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The centrality dependence of the p/π ratio measured by the ALICE Collaboration in 5.02 TeV Pb-
Pb collisions indicates a statistically significant suppression with the increase of the charged particle 
multiplicity once the centrality-correlated part of the systematic uncertainty is eliminated from the 
data. We argue that this behavior can be attributed to baryon annihilation in the hadronic phase. By 
implementing the B B̄ ↔ 5π reaction within a generalized partial chemical equilibrium framework, we 
estimate the annihilation freeze-out temperature at different centralities, which decreases with increasing 
charged particle multiplicity and yields Tann = 132 ± 5 MeV in 0-5% most central collisions. This value 
is considerably below the hadronization temperature of Thad ∼ 160 MeV but above the thermal (kinetic) 
freeze-out temperature of Tkin ∼ 100 MeV. Baryon annihilation reactions thus remain relevant in the 
initial stage of the hadronic phase but freeze out before (pseudo-)elastic hadronic scatterings. One 
experimentally testable consequence of this picture is a suppression of various light nuclei to proton 
ratios in central collisions of heavy ions.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
Introduction Baryon-antibaryon annihilation is among the most 
important reactions in hadronic matter. These reactions are re-
sponsible for the disappearance of antimatter during the expan-
sion and cooling of the matter created in the Big Bang below the 
QCD transition temperature T � 160 MeV. Conditions similar to 
the early Universe are recreated in little bangs – relativistic heavy-
ion collisions – where baryon annihilation should play a significant 
role in the hadronic phase [1]. Monte Carlo hadronic afterburners 
such as UrQMD [2,3] or SMASH [4] do predict sizable suppression 
of (anti)baryons yields due to the annihilations [5–10].

The suppression of the proton yield in central Pb-Pb collisions 
at the LHC relative to statistical hadronization model (SHM) pre-
dictions [11] has been discussed as possible experimental evidence 
for baryon annihilation in the hadronic phase [6,7]. However, it 
has also been pointed out that there are sizable theoretical uncer-
tainties in SHM predictions of proton abundances due to modeling 
of meson-baryon interactions [12–14], which could potentially ex-
plain the discrepancy, at least partially. Furthermore, proton sup-
pression due to baryon annihilation has been predicted based on 
transport model simulations of the hadronic phase that incorpo-
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rate direct reactions such as B + B̄ → n π [15,16], where typically 
n ∼ 5 [17], but not regeneration reactions, nπ → B + B̄ , thus vi-
olating detailed balance. Implementation of multi-particle baryon 
regeneration reactions in transport codes is challenging [18] and 
if done properly can mitigate the effect of annihilations to some 
extent, if not negate it completely [19–21].

Thus, to which extent the proton yield may be modified in cen-
tral collisions by baryon annihilation remains an open issue. Pre-
cision measurements of proton number fluctuations have recently 
been suggested to tackle this problem [22], as well as baryonic 
charge balance functions [23]. In the present work, we instead 
explore the centrality dependence of the p/π ratio. The uncer-
tainties in the proton yield within SHM due to the modeling of 
hadronic interactions correspond to the evaluation of its chemi-
cal equilibrium abundance at a given temperature. Therefore, these 
uncertainties alone are not expected to generate any centrality de-
pendence for the p/π ratio, as long as the hadronization temper-
ature is assumed to be centrality independent. On the other hand, 
the hadronic phase is more relevant in central collisions com-
pared to peripheral ones, as evidenced by centrality dependence 
of the kinetic freeze-out temperature [11,24] and resonance sup-
pression [25–29]. Baryon annihilation during a long-lived hadronic 
phase in central collisions can thus be expected to suppress the 
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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Fig. 1. Centrality (charged particle multiplicity) dependence of the p/π ratio scaled 
by its value in peripheral (80-90%) collisions in 5.02 TeV Pb-Pb collisions as mea-
sured by the ALICE Collaboration [24].

p/π ratio relative to peripheral collisions. This effect is indeed 
observed in hadronic afterburner simulations at different central-
ities [30]. Indications for this suppression are present in 2.76 TeV 
Pb-Pb data of the ALICE Collaboration [11]. However, it has been 
challenging to make definitive conclusions due to large system-
atic uncertainties in the data. Recently, the ALICE Collaboration 
has published the p/π data from the Pb-Pb run at 5.02 TeV [24]. 
These data have smaller error bars compared to 2.76 TeV. How-
ever, more importantly, the systematic uncertainties in the new 
data have been split into two contributions: (i) correlated and (ii) 
uncorrelated with centrality. Using the much smaller uncorrelated 
uncertainty allows one to establish the suppression of the p/π
ratio in central collisions with a sizeable statistical significance. 
Indeed, Fig. 1 depicts the charged multiplicity dependence of the 
p/π ratio at 5.02 TeV scaled by its value in peripheral (80-90%) 
collisions, where only the centrality-uncorrelated part of system-
atic uncertainties was used in the error propagation. Although the 
error bars still appear to be correlated with centrality, the results 
indicate the presence of statistically significant suppression of the 
p/π ratio with multiplicity. The largest suppression of the p/π ra-
tio is in 0-5% collisions, with a suppression factor of 0.78 ± 0.05, 
with a significance of more than 4σ .

In the present work we interpret the centrality dependence 
of the p/π suppression as the effect of baryon annihilation in 
the hadronic phase. We also estimate the freeze-out temperature 
Tann for the annihilation reactions from the experimental data. To 
achieve this, we use the partial chemical equilibrium (PCE) frame-
work [31] to model the hadronic phase in heavy-ion collisions 
at the LHC [28]. This framework is extended here to incorporate 
annihilation and regeneration reactions N N̄ ↔ 〈nπ 〉 π involving 
(anti)nucleons and pions.

Nucleon-antinucleon annihilation in partial chemical equilibrium The 
PCE framework describes the gas of hadrons and resonances in 
partial chemical equilibrium, where all inelastic reactions are for-
bidden but elastic (e.g. ππ ↔ ππ ) as well as pseudo-elastic reac-
tions involving short-lived resonances (e.g. ππ ↔ ρ , π K ↔ K ∗ , 
and π N ↔ �) are equilibrated [31,32]. In this case, the total 
abundances of stable hadrons, including the feeddown from short-
lived resonances, play the role of conserved quantities. For ex-
ample, the total pion and nucleon numbers, which read Ntot

π =
Nπ + 2Nρ + 3Nω + . . . and Ntot

N = NN + N� + NN∗ , respectively, are 
conserved, thus one can introduce effective chemical potentials μπ

and μN that regulate their values. The same applies to kaons, sta-
ble hyperons, and long-lived resonances. The chemical potentials of 
short-lived resonances are not independent but related to effective 
chemical potentials of their decay products through the condition 
of relative equilibrium of their decay and regeneration reactions, 
e.g., μρ = 2μπ , μ� = μN + μπ , and so on.

Due to the isentropic nature of the fireball expansion in 
PCE [31], all chemical potentials at a given temperature T can be 
determined by solving the system of conservation equations
2

ntot
i

s
= nini

i

sini
, i ∈ π, K , N, . . . (1)

Here nini
i

sini are the initial value of the total stable hadron per 
entropy ratios, which in heavy-ion collisions correspond to the be-
ginning of the hadronic phase. The hadronic matter is assumed 
to be chemically equilibrated at the beginning of the hadronic 
phase. Thus, nini

i
sini correspond to the values calculated in the sta-

tistical hadronization (SHM) model. The PCE framework has earlier 
been used to model the hadronic phase in hydrodynamic simu-
lations [32] and provides a reasonable description of resonance 
suppression [28]. However, as inelastic reactions such as baryon 
annihilation are not allowed in the standard PCE framework, it re-
quires modification.

Let us add reactions N N̄ ↔ 〈nN N̄
π 〉π , where N ∈ p, n and π ∈

π+, π−, π0, into the PCE framework. Typically 〈nN N̄
π 〉 = 5 [17], al-

though the framework can incorporate also other values of 〈nN N̄
π 〉. 

The total numbers NN , NN̄ , and Nπ are no longer conserved but 
instead a quantity,

Ntot
ann = Ntot

N + Ntot
N̄

2
+ Ntot

π

〈nN N̄
π 〉 , (2)

is conserved as well as the net number of nucleons Nnet,tot
N =

Ntot
N − Ntot

N̄
. These two conservation equations are not sufficient 

to fix three chemical potentials, μN , μN̄ , and μπ . Thus, an ex-
tra condition is required in order to close the system of equations. 
The PCE framework is built on assuming relative chemical equi-
librium of (pseudo-)elastic reactions, thus it is natural to assume 
in an extended PCE framework that the annihilation reactions 
N N̄ ↔ 〈nN N̄

π 〉π do also proceed in relative equilibrium. This implies 
the following relation for the chemical potentials,

μN + μN̄ = 〈nN N̄
π 〉μπ, (3)

which closes the system of equations.
Note that the relation (3) assumes equilibrium of the reac-

tions N N̄ ↔ 〈nN N̄
π 〉π during the hadronic phase. Formally, this 

corresponds to an instantaneous annihilations equilibration time 
τ N N̄

eq → 0. The validity of this assumption is questionable. Gener-

ally, it is required that the N N̄ ↔ 〈nN N̄
π 〉π reaction rate is larger 

than fireball expansion rate to maintain equilibrium. Alternatively, 
the equilibration time τ N N̄

eq should be smaller than the duration of 
the hadronic phase. A simple estimate for the equilibration time is 
τ N N̄

eq = (〈σN N̄ vrel〉nB)−1 where 〈σN N̄ vrel〉 ∼ 30 − 70 mb [17,19,20,
33] is the thermal-averaged cross section of the pp̄ reaction, and 
nB ∼ 0.03 fm−3 at T = 160 MeV [34] is the number density of 
(anti)baryons, giving τ N N̄

eq ∼ 5 − 11 fm/c. This value is comparable 
to the hadronic phase lifetime of 4-8 fm/c in central Pb-Pb colli-
sions [20,29], and thus it does indicate that the annihilations in the 
hadronic phase cannot be neglected. However, it may also question 
the assumption that annihilation and regeneration reactions are 
close to equilibrium. On the other hand, one can infer a smaller 
equilibration time of τ N N̄

eq ∼ 2 − 3 fm/c from Monte Carlo trans-

port model simulations implementing N N̄ ↔ 5π reactions through 
stochastic rates [18]. Such a small τ N N̄

eq would justify the equi-
librium assumption, at least for the initial stages of the hadronic 
phase. In the following, we thus adopt the generalized PCE frame-
work and the associated equilibrium assumption but also discuss 
the possible corrections to this picture if this assumption is re-
laxed.

So far, we have only discussed the N N̄ annihilations, which 
we have explicitly incorporated into the generalized PCE frame-
work. Other baryons are also affected, however. In particular, the 
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Fig. 2. Temperature dependence of the p/π ratio evaluated in the hadronic phase at 
T = Tann in PCE model with N N̄ annihilations relative to its value at the beginning 
of the hadronic phase (hadronization) at T = Thad = 160 MeV. The solid lines corre-
spond to calculations within the generalized PCE framework that explicitly includes 
N N̄ ↔ 5π annihilations, while the dashed-dotted line corresponds to a perturbative 
calculation on top of the standard PCE framework.

condition (3) implies the presence of baryon-antibaryon annihi-
lation reactions involving all other non-strange baryons such as 
� and N∗ . Let us, for example, consider the lowest-lying � res-
onance. Its chemical potential is μ�(�̄) = μN(N̄) + μπ , reflecting 
the relative chemical equilibrium of � ↔ Nπ decays and regener-
ations. Given Eq. (3) one, therefore, has μ� +μN̄ = (〈nN N̄

π 〉 + 1)μπ

and μ� + μ�̄ = (〈nN N̄
π 〉 + 2)μπ which implies relative chemical 

equilibrium of the annihilation reactions �N̄ ↔ (〈nN N̄
π 〉 + 1)π and 

��̄ ↔ (〈nN N̄
π 〉 + 2)π , respectively. The implication is that not only 

the primordial yield component of the total proton yield is affected 
by baryon annihilation, but also the feeddown contribution from 
resonance decays.

Partial chemical equilibrium has been implemented in the open 
source Thermal-FIST package [34] since version 1.3, originally 
without N N̄ annihilations. In the present analysis, we use an ex-
tended version of the code that incorporates N N̄ ↔ 〈nN N̄

π 〉π reac-
tions as described above.

At LHC energies, the treatment of annihilations can be sim-
plified. First, due to the vanishing net baryon density one has 
Ntot

N = Ntot
N̄

and thus μN = μN̄ = 1
2 〈nN N̄

π 〉μπ . Second, due to the 
fact that matter is meson-dominated (p/π+ 	 0.05) [35], one can 
treat baryon annihilations perturbatively on top of the standard 
PCE description. Namely, one neglects the change of pion num-
ber due to annihilations and evaluates the effective pion chemical 
potential μπ in the standard PCE framework. The effective chem-
ical potentials of (anti)nucleons are then evaluated as μN = μN̄ =
1
2 〈nN N̄

π 〉μπ which are then used to calculate nucleon abundances. 
While we use the complete generalized PCE framework in most of 
our numerical calculations, we also test the accuracy of the per-
turbative approach.

Annihilations freeze-out from the ALICE data Here we analyze the 
5.02 TeV ALICE data on the centrality dependence of the p/π ratio 
suppression (Fig. 1) in the context of baryon annihilations in the 
hadronic phase. We assume that, at each centrality, the hadronic 
phase starts with hadronization at Thad = 160 MeV and expands 
in the state of partial chemical equilibrium which includes baryon 
annihilation reactions N N̄ ↔ 〈nN N̄

π 〉π in relative chemical equilib-

rium. We take 〈nN N̄
π 〉 = 5 based on experimental data on pp̄ reac-

tions [17]. The p/π ratio evaluated at each temperature includes 
feeddown contributions from all strong and electromagnetic de-
cays. The effect of annihilations is to decrease the p/π ratio as the 
fireball cools and expands (Fig. 2).

Attributing the suppression of p/π ratio in data to baryon an-
nihilations, we estimate the annihilation freeze-out temperature 
Tann at each centrality by matching the data (Fig. 1) to the p/π
suppression predicted by the model (Fig. 2). The corresponding re-
sults for Tann are listed in Table 1 and depicted in Fig. 3 by the red 
3

Table 1
Centrality dependence of the extracted baryon 
annihilation freeze-out temperature in Pb-Pb 
collisions at √sNN = 5.02 TeV.

Centrality 〈dNch/dη〉 Tann [MeV]

0−5% 1943 ± 56 132 ± 5
5-10% 1587 ± 47 133 ± 5
10-20% 1180 ± 31 135 ± 5
20-30% 786 ± 20 136 ± 6
30-40% 512 ± 15 139 ± 6
40-50% 318 ± 12 142 ± 7
50-60% 183 ± 8 145 ± 8
60-70% 96.3 ± 5.8 152 ± 8
70-80% 44.9 ± 3.4 157+3

−11
80-90% 17.5 ± 1.8 160

Fig. 3. Annihilation freeze-out temperature (red symbols with a band) extracted 
from the p/π ratio in 5.02 TeV Pb-Pb collisions as a function of charged par-
ticle multiplicity (centrality). Also shown are the hadronization temperature of 
160 ± 5 MeV (green line with a band) and the kinetic freeze-out temperature ex-
tracted from blast-wave fits (blue symbols with a band) [24].

band with symbols. The band width corresponds to the error prop-
agation of the p/π data in Fig. 1. The resulting Tann is a mono-
tonically decreasing function of the charged particle multiplicity 
dNch/dη. In peripheral intervals, dNch/dη � 100, the annihilation 
freeze-out temperature is consistent with the hadronization tem-
perature Tann 	 Thad = 160 MeV, indicating a short-lived hadronic 
phase and small relevance of the annihilation effects. The rele-
vance of baryon annihilations in more central collisions is evident, 
with the lowest Tann = 132 ± 5 MeV value reached in 0-5% cen-
tral collisions (dNch/dη = 1943 ± 56). By construction, the effect of 
annihilation vanishes in the most peripheral bin, 80-90%. This as-
sumption is supported by the fact that the p/π ratio in peripheral 
Pb-Pb collisions is consistent with the one measured in p-p colli-
sions (Fig. 1), where no annihilations are expected. Nevertheless, 
one can relax this assumption in a more detailed study, which is 
left for future work.

It is instructive to compare the extracted Tann values with the 
kinetic freeze-out temperatures Tkin that would correspond to the 
end of the hadronic phase. The Tkin values are typically estimated 
from blast-wave fits to hadron pT spectra and their values for 
5.02 TeV collisions [24] are shown in Fig. 3 by the blue symbols 
with a band. The Tkin values never exceed Tann and are signif-
icantly below Tann at all centralities apart from the two most 
peripheral bins. This indicates an hierarchy Tkin < Tann < Thad in 
(semi-)central collisions, implying that, in spite of their large cross 
sections, the annihilation reactions N N̄ ↔ 5π freeze out earlier 
than the (pseudo-)elastic hadronic scatterings at the LHC ener-
gies. This fact can be explained by the meson dominance of the 
hadronic matter created at the LHC, as indicated by low values of 
the measured baryon-to-meson ratios like p/π ∼ 0.05. This is also 
consistent with the expectation that baryon annihilation can only 
maintain equilibrium at early stages of the hadronic phase.



V. Vovchenko and V. Koch Physics Letters B 835 (2022) 137577
Fig. 4. Multiplicity dependence of the p/π ratio in Pb-Pb collisions at √
sNN =

5.02 TeV calculated in the standard SHM model at Thad = 160 MeV (dashed black 
line), extended to include N N̄ ↔ 5π annihilations (solid black line), plus extended 
to include π N interactions either via energy-dependent Breit-Wigner resonance 
widths (solid red line) [13] or S-matrix correction (solid blue line) [14]. The sym-
bols show the experimental data of the ALICE Collaboration [35]. The band and the 
error bars correspond to total and centrality-uncorrelated systematic uncertainties, 
respectively.

As mentioned above, the generalized PCE framework assumes 
instantaneous equilibration time τ N N̄

eq → 0 of N N̄ annihilations. 
The actual equilibration time, however, is unlikely to be less than 
τ N N̄

eq ∼ 2 − 3 fm/c and is possibly even larger. If one relaxes the 
τ N N̄

eq → 0 assumption, it would follow that p/π approaches the rel-
ative equilibrium value given by the generalized PCE at given Tann
only with some time delay, which is exacerbated by the fact that 
the system continues to expand and cool down. This implies that 
the p/π ratio predicted by the generalized PCE at Tann shown in 
Fig. 3 is likely reached at lower temperatures due to the fact that 
N N̄ ↔ 5π reaction does not equilibrate instantaneously. Therefore, 
the Tann values shown Fig. 3 should be regarded as the upper 
limit on the temperature values for the freeze-out of all nucleon 
number-changing reactions.

The result indicates that the measured proton (and, to a much 
smaller extent, pion) yields should not be described by the chem-
ical equilibrium SHM, as the yields are modified sizably by baryon 
annihilation in the hadronic phase. Instead, the data on the p/π
ratio can be adjusted by modification factors in Fig. 1 (or computed 
through PCE framework if Tann can be constrained in an indepen-
dent way) to remove the effect of baryon annihilation and recon-
struct the value at the hadronization stage. The SHM fits can then 
be performed on these adjusted data to extract the hadronization 
temperature (as opposed to chemical freeze-out temperature), as 
previously explored in Ref. [8] using modification factors from the 
UrQMD model.

Other mechanisms affecting the p/π ratio Various mechanisms for 
modifying the proton yield in the SHM that are different from 
baryon annihilation have been explored in the literature as a pos-
sible explanation of the thermal proton yield anomaly in central 
collisions. These include the excluded volume interactions [12], fi-
nite resonance widths [13], or S-matrix corrections through π N
phase shifts [14]. These modifications do not predict any centrality 
dependence of the p/π ratio and can thus be considered comple-
mentary to baryon annihilation. Fig. 4 shows how these various 
mechanisms influence the p/π ratio.

When only annihilations are included (solid black line), the 
model systematically overshoots the data at all centralities on a 3σ
level. This result indicates that baryon annihilation alone does not 
provide a complete resolution for the experiment’s observed “low” 
p/π ratio, but only its centrality trend. It can thus be interesting 
to combine baryon annihilation with other mechanisms. One such 
mechanism is short-range repulsion in the baryon-baryon interac-
4

tion. When modeled by means of an excluded volume prescription 
for baryons, with an excluded volume parameter b = 1 fm3 fit-
ted to lattice QCD data [36], one obtains a 5% reduction of the 
proton yield in SHM at T = 160 MeV [37]. Baryon excluded vol-
ume thus slightly improves the description of the p/π ratio (solid 
magenta line), but not sufficiently. A more significant effect may 
come from reevaluating proton feeddown contributions from broad 
baryonic resonances such as � and N∗ , which may be suppressed 
considerably relative to the standard SHM [13,14]. When this ef-
fect is implemented through energy-dependent Breit-Wigner res-
onance widths [13], one obtains a much better description of 
the experimental data, with less than 1σ deviation at all cen-
tralities. Similarly, when instead of Breit-Wigner one uses the S-
matrix correction advocated in [14] based on π N scattering phase 
shifts, this leads to a similarly improved data description (solid 
blue line). Note that the hadronization temperature is fixed to 
Thad = 160 MeV throughout this analysis. We checked that using 
Thad = 155 MeV yields generally similar results, although the data 
for the p/π ratio tend to be slightly underestimated when all the 
discussed effects are included. In a more detailed analysis, one can 
fit the value of Thad to experimental data.

Our analysis disregards the possibility of hyperon annihilation. 
Although experimental constraints on these reactions are scarce, 
these reactions are expected to be relevant as well [38], and would 
thus suppress hyperon yields in central collisions [30,39], qualita-
tively similar to the p/π ratio. It would be interesting to return to 
this question once accurate data for the centrality dependence of 
hyperon-to-pion ratios become available.

Effect on light nuclei production The results shown here are based 
on the assumption that the suppression of the p/π ratio at var-
ious centralities relative to peripheral collisions can be entirely 
attributed to baryon annihilation. It is thus instructive to con-
sider experimental observables that could test this assumption. 
Light nuclei are a natural candidate for such an observable, given 
that their constituents are nucleons. In particular, if the annihila-
tions suppress the nucleon yield by a factor γN , then, to leading 
order, the yield of a light nucleus A would be suppressed by 
factor γA ∼ (γN )A . For γN ∼ 0.8 in central collisions this would 
imply, γd ∼ 0.64 for deuterons, γ3He ∼ 0.51 for 3He and 3H, and 
γ4He ∼ 0.41 for 4He. This type of suppression can be expected re-
gardless of the exact mechanism for light nuclei production, as 
long as it assumes that nuclei are formed after the nucleon yields 
are frozen at T = Tann.

To make a quantitative estimate, we use the Saha equation ap-
proach [40], which allows one to compute light nuclei abundances 
in the hadronic phase. Fig. 5 depicts the ratios d/p, 3He/p, and 
4He/p as a function of charged particle multiplicity evaluated us-
ing the Saha equation at T = Tann (red lines with bands). Here 
we include the effect of energy-dependent Breit-Wigner widths 
into our calculations to reproduce the right magnitude of proton 
yields. The results show the expected suppression of light nuclei in 
central collisions, which becomes more prominent for heavier nu-
clei. The effect of baryon annihilation obtained here is consistent 
with earlier studies employing UrQMD afterburner plus coales-
cence [41,42], or rate equations [43]. Similar to the proton yield, 
the deuteron yield can be affected by hadronic interactions [44], 
the corresponding correction factors, however, are not expected to 
notably affect the centrality dependence.

One should note that light nuclei are also expected to be sup-
pressed in small systems, as evidenced by the experimental data 
from pp and pA collisions at the LHC [45–47]. The canonical sup-
pression from baryon conservation in the SHM approach [48], or 
the finite size of the emitting source relative to nuclear wave 
function in the coalescence approach [49], have been discussed 
as possible mechanisms for this suppression. To illustrate this ef-
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Fig. 5. Multiplicity dependence of light nuclei to proton ratios calculated in the extended SHM (Saha equation) with baryon annihilation (red lines) and the additional effect 
of canonical suppression (black lines). The calculations include the effect of finite resonance widths through energy-dependent Breit-Wigner prescription.
fect schematically, we apply canonical suppression factors from the 
canonical SHM [48], evaluated at T = 160 MeV and using canonical 
correlation volume V c = 1.6 dV /dy [50], to our calculations, this 
is shown by black lines with bands in Fig. 5. The canonical sup-
pression in small systems leads to a non-monotonic multiplicity 
dependence of the light-nuclei-to-proton ratios, peaked at midcen-
tral collisions. These predictions can be tested with upcoming data 
from 5.02 TeV Pb-Pb run at the LHC where, similarly to the data 
on the p/π ratio, the centrality-correlated part of the systematic 
uncertainty should be removed.

Summary We point out that the suppression of the p/π ratio 
with charged particle multiplicity measured by the ALICE Col-
laboration in 5.02 TeV Pb-Pb collisions can be attributed to the 
presence of baryon annihilation in the hadronic phase. By imple-
menting the B B̄ ↔ 5π reaction within a generalized partial chemi-
cal equilibrium framework, we estimate the annihilation freeze-out 
temperature at different centralities from the data, which is found 
to decrease with charged particle multiplicity from Tann 	 Thad 	
160 MeV in peripheral collision to Tann = 132 ± 5 MeV in 0-5% 
most central collisions. This value is below the hadronization tem-
perature but above the thermal (kinetic) freeze-out temperature of 
Tkin ∼ 100 MeV. The annihilation reactions thus remain relevant 
in the initial stage of the hadronic phase but freeze out before 
(pseudo-)elastic hadronic scatterings. This result indicates that pro-
ton yields should not be described by the standard chemical equi-
librium SHM, unless the data are corrected for the proton yield 
modification in the hadronic phase. One experimentally testable 
consequence of the annihilation picture is a suppression of the 
d/p, 3He/p, and 4He/p ratios in central collisions of heavy ions, 
which calls for high precision measurements of these quantities as 
a function of charged-particle multiplicity.
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