons and those of
hadronic resonances stay
constant.

Fully inelastic reactions
(like eg N+N <-> K+A+N)
ceases below T< 180 MeV.



important note on deuteron production
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Abstract: Green functions are used to derive p i with bound-state production and
absorption. The equations are valid in the quaslpartlc]e limit and are used to describe deuteron
duction in heavy-ion induced i ‘The deuterons are produced in three-nucleon oolltsums
m a process that is inverse to deuteron breakup. We also derive rate equations for pion p

by resonance formation and decay. Our ions satisfy detailed b even in the case of wide
unlike previous for ions. The relation widely employed in the cascade and
q models d an equilibrium with too many pions. We have solved the
equations numerically, finding for a number of cases fair agreement with experimental data. The
predicted entropy produced in central Nb+ Nb collisions at 650 MeV/nucleon exceeds by half a
unit the entropy deduced from data. The predicted pion yields in the cascade limit are much closer

to the data measured in central Ar+ KCl collisions than was found in earlier treatments.

1. Introduction

A full description of heavy-ion-induced reactions requires other degrees of free-
dom besides the nucleon single-particle variables. A distinct feature of high-energy
reactions is the large number of composites, particularly deuterons, emitted into
wide angles™=&he theory of deuteron production by heavy ions was at first rather
crude. Models e based on various assumptions including: chemical
equi!ibrium %), gefilescence in momentum space *®), and coalescence in phase
=THe first theory based on dynamics was proposed by Remler''), and
was applied in refs. '*'*). Dynamic models relying on nucleon degrees of freedom
and independent nucleon-nucleon collisions '*'") have been quite successful in
describing single-particle features such as production of protons. Although the
quasiparticle assumption inherent in the models may not be well satisfied in reactions,
see e.g. ref. "), these models are appealing because they incorporate a range of
dynamic effects and are computationally tractable. In this paper we examine the
extension of the models beyond the approximation that the equations can be
truncated with two-particle collisions and only nucleon degrees of freedom. We

0375-9474/91/503.50 @) 1991 - Elsevier Science Publishers B.V. All rights reserved
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“Bevalac” nucleosynthesis

VOLUME 43, NUMBER 20 PHYSICAL REVIEW LETTERS 12 NOVEMBER 1979

Evidence for a Soft Nuclear-Matter Equation of State

Philip J. Siemens and Joseph I Kapusta
Lawrence Bevkeley Labovatoyy, Universilty of California, Bevkeley, Califoynia 94720
(Received 3 August 1979)

The entropy of the fireball formed in central collisions of heavy nuclei at center-of-
mass kinetic energies of a few hundred MeV per nucleon is estimated from the ratio of
deuterons to protons at large transverse momentum, The observed paucity of deuterons
suggests that strong attractive forces are present in hot, dense nuclear matter, or that
degrees of freedom beyond the nucleon and pion may already be realized at an exeita-
tion energy of 100 MeV per baryon,

Because of the reactioQ d+N—p +n +N ere N
is a spectator nucleon or ¢ - erons will

be constantly breaking up and reforming. If col-
lisions are frequent enough, the deuterons will
quickly reach an equilibrium concentration deter-
mined by detailed balancing*:

exp{- Hq fT}dﬂ(ﬁ;_ﬁrSJ} =Es,d.ﬂ{ﬁ.! ﬁ,"‘E,Sl}dﬂ(ﬁ, f‘f'E,S, _EJ}E}[[}[_ I:H'H'I'-"I'P)KIT]:
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partial chemical equilibrium (PCE)

Expansion of hadron resonance gas in partial chemical equilibriumat T < T,

H. Bebie, P. Gerber, J.L. Goity, H. Leutwyler, Nucl. Phys. B ’92

Chemical composition of stable hadrons is fixed, kinetic equilibrium
maintained through pseudo-elastic resonance reactions rr < p,
K & K*, TN & A, etc.

Eg.mr+2p+ 3w+ =const, K+K*'+:-=const, N+A+ N*+ - = const,
Effective chemical potentials:
fij = Z (ni)j mi, (n;)j — mean number of hadron i from decays of hadron j, J € HRG
i Estable
900 [ T ¥ T ’ T M T T T ’ T v T ¥ T
Conservation laws: 800 F=~ Solid: Full calculation
< ggg S ~ Dashed: simplified ]
Z("i)j ni(T,fij) V = Ni(Te), i€ stable < 500} *' ]
: = 400 .
Jchre 1 i . =300 ]
numerical solution {/L,( T)}, V( T) 200} ]
~ 100 ]
D (T i)V =S(Ta) # of .
JjEhrg 10E Full calculation ]
: 8 r -==(T T
| < of
g !
Numerical implementation within Thermal-FIS1 package ol
[V. Vovchenko, H. Stoecker, Comput. Phys. Commun. 244, 295 (2019)] 070 ' alo 1 Qb ' 160 ‘ 1*|10 ' 1é0 ‘ 1:1;0 ' 1z|10 ' 1{;0
open source: https://github.com/vivovch/Thermal-FIST T [MeV]
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Light nuclei: Saha equation

Detailed balance for nuclear reactions
eq

na nA
T, na = e = MHA = Z.UJA,-, €.g. Mg = Mp T Hn, H3He =2up + pn, -
1oAY ' "Aj  Saha i
equation

Kinetic theory example: deuteron number evolution throughp + n + X ©& d + X reactions

gain loss
dN,
d—d — <UdX Vref> Ng ng e,u,p/T eﬂn/T E"MX/T — (O’dx Vrel> Ng ng e’ud/T e‘“’X/T
-
small big big
gain = loss = Ug ® Uy + u, Saha equation

= detailed balance = law of mass action

1-A _3A-5 5 T %(A_l) BA
Early Universe: X, = dj [C(?))A_l T2 27} Az (—) "1 XZ XA~ exp (—)

this work: M o T
E. Kolb, M. Turner, “The Early Universe” (1990)
N (T) q A A T 7 (4-1) B

A A 1 A It 3 A-1 A

e {<<3>’“7r22 2]A2 — s P
Np q M my

N= n_B ~ 6 . 10—10 N 773 — & ~ 003 V. Vovchenko et al, PLB 800 (2020)8135131
TLV NM
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Saha equation for light (hyper-) nuclei at the LHC
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Deviations from thermal model predictions are moderate despite significant
cooling and dilution. Is this the reason for why thermal model works so well?

Echoes earlier transport model conclusions for d . oliinychenko, et al., PRC 99, 044907 (2019)

Hypernuclei stay close to the thermal model prediction. An exception is a hypothetical ==
state « planned measurement in Runs 3 & 4 at the LHC 9




Closer look to the yields

Saha equation (no resonances):

T, =155MeV ]
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Na(T)
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.= (
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mA>>T

Nuclei yields are not constant in the Saha equation approach but the
strong exponential dependence on the temperature is eliminated

Quantitative outcome is sensitive to the feeding from baryonic resonances
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Light nuclei off-equilibrium production with rate equations

T. Neidig et al, PLB 827 (2022) 136891

gain loss
_de — NO n0 et/ T ghin/ T aiix/T NO 0 atta/ T giix/T
o = {TaxVier) Ng n /7 e T 0T = (agx vier) Ng €7 e
small- —big— —Big—
- Saha equation
gain ~ loss - T =-0ttalled balance
= lawofrmess-action

—

Relax the assumption of equilibrium for AX < ), A; X reactions

Catalyzed light nuclei reactions. Destruction through AX — };; A;X and creation through
2.; A;X — AX. Detailed balance principle respected but relative chemical equilibrium not

enforced

dN 4
dr

= (0% xVrel) nx (N — Ny)
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some details ...

Rates: Use guidance from kinetic theory (and full hadronic transport models)

Optical model for ajr,lr [J. Eisenberg, D.S. Koltun, ‘80]

1000 160
140+
__ 120
o
E
i
L ﬁ >
E <
L
20+ - - =(c"v_)=30-A[mb] T
_ HZHC! 0 . s . s . \ .
s . . 60 80 100 120 140 160 180 200
100 200 300 400 500 T [MeV]
Eh» [MeV]

Expansion (both transverse and longitudinal)

V T T 472

— 2
Veh  Ten 7T+ TS

, Teh = 9 fm, 7. = 6.5 fm
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... and the full hadronic network

Mesons: pions, kaons, p-meson,
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Rate equations results at LHC

Starting at equi“brium: Start|ng out of eqUIllbl‘Ium:
3.0
—— Equilibrium
10_1 3*Equilibrium
2.5 —— Nucleosynthesis after 90 MeV
nl a —— Nucleosynthesis after 100 MeV
w3 202 — Nucleosynthesis after 120 MeV
v 10 = 20 —— Nucleosynthesis at 155 MeV
iy o
%).10_5 § 15
E :
E - :
10-7 d 8
H93 0.5
Hed /
HR
107° 0.0
0.07 0.08 0.09 0.0 0.1 0.2 013 0.14 0.15 10 1 P 16 18
T[GeV] the]

Solid lines represent the results of the rate  The ratio of deuterons to protons
equations, while dashed curves show the normalized to the same ratio at

result of the HRG in PCE (i.e. SAHA). equilibrium for different initial conditions.
The colored bands represent the
experimental data (ALICE).
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Rate equations results at LHC
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* Local equilibration times remain small
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> fit
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. qu « By ! meaning light nuclei are not fully formed

e (gain 4 loss) > |gain - loss|

— Saha equation at work
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Effect of baryon-antibaryon annihilations

115 \ --- Rate Equation without N + N = 5n1 dNpn ~ 5 .5
— G =10mb “ar T Unimmse (CNNNE + O No)
— UN+N=5n=30mb dN
110 I Um+ﬂ=5n=50mb W o~ - . HS 5
- om+ir=5n=70mb df +_ aN-I—ﬁ:S.’-‘I ( NN NN + CNW NH)
dNH - 3’[5 5
E 1051 ar 77 2% wess (NN — 6y N
2|2
1.00] N NU S~ mmeee
0.95]
0.08 0.10 0.12 0.14
T[GeV]

Annihilations decrease light nuclei yields

Stronger effect (up to 25%) for heavier nuclei 3He, “He
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(intermediate) summary and conclusions

Saha equation is an extended thermal model framework for light nuclei production
results agree with the thermal model but essentially any T < T,;, permitted

quantitative predictions are sensitive to baryon resonance feeddowns

Rate equations validate the framework when using nuclei break-up cross sections
based on kinetic theory

nuclei (pre-)formed at “QCD phase boundary” do not survive the hadronic phase
baryon annihilations may suppress the nuclei yields on ~5-20% level

the same procedure could be done for RHIC or SPS energies

Outlook: quantum mechanical formation of bound states

Schrodinger equation, quantum Langevin(-Schrodinger) equation

Bound state formation in Open Quantum Systems

17



Formation of Bound State (and Continuum) with Time Dependent

Potential
Wavefunction expressed by J. Rais et al, PRC 106 (2022) 064004
P(x,t) = cnthn(X) to solve idcjgt) =3 Viu(t)eEEic, (1)

from time dependent Schrodinger equation

0.8 : :
07 =0, baund to inner potential —— » calculate energy spectrum of
. — i, R
0.5 _ n=4
0.4 Vo = —18 Me), n=5 » interacts with time dependent
£ os|m= 2£
= — pulse
0.2 V V X2 X2
C 7 t) = eEXP|—57 — 52
NS LTAN L 2N (1) = Voorp |57 — 5z
0.1 M/‘K\\é/ 7 » originally one bound state i.e.
0.2 | alt=0)=1orcanlt=01=1
-L -al |a L
X 100 e T
F bound state  =r=emu
100 prarsrrerare rrTT—T =T P e ey P = [ 10. state —
Fbound state  mrms=. ] 101 | 20. state — |
;_8 s{a{e e £ 30. state — :
107 E30 Siate. — " 40. state
" 40. state 102 :_50. state — i
10-2 [ 50. state e o £ 60. state — i ———————————————
~ £ 60. state — (_‘): r 80. state — K
£ £ 80. state —— T A3 ;s |
= a3l 10 ¢ i E
107 or =1 fm, : ) ]
104 L V =100 MeV,f 1074 ¢ H E
E E F i ]
10-5 i 1 |O—X — l'\2 fm 10 5 1 l! K 1
40 45 50 55 60 40 45 50 55 60
t[fm] t [fm]
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formation time

0.035 . 0.06 [ . . ‘ .
ot = 10fm K V=100MeV, o;=1fm +
L oy=1im _ V=100MeV, o;=5im %X
0.08 o; = 0.1fm, x50 0.05 V=100MeV, g;=10im &
V(o = 10fm) V=100MeV, o;=20fm &
0.025 [-v(g, = 1fm) 1 0.04 L V=100MeV, g, =30fm
V(gy = 0.1fm) ’ “l—
w002 . N |
2 & 0.03 -
E el | AEo, > h <> NEAt > T
0.01 L | 0.02 . 1
0.005 L _| 0.01
O loz=* U L ]
0 20 100 0 20 40 60 80 100 120 140
E [MeV]
100 E T T T El 0.03 T T T T T T
Fo;=0.1fm — E V=100MeV, g;=1im *
4 [Ot=1fm ] V=100MeV, o;=5im x
107 £gy = 5im —_— E 0.025 V=100MeV, g;=10im &
Fop=10fm ‘ V=100MeV, o;=20fm O
102 V= 1000Mev 0.02 V=100MeV, o=30fm
o g o
103 E & 0015
nd L
104 £ 0.01 - " M :
g o Tformation 7é E
105 & 0.005 * ;l# :HFE 1 D
106 L : .
0 20 0 20 40 60 80 100 120 140

t[fm] E [MeV]

» bound states are formed during the interaction
» Heisenberg's uncertainty relation obtained in the distribution of states

» Formation of states instantaneously and simultaneously to time-dep.
potential impact

» perturbation theory is applicable for O(o:) ~ 1 fm and O(V) ~ 100 MeV
19



perspectives: bound state formation in open quantum systems

Tim Neidig, Jan Rais
Particle interacting with th. heat bath [Ha + Hg + Vag| ¢¥a s = ——1/,4 B

H

Caldeira-Leggett master equation starting with

2
——I—lmjwj (xj— Cjzx)]
2 mjw:

H = —I—V(x)—l—z

G(1,1) = ¢V (1,1)+

fd2 f d3G™Y(1,2)£(2,3)G(3,1),
G(1,1) = GV (1,1)+

][d2 ][ d3G(1,2)£(2,3)G6>Y(3,1),

V(x)

» Direct Born Diagram 20



Kadanoff-Baym solutions ...

Initial state: bound state fully occupied
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Kadanoff-Baym solutions ...

Initial state: single free quantum level fully occupied
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Supplemental:
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Yield ratios

Full calculation: results for resonances
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LHC nucleosythesis
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FIG. 5. Reaction rates of the most important wd < 7 pr reaction

FIG. 1. Deunteron-pion interaction cross sections from SAID
in forward and reverse direction.

database [40] and partial wave analysis [41] are compared to our
parametrizations (Tables I1 and II1 in the Appendix). Inelastic dmr +»

B law of mass action at work



some details ...

dN; .

= @y (Na = {7 NyN)
+a, . (Ng— N NgNy)
+2a,_, (Ny — % N2)
+3&,_, (Ny—c® N3).

dNy .
= =@,y (Na = X" NNND + )

X=d,t,He? He?

- NAX , Ax
X Z a)(—l—x;‘ﬂx-l—xNX(NX —Cx NN )

+
]

H3, +x=NNA+x

Z aﬁ-l—x =aN+x N"f = UA
IA
x=1w.K.K

~ 2
a Nx(Nys — ;" NgNy).
A A

26



primordial nucleosynthesis: network

B Deuterium F Helium
p(n,~)D D(D, ~)*He “He(n,v)*He
T(p,v)*He  °He(D, p)*He
ptm Dt (p,7) (D, p)
D+~ —p+n T(D,n)*He  °He(°He,2p)*He
P here now:

T+ AT+ A +Fmp+nn

e.g.
T+Dnm4+p+n
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