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Role of proton-antiproton regeneration in the late stages of heavy-ion collisions
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We investigate the long-standing question of the effect of proton-antiproton annihilation on the (anti-)proton
yield, while respecting detailed balance for the five-body back-reaction for the first time in a full microscopic
description of the late stages of heavy-ion collisions. This is achieved by employing a stochastic collision crite-
rion in a hadronic transport approach (SMASH), which is used to account for the regeneration of (anti-)protons
via 5π → pp̄. We investigate Au+Au and Pb+Pb collisions from

√
sNN = 17.3 GeV − 5.02 TeV in a viscous

hybrid approach. Our results show that back-reactions happen for a fraction of 15%–20% of all annihilations,
independent of the beam energy or centrality of the system. The inclusion of the back-reaction results in the
regeneration of half of the (anti-)proton yield lost to annihilations at midrapidity. We also find that, concerning
the multiplicities, treating the back-reaction as a chain of two-body reactions is equivalent to a single 5-to-2
reaction.

DOI: 10.1103/PhysRevC.105.064906

I. INTRODUCTION

During the last stage of heavy-ion collisions, hadrons are
formed and interact with each other before flying to the de-
tector. In this stage, dynamical nonequilibrium effects are
essential to fully describe the observables which characterize
the measured hadrons. A good example is the mismatch of the
predicted (anti-)proton yields in thermal models, later allevi-
ated by the inclusion of π -nucleon interaction terms [1,2].

Another mechanism proposed to be the cause of the
mismatch is the dynamical baryonic annihilation [3]. This
was further confirmed by hydrokinetic studies where agree-
ment with Large Hadron Collider (LHC) data improved if
baryon-antibaryon (BB̄) annihilation was included in the af-
terburner [4]. However, these studies did not include the
backward reaction (regeneration), which sparked debate on
whether detailed balance significantly affects the yields.1 Pre-
vious works hint at non-negligible effects, where a significant
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1In the context of hadronic transport, and in what follows, we
refer to the inclusion of equivalent forward and backward rates as
detailed balance. This allows an infinite matter system to equilibrate
to the right thermal equilibrium, in which standard detailed balance
is satisfied.

fraction of the pairs lost to annihilation are regenerated [5,6].
Because the annihilation or back-reaction interplay is a dy-
namical one, one needs a microscopic transport approach
which takes into account back-reactions of the annihilation
channels. Such an implementation is instrumental to resolve
this discussion and determine the impact regeneration has
on the proton-antiproton (pp̄) yields. Since proton yields
are most sensitive to the effects of the switching tempera-
ture [7], a sizable regeneration will affect the ongoing efforts
to constrain the Quantum Chromodynamics (QCD) transport
coefficients [8].

In this work we report for the first time results employ-
ing five-body back-reactions for nucleon-antinucleon (NN̄)
annihilation in a transport approach, which restore detailed
balance. This in particular allows us to quantify the regen-
eration of (anti-)protons in the late nonequilibrium stages of
collisions. Two different treatments for the 5 ↔ 2 reactions
are presented in this work. First, we extend the stochastic
collision criterion introduced in Ref. [9] to 5 ↔ 2 reactions
(stochastic treatment). Second, the same overall reaction is
handled via intermediate resonances as a chain of two-body
reactions (resonance treatment). While the former is theoret-
ically cleaner, the latter is computationally less intensive but
restricted to two-body reactions (like the usually employed ge-
ometric collision criteria [10,11]) in order to conserve detailed
balance. The comparison of both treatments also allows us
to gauge the validity of employing multistep reaction chains
involving resonances with finite lifetimes for multiparticle
reactions.

The treatment using the stochastic collision criterion builds
on earlier works employing similar methods as in [12–14],

2469-9985/2022/105(6)/064906(6) 064906-1 Published by the American Physical Society

https://orcid.org/0000-0003-0409-1547
https://orcid.org/0000-0002-2521-983X
https://orcid.org/0000-0002-2918-2288
https://orcid.org/0000-0001-5470-8416
https://orcid.org/0000-0002-6213-3613
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.105.064906&domain=pdf&date_stamp=2022-06-09
https://doi.org/10.1103/PhysRevC.105.064906
https://creativecommons.org/licenses/by/4.0/


OSCAR GARCIA-MONTERO et al. PHYSICAL REVIEW C 105, 064906 (2022)

where pp̄ annihilation reactions were studied. However, in
these prior works only 3 ↔ 2 reactions are used, where the
5π final state is created by resonance decays from reactions
like pp̄ → ρρπ . The latter is comparable to our resonance
treatment, described above. In our setup we find an excellent
agreement between the resonance and the stochastic treat-
ment, as well as a stable ratio of regeneration/annihilation
reactions across different energies and centralities. Further,
we find an increase in the nucleon yields and regeneration
probabilities of up to 50% at midrapidity for all collision
energies.

This work is organized as follows. In Sec. II we give an
account of the space-time modeling using a hybrid approach.
Both reaction treatments are explained in Sec. III. In Sec. IV
we present our results and discussion, and finally, in Sec. V
we give a summary and outlook.

II. MODELING THE EVOLUTION

To extract the behavior of proton-antiproton annihilation
and restoration in high-energy collisions, we use a hybrid
approach to simulate Au-Au collisions at

√
sNN = 39 GeV,√

sNN = 200 GeV, as well as Pb-Pb collisions at
√

sNN = 17.3
GeV,

√
sNN = 2.76 TeV, and

√
sNN = 5.02 TeV. We employ

the stochastic collision criterion in a hadronic transport ap-
proach (SMASH) SMASH-vHLLE-hybrid approach [16,17].
The initial conditions are provided by the SMASH hadronic
transport approach [11,18], and the evolution of the fire-
ball is performed by the 3+1D viscous hydrodynamics code
VHLLE [19], particlization is achieved with the SMASH-
hadron-sampler [20,21], and SMASH is again applied for the
hadronic afterburner evolution.

Our objective is not to achieve a precise description of
experimental data but to employ values for parameters of
the hybrid approach that are known to reproduce bulk prop-
erties at high beam energies well (compatible with [8]). To
limit computational expenses we restrict ourselves to averaged
initial conditions, since event-by-event fluctuations are not
crucial for the average yields of produced particles. The initial
conditions are obtained by averaging 100 nucleus-nucleus
collisions for 0%–5%, 20%–30%, and 40%–50% centrality
classes. The particles are propagated and interact until they
reach a hypersurface of constant proper time determined
by nuclear overlap and set to τ0 = 0.5 fm at and above√

sNN = 200 GeV. Upon crossing this hypersurface, Gaussian
smearing is applied across all events to obtain the averaged
3+1D initial conditions for VHLLE. For the hydrodynamics
evolution we apply the chiral model equation of state [22]
and use a shear viscosity of η/s = 0.1 and bulk viscosity of
ζ/s = 0.05 for all collision energies. The medium is evolved
according to viscous hydrodynamics until the energy den-
sity drops below εcrit = 0.5 GeV/fm3 [23]. Subsequently, the
Cooper-Frye formula is evaluated on the εcrit hypersurface to
yield particlization of the fluid elements. We sample 2000
events, using the SMASH-hadron-sampler, which then serve
as initial conditions for the nonequilibrium afterburner evo-
lution. The hadrons are further propagated in SMASH and
the remaining interactions performed until the medium is too
dilute.

III. PROTON-ANTIPROTON ANNIHILATION
AND BACK-REACTION

In SMASH, the collision term of the relativistic Boltz-
mann equation is realized by binary (in-)elastic scatterings as
well as the formation and decay of resonances. Additionally,
string excitation and fragmentation are employed for highly
energetic collisions. In this work we rely on an extension
with stochastic rates recently introduced [9], which allows
for multiparticle reactions. Even though these reactions are
implemented for both nucleon isospin states, we focus in our
presentation on the species of experimental interest, p and
p̄. Since the dynamics of baryon resonances does not differ
significantly from pp̄, one can think of them as a proxy for
all BB̄ annihilation reactions. The latter (excluding nucle-
ons) are realized via string fragmentation for the presented
calculations.

Proton-antiproton annihilations are performed in SMASH
by three different methods. First, NN̄ annihilation is realized
via string fragmentation (default) [27]. As in all previous
works including hadronic afterburner calculations, the back-
reaction is unaccounted for and detailed balance is broken.
Nevertheless, detailed balance can be restored when handling
the pp̄ annihilation via intermediate resonances as a chain of
two-body reactions, which characterizes the second method.
As such, the annihilation of the nucleon pair is performed
via pp̄ → h1ρ, which subsequently decays to 5π (via pp̄ →
h1ρ → ρπππ → 5π ). This multistep process in turn pro-
vides the back-reaction 5π → pp̄, needed for the restoration
of pp̄ pairs. Detailed balance is conserved for all intermediate
and total reactions. This method was used to extract the shear
viscosity of hadronic matter in a periodic box in Refs. [28,29].
We note that the pp̄ → h1ρ process is experimentally not well
constrained, but this reaction chain construct is essential to
treat a five-body final state. In addition, the reaction is slowed
down when introducing intermediate resonances. The impact
of finite lifetimes on the final results is gauged by comparison
to the direct stochastic treatment.

The third treatment is an extension of the stochastic crite-
rion in SMASH, which allows one to treat 5 ↔ 2 reactions
in a single step, fulfilling detailed balance. For this criterion,
the relevant collision term is used to compute a reaction prob-
ability. The scattering is performed using a Metropolis-like
algorithm. This method bears the advantage that, unlike the
geometric criterion, it can be extended to arbitrary n ↔ m
reactions. The reader is referred to [9] for a more compre-
hensive description of the stochastic criterion. The collision
probability for a 5-to-2 reaction, assuming that the scattering
matrix element only depends on the Mandelstam variable s, is
given by the expression

P5→2 = g′
1 g′

2

⎡
⎣

5∏
f =1

1

g f 2E f

⎤
⎦S5

S′
2

�t

(�3x)4

λ
(
s, m′2

1 , m′2
2

)

5

σ2→5

4πs
,

(1)
where primed quantities refer to outgoing particles. gi are
the spin degeneracies (gπ = 1, gp/p̄ = 2) and Si the symmetry
factors accounting for indistinguishable states in a colli-
sion (Spp̄ = 1, Sπ+π+π−π−π0 = 2!2!). E f are the energies of
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FIG. 1. Time evolution of particle multiplicities in infinite matter calculations. Left panel: Stochastic treatment applied to pp̄ ↔ 5π

reaction. Right panel: Resonance treatment for intermediate 2 ↔ 2 and 1 ↔ 2 reactions. The analytic result from [15] is obtained by solving
a deterministic system of rate equations. Inset: Total number of reactions per event (Nr) in the forward (�) and backward (�) directions.

the incoming particles, λ(a, b, c) = (a − b − c)2 − 4bc is the
Källén function, 
5 is the integrated five-body phase space,
and the cross section σ2→5 for the pp̄ → 5π process is taken as
follows. We assume that the pp̄ inelastic cross section (differ-
ence between the experimental total and elastic cross sections)
is saturated by multipion reactions. This follows from the
subleading contributions of other channels as discussed in
Refs. [12,30,31]. Second, instead of implementing the whole
set of processes pp̄ → mπ , with m = 2, 3... pions [31], we
consider an effective approach employing a single scattering
process emitting an (energy-dependent) average number of
pions. For the typical energies of the p(p̄) in this work, the
corresponding

√
s in the pp̄ annihilation process is close to the

two-nucleon mass threshold. In this energy range the average
number of produced pions is m = 5 [31], which is the process
we implement in this work with a σ2→5(s) corresponding
to the inclusive multipion cross section, and, from the first
argument, equal to the pp̄ inelastic cross section. In Eq. (1) �t
is the time-step size of the dynamical evolution of the system,
and �3x is the subvolume where the 5 → 2 collision hap-
pens. The collision probability is calculated for all possible
five- and two-particle combinations, making the calculation
computationally expensive. Nevertheless, since this treatment
is directly based on the Boltzmann equation, it is the theoreti-
cally most rigorous treatment available, while at the same time
allowing all possible final states to be treated.

We have benchmarked the stochastic treatment by testing
equilibration in two infinite matter settings, one employing the
stochastic rates for annihilation processes and one employing
the intermediate resonances. A (10-fm)3 box with periodic
boundary conditions has been initialized in both cases with 50
nucleons and pions of each isospin state. Figure 1 shows the
multiplicity evolution for the two cases. While it is observed
that all yields equilibrate chemically for both settings, equi-
libration is significantly faster for the stochastic treatment,
with yields not changing after around 7.5 fm. This is a con-
sequence of the more complex, multistep treatment involving

intermediate resonances with finite lifetimes. The faster
equilibration of the medium when employing multiparticle
reactions confirms previous findings for 3-to-2 and 3-to-1
reactions in [9]. The insets of Fig. 1 demonstrate detailed
balance by counting the total number of forward and back-
ward reactions per event. This proves that this calculation
is the first one in which detailed balance is achieved for a
five-body reaction in a transport approach. For the stochastic
approach of 5-to-2 reactions, the equilibration process is also
compared to the solution of analytic rate equations given in
Ref. [15] and found to be fully compatible (see Fig. 1). Yet,
direct comparison to the resonance treatment is not possible,
as different degrees of freedom are required to realize the full
reaction chain.

IV. RESULTS

In what follows we track the evolution of the midrapidity
and total(anti-)proton number, dN/dy, throughout the after-
burner evolution, as well as the number of reactions (pp̄
annihilation and back-reaction) and find an excellent agree-
ment between the stochastic and resonance treatments. In
Fig. 2 we distinguish three scenarios in our calculations: Per-
forming only decays after particlization without rescattering
(dotted lines), similar to particle production assumed by ther-
mal models [1]. Secondly, we include rescattering with no
back-reaction (dashed lines), which shows the maximal effect
of pp̄ annihilations (see Refs. [3,32,33]). Finally, the 5π → pp̄
reaction is taken into account with the stochastic and reso-
nance treatments (solid lines and markers, respectively).

In Fig. 2 one can see that, as expected from previous
works, the inclusion of annihilations reduces the (anti-) proton
yields [3] and leads to a better agreement with experimental
data. While the inclusion of detailed balance increases again
the yield, we still observe a net decrease of the (anti)proton
yield. The effect of the pp̄ regeneration can be grasped from
the difference between the dashed and solid lines, which be-
comes more prominent for increasing collision energy, the
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FIG. 2. Time evolution of p and p̄ total multiplicity (upper panels) and midrapidity yield (lower panels) for different collision systems and
energies: Pb-Pb at

√
sNN = 17.3 GeV (left), Au-Au at

√
sNN = 200 GeV (middle), and Pb-Pb at

√
sNN = 5.02 TeV (right). The results from

the stochastic approach are depicted by solid lines, while the results from the resonance treatment are given as open symbols. Experimental
data from Refs. [24–26].

ratio is referred to as the “regeneration factor” in the follow-
ing. Full regeneration of the yield (see Ref. [5]) is not found
for any of the systems.

Additionally, we find that the pion yields are not sensitive
to the inclusion of the back-reaction. While it is true that pp̄
regeneration depletes the pion number by five pions, which

should in principle reduce the pion yield, the small number
of pp̄ pairs regenerated (as quantified by total difference in
the yield) will not greatly affect the pion multiplicity. We
have computed the pions for the three different scenarios
mentioned above. We see a very minimal effect on the yields,
reaching at most 3% in difference for the backreacting case.

FIG. 3. (Top) Total number of reactions for different systems (Au-Au,
√

sNN = 39, 200 GeV, Pb-Pb,
√

sNN = 17.3 GeV, 2.76 and 5.02
TeV), for different centrality classes (0-5, 20-30 and 40-50%). (Bottom) Ratio of total number of pp̄ to BB̄ annihilation reactions, as well as pp̄
back-reaction (BR) to annihilation reactions. For simplicity, we present here results from the resonance treatment. Both treatments are identical
to each other.
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Our results show that 20%–50% of proton-antiproton pairs
lost to annihilation are regenerated, depending on the rapidity
cuts. We find that for the midrapidity region (see Fig. 2), it is
40%–50% for all systems. For the full 4π multiplicity, 15%–
40% of the pp̄ pairs lost to annihilation are regenerated. These
results are compatible with previous works which employed
a simplified scenario [6], as the authors also report a change
of 20% on the (4π ) yield when including back-reactions.
Furthermore, comparing to results from Ref. [14], which treats
a more extensive set of BB̄ reactions via detailed balance
conserving 3-to-2 reactions, we find a similar net reduction
of protons for

√
sNN = 200 GeV. Conversely, our findings

disagree with theirs at
√

sNN = 5.02 TeV. We also checked the
average transverse momentum of the (anti-)protons and found
negligible effects due to the inclusion of the back-reaction.

Notice that while the difference between the p and p̄ mul-
tiplicities fades away when increasing the collision energy (as
the average μB approaches zero), we still find differences even
at

√
sNN = 5.02 TeV. This difference can be traced back to a

systematic positive (but small) value of μB at particlization
that is reflected in a finite net baryon number in the system
(as observed in the small difference between p and p̄ yields at
t = 0 in Fig. 4), which leads to the final p and p̄ difference.
This deficiency, which does not match the experimental ob-
servation of equal yields at the highest beam energies, can be
alleviated by adjusting the initial state in the future.

To gauge how strongly an intermediate resonance affects
the results, we track the number of collisions, both total
(Fig. 3) and their time dependence (Fig. 4). For the resonance
treatment we choose to track only the pp̄ ↔ h1ρ reaction as
the annihilation or regeneration reaction, since the scattering
partners of the intermediate reactions may mix into the
medium, causing interrupted annihilations in nonequilibrium
settings because of, i.e., reabsorption of ρ particles. In Fig. 3
the reader finds the quantification of the total number of
reactions across three centrality classes and a large range
of energies. We also present two relevant ratios. First, the
ratio of backward to forward reactions, which lies at around
15%–20%, is stable in all systems. This number further
confirms our agreement with Ref. [6]. Second, the ratio of
pp̄ annihilations to the number of (non-nucleon) baryon
annihilations is also a constant value across all systems.
Thanks to the stability of these numbers, we can use the two
numbers to extrapolate our findings to the full spectrum of
BB̄ annihilation and regeneration.

In Fig. 4 it can be observed that both back-reaction treat-
ments are consistent for the forward and backward reaction
rate (pp̄ annihilation and production), also when taking into
account the time evolution. This is in contrast to previous
studies for d catalysis reactions at lower beam energies,
where multistep and multiparticle treatments revealed dif-
ferences [9]. In fact, this excellent agreement is relatively
surprising considering the dynamical differences of both
approaches, i.e., intermediate state in-medium mixing. A pos-
sible explanation could be that a π -rich and longer-lived
medium minimizes the effects of a slower reaction. So, while
the stochastic treatment is more rigorous and flexible, it ap-
pears that the 5-to-2 reaction can be modeled in multiple steps
without affecting the presented results for reaction rate (and

FIG. 4. Reaction rates for stochastic (lines) and resonance (sym-
bols) treatment for different collision systems and energies: Pb-Pb at√

sNN = 17.3 GeV (top), Au-Au at
√

sNN = 200 GeV (middle), and
Pb-Pb at

√
sNN = 5.02 TeV (bottom).

resulting yield, see Fig. 2). Figures 2 and 3 are the main
results of this work and can be summarized as the proof of
consistence of the resonance and stochastic treatment and the
quantification of the pp̄ regeneration in a fully microscopic
description of the late stages.

V. CONCLUSIONS

In this work we have presented the first afterburner cal-
culation employing detailed balance for proton-antiproton
annihilation, namely, the process pp̄ ↔ 5π . We have found
the backward-to-forward reaction ratio to be 15%–20%, stable
throughout a large range of collision energies and centralities.
This number is compatible with the regeneration factor found
for 4π multiplicities in previous studies [6]. This is also
compatible with the trend we observe for the non-negligible
rapidity-dependent regeneration factor in the (anti-)proton
yields. For the full rapidity range a regeneration factor of
20%–30% is determined, while for the midrapidity slice,
|y| < 0.5, around 50% of the pp̄ pairs lost to annihilation are
regenerated.
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This study supports the message that pp̄ processes and
the dynamical interplay of annihilation and regeneration does
play a non-negligible role for the proton yield and has to be
accounted for when modeling the system. On the other hand,
their effect on other observables, i.e., flow coefficients, are yet
to be explored. Our results indicate that observing an equili-
brated proton yield corresponding to a single temperature and
chemical potential at the chemical freeze-out is not possible,
even when taking detailed balanced multiparticle reactions
into account. The expansion of the system supersedes the re-
action probabilities, and nonequilibrium effects are important.
Furthermore, our study presents the opportunity to use the
findings for the specific pp̄ reaction to estimate the effect that
general BB̄ annihilation and back-reaction have on the yields
of the remaining baryons.

In the future, quantitative extraction of properties of the
quark-gluon plasma created in heavy-ion collisions that are
based on proton yields as a basic bulk observable have to
take into account the significant effects of annihilation and
regeneration in the late-stage hadronic evolution. This might
have an effect on the other parameters of the calculation,

such as the switching transition criterion. Furthermore, our
results may be tested experimentally as recently suggested in
Ref. [34]. The stochastic treatment can be further extended to
include general baryon-antibaryon annihilation, as well as the
back-reactions to other 2 → n processes.
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