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Introduction
• Production of light nuclei in central Au-Au and Pb-Pb collisions 

• Framework originally developed for highest RHIC and LHC energies 

• RHIC Beam Energy Scan II: 7.7 up to 19.6 GeV 

• The investigated nuclei are: deuteron , helium , triton  and hypertriton  

• Loosely bound objects: a few 100 keV ( ) up to a few MeV (d, t, )
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Motivation
• How can nuclei with low binding energies 

form at high temperatures? (Snowballs in hell) 
see Oliinychenko et al., Phys.Rev. C99 (2019) 

• Investigate with a dynamical model 

• Compare to coalescence approach 

• Study the QCD phase diagram and the critical 
point 

• Compare to recent data from STAR 
experiment
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• Hydrodynamic evolution + hadronic rescattering

Model description
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MUSIC:  
3+1D viscous hydro switch at ϵ = 0.26GeV/fm3 SMASH: 

hadronic afterburner

Schenke et al., Phys.Rev.C 82 (2010) Weil et al., Phys.Rev.C 94 (2016)



Model description
• SMASH - Simulating Many Accelerated Strongly-interacting Hadrons 

https://smash-transport.github.io 

• Optionally treat nuclei as degrees of freedom 

• Produce the nuclei in multi-particle reactions: 
 

where  can either be a pion or a nucleon (n, p) 

• Realized with a stochastic collision criterion 
Staudenmaier et al., Phys.Rev.C 104 (2021) 

• Alternatively create nuclei by coalescence

dπ ↔ NN dX ↔ npX 3HeX ↔ nppX tX ↔ nnpX 3
ΛHX ↔ npΛX

X
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initial condition [34]. The initial conditions and trans-
port coe�cients such as the ratio between shear viscosity
over entropy density ⌘/s have been tuned in event-by-
event CLVisc simulations to fit the experimental data in
0 � 5% most central collisions. It has been verified that
centrality classes determined by the total entropy in the
initial state of hydrodynamic simulations describe exper-
imental data well at other centralities. In the present
study, we first simulate 2000 collisions in 0 � 10% cen-
trality to get the event-by-event initial entropy density
distributions using Trento. We then align all the events
by shifting to their centers of mass and rotating to their
second order participant planes before event averaging to
produce a smooth one-shot initial condition.

The computationally less intensive single-shot smooth
evolution is su�cient for our purposes, since the ther-
mal density ratios between di↵erent particle species are
mainly determined by the mass, the spin-degeneracies of
the hadrons and the freeze-out temperature in the co-
moving frame of the fluid. The total yields of hadrons
and deuterons are hardly a↵ected by the fluid velocity,
while the transverse momentum and the anisotropic az-
imuthal angle distributions are sensitive to the fluid ve-
locity on the hypersurface. The one-shot relativistic hy-
drodynamic simulation is su�cient to provide the fluid
velocity profile on the hypersurface. Instead of perform-
ing event-by-event hydrodynamic calculations, we have
simulated the hadronic afterburner 10000 times with dif-
ferent samples of hadrons and deuterons from the hyper-
surface, to provide good statistics for the deuteron and
hadron yields.

The hydrodynamic evolution starts at ⌧0 = 0.3 fm
with a shear viscosity over entropy density ratio ⌘v/s =
0.16. The expansion rate of the quark gluon plasma is
driven by the pressure gradient from the s95p-pce lattice
equation-of-state [35], which matches a chemically equili-
brated hadron gas at temperatures between 150 and 184
MeV. On the constant temperature hyper-surface with
Tfrz = 155 MeV, which is equal to the chemical freeze-
out temperature TCFO in the thermal model, we sample
hadrons as well as deuterons using Cooper-Frye formula
[36],

dNi

dY pT dpT d�
=

gi
(2⇡)3

Z
pµd⌃µfeq(1 + �f) (3)

where d⌃µ is the freeze-out hyper-surface element de-
termined by Tfrz, gi is the spin degeneracy of particle i.
Particles passing through the freeze-out hyper-surface el-
ements are assumed to obey Fermi-Dirac (for baryons)
and Bose-Einstein distributions (for mesons) with the
non-equilibrium correction �f to the equilibrium distri-
bution feq,

feq =
1

exp [(p · u)/Tfrz] ± 1
(4)

�f = (1 ⌥ feq)
pµp⌫⇡µ⌫

2T 2
frz(" + P )

(5)

where p are the four-momenta of the sampled hadrons, ±
is for fermion/bosons, respectively. ", P , u and ⇡µ⌫ are
the local energy density, pressure, fluid four-velocity and
shear stress tensor given by dissipative hydrodynamic
simulations. The non-equilibrium corrections improve
the spectra at high transverse momenta, but have very
small e↵ect on the yields. The deuterons are treated as
normal hadrons with mass 1.8756 GeV, spin 1 and baryon
number 2.

B. Hadronic afterburner
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el 	-	σπd→NN

[Arndt	et	al.]
πd	elastic
πd→pp

total
πd→πnp

elastic
πd→pp

SMASH

σ	
[m

b]

100

300

400

√s	[GeV]
2 2.2 2.4 2.6 2.8 3

FIG. 1: Deuteron-pion interaction cross-sections from SAID
database [41] and partial wave analysis [42] are compared to
our parametrizations (Tables II and III in the appendix).
Inelastic d⇡ $ np⇡ reactions are the most important for
deuteron production and disintegration at high energies. The
large total ⇡d cross-section is responsible for the late deuteron
freeze-out. Also, the inelastic ⇡d cross-section is larger than
elastic. As a consequence, for deuteron chemical and kinetic
freeze-out coincide - see Fig. 6.

The recently developed SMASH transport approach
[37] serves us as the afterburner. We perform simu-
lations with the full SMASH table of hadrons, where
most of the hadron resonances listed in the Particle Data
Group collection [38] are included. Hadronic interac-
tions within SMASH encompass: elastic collisions; res-
onance formations and decays; 2 ! 2 inelastic reac-
tions such as NN ! N�, NN ! NN⇤, NN ! N�⇤

(N⇤ and �⇤ denote all nucleon- and delta-resonances),
and strangeness exchange reactions; soft string forma-
tion and decay into multiple hadrons. The main update
relevant for this study since the publication [37] is the

Oliinychenko et al., Phys.Rev. C99 (2019)

https://smash-transport.github.io


Stochastic collision criterion
• Divide space into grid cells with volume  

• For 2 to 2 reactions: 
 

   

• For 3 to 2 reactions: 

 

• Faster approach equilibrium with multi-particle reactions

Δ3x

P2→2 =
Δt

Δ3x
vrelσ2→2( s)

P3→2 = ( g1′ 
g2′ 

g1g2g3 ) S!
S′ !

Δt
(Δ3x)2

E1′ 
E2′ 

2E1E2E3

Φ2(s)
Φ3(s)

vrelσ2→3( s)
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configuration is initialized in a box with periodic bound-
ary conditions and compared to the analytic expecta-
tion. The goal is to ensure that the content of the box
equilibrates, that it equilibrates to the correct state, and
that particle multiplicities change at the expected rate
in the process of equilibration. This method of testing
has proven very useful, because it checks detailed balance
and reaction rates, and is sensitive even to minor errors
in implementation.

A. Rate equations

The analytic expectation is provided by rate equations
of the same form as introduced in [35] with only one
exception – we take the spectral function into account,
when we compute thermally averaged resonance widths
h�i. The necessary derivation and notation for writing
the rate equations for the specific reaction systems is
given in Appendix C. Below, only the resulting systems
of rate equations are given.

The first case is the d, d0, ⇡, N system with 2 $ 2 reac-
tions, where in addition to elastic collisions the following
reactions are allowed:

8
><

>:

pn $ d0

⇡d0 $ ⇡d

Nd0 $ Nd

(8)

Denoting time derivative d�
dt as �̇ the system of rate

equations for this case is given as,

8
>>>>>>>>>><

>>>>>>>>>>:

nth
d �̇d = (R⇡d +RNd)(�d0 � �d)

nth
d0 ˙�d0 = �(R⇡d +RNd)(�d0 � �d) +Rd0(�2

p � �d0)

nth
p �̇p = �Rd0(�2

p � �d0)

�̇⇡ = 0

R⇡d = h�vreli⇡d nth
⇡ nth

d �⇡

RNd = 2h�vreliNd nth
p nth

d �p

Rd0 = h�id0 nth
d0 .

(9)

Here the amount of protons and neutrons is assumed
equal. The initial conditions are determined by the con-
tent of the box at time t = 0. The thermally averaged
width of d0, h�d0i, was artificially divided by factor 2 to
agree with the simulation in Fig. 3. The need in factor
2 might emerge from the fact that the d0 spectral func-
tion has a long high-mass tail, which takes more time to
equilibrate than expected.

The second case is a system of d, ⇡, N with 3 $ 2
reactions, where the following reactions are allowed:

(
⇡pn $ ⇡d

Npn $ Nd
(10)

Resulting in the corresponding rate equations as fol-
lows,

8
>>>>><

>>>>>:

nth
d �̇d = (R⇡d +RNd)(�2

p � �d)

nth
p

˙�N = �(R⇡d +RNd)(�2
p � �d)

�̇⇡ = 0

R⇡d = h�vreli⇡d nth
⇡ nth

d �⇡

RNd = 2h�vreliNd nth
p nth

d �N .

(11)

In this second case, no additional correction factors
need to be applied, since it avoids the fictitious d0 reso-
nance in the first place.

B. Comparing analytic results to simulations

Let us compare the solutions of the rate equations
above to corresponding simulations in a box, which allows
to probe the equilibrium properties of the employed reac-
tion treatment and collision criteria. The verification of
the approach in a static box scenario is the basis for fur-
ther exploration of dynamic non-equilibrium systems like
nucleus-nucleus collisions in the remainder of this work.
The box size is set to be V = (10 fm )3, particles are

FIG. 3: Evolution of particle yields in a box, analytical cal-
culation (lines) is compared to simulations (symbols).

initialized uniformly in coordinate space and according
to a Boltzmann distribution in momentum space with
temperature T = 0.155 GeV. The initial multiplicities
are chosen to be 30 for each pion species and 60 for each
nucleon species. The cross sections of ⇡d and Nd are the
ones described in [8] and taken further for Au+Au sim-
ulations. The ⇡d $ NN reaction is switched o↵ for the



Box results
• Particle multiplicities over time in a box 

• Compare to analytical solutions from rate 
equations 

• Equilibrium multiplicities are correctly 
reproduced 

• Slower equilibration compared to rate 
eq. not yet understood
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Test in a box of  and (10 fm)3 T = 150 MeV



Transverse momentum spectra
•  -spectra and 

coalescence parameter 
 for LHC-energies 

• Deuterons are formed via 
intermediate resonance 

• Good description of the 
data points

pT

B2
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at low energies of heavy ion collisions, where the pro-
ton yield is larger than the pion yield, Nd $ Nnp re-
actions dominate the deuteron disintegration and pro-
duction. We have implemented ⇡d reactions with cross-
sections as shown in Fig. 1, where the ⇡d $ ⇡pn is
assumed to be responsible for the inelastic cross-section.
This assumption is experimentally well-justified in the
relevant

p
s region [42]. For the purpose of this study

implementing deuteron interaction with pions would be
enough. However, to test the above estimate and for
the future application at lower energies, we have also
implemented Nd $ Nnp and N̄d $ N̄np (see Fig. 2
for cross-sections), as well as all corresponding processes
for the anti-deuteron. Finally, elastic ⇡d, Nd and N̄d
cross-sections were implemented to study the deuteron
freeze-out. Their cross-sections are given in Tab. III.
All the details of the implementation, in particular the
cross-sections, matrix elements and the detailed balance,
are discussed in the Appendices A and B.

III. RESULTS

A. Transverse momentum spectra

Hydro	+	decays
Hydro	+	afterburner
same,	no	BB	annihil.
ALICE,	PbPb,	0-10%

d
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FIG. 3: Identified particle transverse momentum spectra com-
pared to experimental measurements [1, 48].

The aforementioned implementation of deuteron pro-
duction is now applied as a part of the afterburner in
Pb+Pb collisions at

p
sNN = 2.76 TeV. Our goal is not to

fit experimental data as precisely as possible, but rather
to understand the process of deuteron production quali-
tatively. Nevertheless, we first ensure that the transverse

momentum spectra are reproduced reasonably well, see
Fig 3. Pion and kaon spectra are described rather well
already by hydrodynamics without afterburner, and the
e↵ect of the rescatterings in the afterburner does not ex-
ceed a few percent. This is di↵erent for nucleons: the pT -
spectrum produced by hydrodynamics and subsequent
resonance decays is significantly modified by the after-
burner. Large part of this modification is the e↵ect of the
so-called pion wind: protons rescatter with pions gaining
higher transverse momentum. As shown in Fig. 3, BB̄ !
mesons annihilations also influence the pT spectra, de-
creasing the number of protons both at small and large
pT by about 10%. The thermal deuteron yield produced
on the hydrodynamic hypersurface is close to the exper-
imentally measured, but the pT spectrum overshoots at
low pT and undershoots at high pT . The agreement, es-
pecially at low pT , is improved by the afterburner.

B. Parameter-free calculation of deuteron B2(pT )

From the transverse momentum spectra shown in Fig.
3 we obtain the coalescence parameter B2(pT ) by divid-
ing the final spectra from Fig. 3 in dashed dark-magenta
line (color online):

B2(pT ) =
1
2⇡

d
3
Nd

pT dpT dy
|pd

T=2pp
T⇣

1
2⇡

d3Np

pT dpT dy

⌘2 (6)

As one can see in Fig. 4, our simulation reproduces the
measured dependence of the B2 coalescence parameter
on transverse momentum rather well. In Fig. 3 one can
see that both proton and deuteron spectra are slightly
overestimated. Since B2 is reproduced well, we conclude
that it is the over-prediction of the proton spectrum at
pT = 1 � 2.5 GeV that leads to the overestimation of
the deuteron spectrum at 2pT = 2 � 5 GeV. Therefore,
an improved result for the proton spectrum should lead
to a better description of the deuteron spectrum. We
note, that a similar calculation of B2 using the AMPT
transport model overestimates B2 by at least factor 2
[49]. The main deuteron production mechanism in the
hadronic part of AMPT in this calculation appears to
be the d⇡ $ NN reactions. These reactions have small
cross-section, as we show in Fig. 1, and therefore we
would rather expect considerable underestimation of B2

by AMPT.

Unlike many coalescence models, such as [27], our
model does not require any tunable parameters to com-
pute B2(pT ). It is in principle possible to compute
B2(pT ) in the advanced version of coalescence model
without tunable parameters [50, 51]. Although the
methodology is available, to our best knowledge, so far
it has not been applied to heavy ion collisions.

Oliinychenko et al., Phys.Rev. C99 (2019)B2(pT) =

1
2π

d3Nd

pTdpTdy pd
T=2pp

T

( 1
2π

d3Np

pTdpTdy )
2 Oliinychenko et al., MDPI Proc. (2018)
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Figure 1. Coalescence parameter B2, measured by ALICE collaboration in Pb+Pb collisions at
p

sNN =

2.76 TeV [3] (circles) is compared to the outcome of our hybrid (hydrodynamics + transport) approach
calculation (lines) and to the same calculation without rescatterings, only with decays (dashed lines).
Note that we do not apply coalescence model. Instead, we adopt the approach of [1], where deuterons
are produced at particlization, similarly to hadrons, and rescatter in the hadronic stage. B2 emerges
automatically in this case from dividing deuteron over protons spectra, according to the Eq. 1.

An alternative way to understand the light nuclei production in the ultrarelativistic ion collisions
is a coalescence model. It postulates, that nuclei are formed at a late stage of the expansion from
nucleons that reside close in the phase space. The coalescence model predicts momentum spectra of
nuclei with number of protons Z and number of neutrons A � Z being proportional to the powers

of the proton and neutron spectra
⇣

Ep

dNp

d3 p

⌘Z ⇣
En

dNn

d3 p

⌘A�Z

. Particularly, for deuterons (taking into
account that at 2.76 TeV proton and neutron spectra should be identical), after integration over the
polar angles:

1
2p

d
2
Nd

pTdpTdy
|
pd

T
=2p

p

T

= B2(pT)

 
1

2p

d
2
Np

pTdpTdy

!2

, (1)

where B2(pT) can in principle be computed ab initio in an elaborate version of a coalescence
model [5]. Here we reproduce B2(pT) in a different way.

Our approach has been described in detail elsewhere [1], and here we only briefly summarize it.
We simulate heavy ion collisions using a hybrid approach, combining relativistic hydrodynamics for
the denser stage of the fireball expansion, and hadronic transport approach (also called afterburner)
for the later, more dilute stage. The initial entropy density distributions in Pb+Pb collisions are given
by the Trento Monte Carlo model [7] with default parameters to approximate the IP-Glasma initial
condition [8]. The hydrodynamic evolution starts at t0 = 0.3 fm/c with a shear viscosity over entropy
density ratio h/s = 0.16. The CLVisc code [6] is used to solve the viscous hydrodynamics equations.
The s95p-pce lattice equation-of-state [9] is used, which matches a chemically equilibrated hadron gas
at temperatures between 150 and 184 MeV. On the constant temperature hyper-surface with Tfrz = 155
MeV, which is equal to the chemical freeze-out temperature in the thermal model, we sample hadrons
as well as deuterons using the Cooper-Frye formula [10]. These sampled hadrons and deuterons are



Transverse momentum spectra
• Production of A=2 and A=3 nuclei with 

multi-particle reactions or coalescence 

• Coalescence: Nuclei are formed if the 
nucleons are close enough in phase 
space 

• Chosen parameters: , 
 

• Afterburner stage is important to 
describe the spectra correctly

Δr = 3fm
Δp = 0.3GeV
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Transverse momentum spectra
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• Number of deuterons over time at LHC 
energies 

• Compare different sampling scenarios 

• All scenarios lead to a similar deuteron yield at 
the end 

• This demonstrates how large the effect of the 
afterburner is for deuteron production 

• The reactions have almost enough time to 
drive deuteron yield to the same value
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FIG. 6: Distribution of deuteron last collision time in case last
collision was inelastic (circles) or elastic (triangles). Kinetic
freeze-out for deuterons coincides with chemical freeze-out,
which follows from inelastic ⇡d cross-section being larger than
elastic, see Fig. 1.

tions out of equilibrium1, should not change the deuteron
yield. Is it a mere coincidence or is there an underlying
physical reason? To understand this we consider five sce-
narios:

1. The default scenario: the number of deuterons sam-
pled at particlization is in full chemical equilibrium
with the hadrons. We denote the event average in
this case as N th

d
. This is the scenario used in the

previous sections.

2. Initial excess of deuterons: we artificially sample 3
times more deuterons at particlization than in the
default scenario.

3. No deuterons from hydrodynamics. All the
deuterons are produced in the afterburner.

4. No BB̄ annihilations: same as default, but BB̄ an-
nihilations in the afterburner are switched o↵. This
allows to assess the role of annihilations.

5. Same as the default scenario except that we per-
form the particlization at T = 165 MeV instead of

1
While the cross-section at the most likely

p
s of BB̄ collisions

is significant: 50-80 mb, the density of baryons and hence the

reaction rate is small so the BB̄ processes quickly fall out of

equilibrium

T = 155 MeV.
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FIG. 7: Upper panel: deuteron yield (both in hydrodynam-
ics and afterburner) versus time for the scenarios, described
in the text. Lower panel: relative amount of energy in the
afterburner. This is to indicate, how much of the system is
already treated by the afterburner.

In the first three scenarios the only di↵erence is the
sampled amount of deuterons from the hydrodynamics.
In Fig. 7 one can see that in these three cases the
⇡d $ ⇡np reactions have almost enough time to drive
deuteron yield to the same value, defined by the average
phase space density of the nucleons in the system. Be-
sides this, the scenario, where no deuterons are produced
from hydrodynamics, is interesting by itself, because it
still leads to a deuteron yield comparable to the one ex-
perimentally measured. First of all, this demonstrates
how large the e↵ect of the afterburner is for deuteron
production. Indeed, all the deuterons in this scenario are
produced from the afterburner. Second, it allows to con-
jecture that in the actual experiment all deuterons are
produced in the hadronic phase. Our calculation does
not prove it, but shows that such a scenario is possible.

The fourth scenario in Fig. 7 shows the role of BB̄
annihilations. Without annihilations the final deuteron
yield is 20% larger. If the detailed balance for the BB̄ $
mesons processes was fulfilled, in other words if the pro-
cesses mesons ! BB̄ were implemented in SMASH, the
final deuteron yield would be between our default calcu-
lation and the scenario without annihilation. This also
seems to suggest that the unchanged deuteron yield in
time is a coincidence. In the fifth scenario we show, how-
ever, that this coincidence persists if one changes the

Oliinychenko et al., Phys.Rev. C99 (2019)

Multiplicities



Multiplicities
• Number of deuterons over time at 7.7 

GeV (RHIC) 

• Compare particlization with and 
without deuterons 

• Compare multi-particle reactions to 
intermediate resonance treatment 

• Quick equilibration of multi-particle 
reactions leads to similarity between 
the two particlization scenarios
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box test. The only allowed reactions are elastic collisions
and the reactions present in Eq. (9). In Eq. (9) we as-
sume that the temperature stays constant over time. In
general, this does not have to be true in the box simula-
tion, but we check by fitting the momentum distributions
that the temperature in fact stays constant.

The comparison between the particle yields of the ana-
lytic calculation and the simulations is presented in Fig-
ure 3. Since the box is only filled with ⇡ and N in the
beginning, the production of d over time is observed.
The simulation agrees for the two di↵erent reaction treat-
ments for d production (2 $ 2 with resonance and direct
2 $ 3) as well as employing either of the two criteria (ge-
ometric and stochastic criterion). The agreement allows
not only to validate equilibration to the correct yields,
but also the equilibration process itself. It is separately
verified that detailed balance principle is fulfilled for all
allowed reactions once the yields are equilibrated.

Physically more interesting than the verification of the
di↵erent reaction treatments, is the di↵erence observed
between the now possible 3-to-2 treatment and the mod-
eling of the same reaction via 2-to-2 reaction. Employ-
ing direct multi-particle reactions leads to a significantly
faster rise of the deuteron yield. Consequently the equi-
librated yields for d (and p) are reached significantly ear-
lier, as predicted by the rate equations. The impact of
this observed faster equilibration of the system, when em-
ploying direct 3-to-2 reactions in an expanding medium
created in heavy-ion collisions, is discussed throughout
the remainder of this work.

A similar result is presented for 3-to-1 reactions as part
of Appendix B.

IV. DEUTERON PRODUCTION IN AU+AU
COLLISIONS

In the following, the results for the deuteron produc-
tion in Au+Au collisions at

p
sNN = 7.7 GeV are dis-

cussed employing the newly introduced 3-to-2 reactions.
All presented results display the deuteron evolution in
the afterburner stage of the hybrid approach. Special
emphasis is placed on the di↵erence to the calculations
modeling the same process with a 2-to-2 reaction chain
including the d0 resonance. Furthermore, two scenarios
at particlization are distinguished in the results. In one
case deuterons are assumed to be produced in the hydro-
dynamic stage of the collision (with d at particlization),
in the other case no deuterons are present at the start of
the afterburner calculation (without d at particlization).
The distinction allows to compare two di↵erent pictures
for deuteron production. The thermal model-like pic-
ture, where d are produced early at high temperatures
and the coalescence-like picture, where d are assumed to
be formed at later times.

Figure 4 shows the number of deuterons propagated
in the afterburner stage over time. The d production is
enhanced when employing direct 3-to-2 reactions. Es-

FIG. 4: Evolution of mid-rapidity deuteron yields in Au+Au
afterburner stage. (a): 0-10% centrality class. (b): 30-40%
centrality class. Experimental data from [36, 37].

pecially in the case with no d at particlization, a more
rapid increase of the d number is observed, which drives
the number close to the case with d at particlization. The
final number of deuterons is almost identical for the two
particlization scenarios. The remaining di↵erence is on
the order of experimental errors. The di↵erence is smaller
for the calculation with the 3-to-2 reactions in compar-
ison to the 2-to-2 approach. Those findings are under-
standable considering the above observed faster equili-
bration when employing multi-particle reactions. The 3-
to-2 reactions drive the system faster to statistical equi-
librium before it freezes out due to its expansion. The
expansion is also the reason why the yields without d at
particlization are not in full agreement with d at par-
ticlization, the d reactions seize too quickly due to the
cooling before enough d can be produced (cf. Figure 5
and 6). Both particlization scenarios are also in agree-
ment with the experimental values for 0-10% centrality,
which shows that d yield is possible to understand in
terms of multi-particle catalysis reaction being the main
production mechanism.

Comparing the two presented centrality classes in Fig-

Staudenmaier et al., Phys.Rev.C 104 (2021)



Multiplicities
• Mid-rapidity multiplicities of light nuclei as a function of time
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 multiplicities and production mechanisms4π
• Helium and triton show similar behavior: 

nuclei disintegration dominates  rescattering reduces yields⇒
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• Hypertriton production and destruction are balanced 
 yields equal to hypersurface at the end⇒
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Particle ratios
• The single ratios are well described 

• The double ratio is related to the critical point

EMMI RRTF Martha Ege, Justin Mohs and Hannah Elfner 15

STAR collaboration, Phys.Rev.Lett. 130 (2023)



Summary
• Dynamic production of light nuclei in SMASH with multi-particle reactions 

•  -spectra and -spectra for different energies fit the data points from STAR and 
ALICE 

• Multiplicities and collision rates: investigation of the different processes 

• Particle ratios are calculated and compared to STAR data

pT B2
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Outlook
• Sensitivity for numerical details 

•  production in CC-collision at HADES-energies3
ΛH



Stochastic collision criterion
• Probability for a reaction of a given particle set 

• Defined as the number of reactions over the number of all possible particle 
combinations  inside a sub-volume  and time interval : 

 

• Calculated collision criterions are:            (for d) 

        (for d) 

        (for , t, )

ΔNreactions Δ3x ΔT

Pn→m =
ΔNreactions

Πn
j=1ΔNi

P2→2 =
Δt

Δ3x
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g1g2g3 ) S!
S′ !

Δt
(Δ3x)2

E1′ 
E2′ 

2E1E2E3

Φ2(s)
Φ3(s)

vrelσ2→3( s)

P4→2 = ( g1′ 
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g1g2g3g4 ) S!
S′ !

Δt
(Δ3x)3

1
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)
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σ2→4( s)
4πs
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Rate equations
• Time dependent particle multiplicities:   

with   

• Rate equations:

Ni = Vnth
i (T)λi

nth
i (T) =

giT
2pi2h3 ∫ dMM2K2(M/T)A(M)
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nth
d

·λd = (Rπd + RNd)(λ2
p − λd)

nth
p

·λN = − (Rπd + RNd)(λ2
p − λd)

·λπ = 0

Rπd = ⟨σvrel⟩πdnth
π nth

d λπ

RNd = ⟨σvrel⟩Nd2nth
p nth

d λN



Collision rates
• Production mechanisms for deuterons at 7.7, 14.5 and 19.6 GeV
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Collision rates
• Production mechanisms for tritons at 7.7, 14.5 and 19.6 GeV
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Collision rates
• Production mechanisms for heliums at 7.7, 14.5 and 19.6 GeV
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Collision rates
• Production mechanisms for hypertritons at 7.7, 14.5 and 19.6 GeV
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