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annihilation in the hadronic phase. The corresponding measurements can thus place stringent limits on
the magnitude of the BB annihilation and its inverse reaction. We perform Monte Carlo simulations
of the hadronic phase in Pb-Pb collisions at the LHC via the recently developed subensemble sampler
+ UrQMD afterburner and show that the effect survives in net-proton fluctuations, which are directly
accessible experimentally. The available experimental data of the ALICE Collaboration on net-proton
fluctuations disfavors a notable suppression of (anti)baryon yields in BB annihilations predicted by
the present version of UrQMD if only global baryon conservation is incorporated. On the other hand,
the annihilations improve the data description when local baryon conservation is imposed. The two
effects can be disentangled by measuring «[B + B]/(B + B), which at the LHC is notably suppressed
by annihilations but virtually unaffected by baryon number conservation.
© 2022 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.

1. Introduction In this work we present a new way to constrain and quantify
the effect of BB annihilations on (anti)baryon abundances by uti-
lizing measurements of event-by-event fluctuations. Cumulants of

Baryon-antibaryon annihilation is among the most important - Ve
the (net-)(anti)proton distributions have recently been measured

reactions during the hadronic phase of heavy-ion collisions. With : . . > ; .
a very large cross section (>60 mb) it has a potentially strong ef- in various experiments, mclu@mg the ALICE Collaboration at the
fect on the hadrochemical composition in the final state [1]. The LHC [20], .the STAR Collaboration at RHIC [21,22], a“d_ the. HADES
hadronic transport models like UrQMD [2,3] or SMASH [4] pre- Collellboratlon at GSI [23]. These measurements have. prlmarlly begn

motivated to probe the phase structure of QCD, in particular in
the hunt for the hypothetical QCD critical point [24,25]. Here, we
point out that specific combinations of first and second moments
of baryon (proton) numbers are sensitive to BB annihilations.

dict sizable suppression of (anti)baryons yields due to the anni-
hilations [5-8]. This provides a possible resolution to the thermal
proton yield anomaly at the LHC [9]. However, while the trans-
port models do incorporate the annihilation reactions like B+ B —
nm [10,11], a proper implementation of all the relevant reverse re-
generation reactions n;r — B + B remains challenging [12]. These
reactions can mitigate the effect of annihilations to some extent, if
not negate it completely [13-16]. Furthermore, possibilities to ex-
plain the thermal proton yield anomaly have been suggested based
on reevaluating the chemical equilibrium proton abundances at the

2. Annihilations and fluctuations

Let us denote by ypz, the modification factors of the mean
yields of (anti)baryons during the hadronic phase for a particular
collision energy and centrality, i.e.

conventional chemical freeze-out [17-19]. fin hyd
(NB(§)>:VB(B) <NB(B)> . (1)
* Corresponding author. <Ng?g)> is the final mean yield of (anti)baryons and (N?('g)) is the
E-mail address: vovchenko@Ibl.gov (V. Vovchenko). mean yield at the beginning of the hadronic phase, i.e. at the end

https://doi.org/10.1016/j.physletb.2022.136983
0370-2693/© 2022 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.


https://doi.org/10.1016/j.physletb.2022.136983
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/physletb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physletb.2022.136983&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:vovchenko@lbl.gov
https://doi.org/10.1016/j.physletb.2022.136983
http://creativecommons.org/licenses/by/4.0/

0. Savchuk, V. Vovchenko, V. Koch et al.

of the hydrodynamic evolution. Vg = 1 corresponds to a vanish-
ing net effect of baryon annihilations and regenerations whereas
Yp(g) < 1 corresponds to a suppression of the yields as observed
in transport models.

Instead of the mean, let us consider now the variance «»[B — B]
of net baryon distribution. Since the net baryon number is un-
changed in BB annihilations, or in any other QCD process for that
matter, x»[B — B] is unaffected by the hadronic phase evolution, as
long as the diffusion of baryons in and out of the acceptance can
be neglected:

i [B — B] =« V[B — B] 2)

To obtain an intensive (volume-independent) measure of the
net baryon number fluctuations it is convenient to normalize
K?“[B — B] by the mean number of baryons and antibaryons,
(N + Np):

fi 5 hyd 5
gin _ K3"(B—B] _ Ky [B — B] . 3)
PR ENEY (NG v NB)

It follows from Eq. (3) that any suppression of the baryon yields
in the hadronic phase (yp5, < 1) leads to an enhancement of the
normalized net baryon variance. Measurement of such an enhance-
ment is the key idea here to constrain the annihilation.

2.1. Fluctuations at the LHC

To isolate the effect of annihilation on Ry_j other physical
mechanisms affecting this quantity must be well controlled. In the
limit of uncorrelated baryon production at particlization, as is the
case for the ideal hadron resonance gas (HRG) model in the grand-

canonical ensemble, the quantity RZ‘TE = /c;yd[B - B]/(Ngyd +

Ngyd) would be equal to unity. However, it is known from first-
principle lattice calculations that cumulants of the baryon num-
ber distribution in QCD deviate from this baseline at temperatures
T ~150—160 MeV relevant for particlization [26,27]. Furthermore,
baryon number fluctuations in heavy-ion collisions are affected by
exact conservation of baryon number [28]. These two issues have
recently been addressed in Ref. [29] via a generalized Cooper-Frye
particlization routine called subensemble sampler. In the following
we will employ this sampler to evaluate the effect of BB annihila-
tions on experimentally observable event-by-event fluctuations.
We restrict our calculations to 2.76 TeV central Pb-Pb collisions,
where measurements of net-proton fluctuations done by the AL-
ICE Collaboration have recently become available [20]. The general
arguments are valid also for the lower collision energies probed
by other experiments but the conditions created at the LHC al-
low several simplifications to make the interpretation and analysis
clearer. At this high beam energy, the effect of baryon annihilation
will be most obvious since baryons and anti-baryons are created
in equal amounts. The measurements of the net-particle num-
ber variances at the LHC have an additional advantage, since they
are less affected by volume fluctuations [30,31]. The subensem-
ble sampler of Ref. [29] is used to generate events consisting of
hadrons and resonances at particlization, which is assumed to take
place at T =160 MeV and up = 0. The procedure incorporates
baryon excluded volume effects, matched to lattice QCD data on
baryon susceptibilities [32], as well as exact global baryon conser-
vation (see Ref. [29] for details). Here we neglect the exact conser-
vation of electric charge and strangeness which at the LHC energies
where shown to have only small effect on baryon and proton num-
ber fluctuations [29]. The particlization hypersurface incorporates
the collective flow [33,34], taken from the longitudinally boost-
invariant blast-wave model [35], which corresponds to a cylinder
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'] < TImax in the transverse plane at a constant value T = 7y of
the longitudinal proper time. The transverse velocity is parameter-
ized as B = Bs(r1 /rmax)", with parameters Bs = 0.8, rmax = 10 fm,
and n =1 taken from Ref. [36]. The value of 79 = 11.6 fm/c
is taken to reproduce the effective volume per unit of rapidity
dV /dy ~ 4000 fm? at particlization, as suggested by thermal mod-
els [18,37]. We checked that with this choice of parameters the
resulting hypersurface accurately reproduces the results of numeri-
cal fluid dynamic simulations at the LHC within the UrQMD+hybrid
model [38]. To account for the finite longitudinal extent of the sys-
tem we impose a cut-off |ns| < 4.8 on the longitudinal space-time
rapidity, which, as shown in Ref. [29], in the boost-invariant sce-
nario accurately reproduces the experimental estimates for the full
acceptance charged particle multiplicity [39]. This is necessary to
properly take into account exact global (or local) baryon number
conservation.

The sampled hadrons and resonances in each event are then in-
jected into the hadronic afterburner UrQMD. We run UrQMD using
two different configurations:

1. the standard configuration implementing BB annihilations and
2. the second configuration where these reactions were switched
off.

This allows us to establish the two extreme cases: full anni-
hilation without regeneration which maximizes the effect, and no
annihilation at all. We additionally consider a third scenario, where
we neglect the afterburner stage but instead let all resonances pro-
duced at particlization decay immediately into final hadrons. This
scenario is labeled decays only and has been studied in the origi-
nal work, Ref. [29]. We sample 1.76, 2.4, and 2.4 million events for
each of the three scenarios respectively.

First, it is verified that the mean proton multiplicities, as mea-
sured by the ALICE experiment, are reproduced. Due to the an-
nihilation, the mean number of baryons is suppressed by a fac-
tor ypg, = 0.84, consistent with earlier results [40]. The mean
baryon multiplicity remains unchanged during the hadronic phase
if annihilations are switched off. The effect of the hadronic rescat-
tering on the transverse momentum spectra of protons, is to in-
crease the mean pr from (pr) = 1.14 GeV/c (decays only) to
(pr) = 1.32 GeV/c (afterburner with annihilation) and (pr) =
1.36 GeV/c (afterburner w/o annihilation), improving the agree-
ment with the ALICE data ((pr) = 1.33 £ 0.03 GeV/c [9]). This
means that the mean transverse momentum exhibits little sensitiv-
ity to BB annihilation. It is consistent with observations from ear-
lier afterburner studies [8,41] where the change in the transverse
momenta is mainly due to the abundant baryon+meson (pseudo-
Jelastic scatterings [42].

Note, that the blast-wave model used here for particlization is a
simplified description compared to the state-of-the-art viscous hy-
drodynamic simulations of heavy-ion collisions. Although a proper
choice of blast-wave model parameters leads to hadron transverse
momentum spectra and the effects of baryon annihilation that are
comparable to that emerging from full hydro simulations [41], it
may be interesting to perform a similar analysis within full hydro
simulations, including the effects of shear and bulk viscosities [43].
However, this would require extending the particlization routine in
such simulations and the generation of an extensive number of full
hydro events to describe the event-by-event fluctuations of hadron
multiplicities properly. We would like to emphasize, however, that
the purpose of the present paper is to demonstrate that cumu-
lants provide useful constraint on baryon annihilation rather than
to present a fully quantitative description.

Having fixed the mean multiplicity and ensured a realistic mo-
mentum distribution, we can now study the effects of annihila-
tion in more detail. From our simulations we can calculate the
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Fig. 1. Rapidity acceptance dependence of net baryon R;_j = k2[B — B1/(B + B)
in 0-5% central Pb-Pb collisions at the LHC, corrected for baryon number conser-
vation via the 1 — « factor. The results are obtained via the subensemble sampler
particlization routine applied to the EV-HRG model and blast-wave hypersurface.
The different bands correspond to different scenarios for the hadronic phase mod-
eling. The red band corresponds to local baryon conservation in a rapidity range
AYcons = 3. The horizontal bands depict the corresponding grand-canonical limits
expected in the limit of large acceptance.

second order cumulant x, from the momentum integrated event-
by-event multiplicities. As mentioned previously, this cumulant is
affected by global baryon conservation. The effect amounts to a
multiplication by a suppression factor (1 — «) [44], where at the
LHC o = AYacc/AYor [29] with AY: = 9.6 being the total rapid-
ity width of the system with global conservation. To subtract the
effect of baryon conservation and maximize the effects of annihi-
lations we thus analyze a scaled ratio Ry_j x ﬁ This quantity
is depiced in Fig. 1 as function of the rapidity acceptance window,
[Y| < AYacc/2.

All presented curves tend to unity for AY,.c — 0. This “pois-
sonization” is expected from a thermal system [45] in the AYacc —
0 limit but goes away in the limit of large rapidity acceptance.

In the absence of any annihilations, the corrected Rp_j; ex-
hibits essentially no sensitivity to the afterburner phase as the
results from the immediate decays scenario virtually coincide with
the afterburner without BB annihilation. In this case the cor-
rected scaled variance exhibits a mild decrease with AY,., sat-
urating at the grand canonical value of about 0.94 (dashed line) at
AYacc > 1.5. This confirms our earlier assumption that baryon dif-
fusion, excluding resonance decays, can be safely neglected at LHC
energies in the estimation of the final state effect on the baryon
number cumulants.

When BB annihilations are included, the scaled variance ex-
hibits the opposite behavior. As function of AY,, it approaches
a value of about 1.12 (dash-dotted line) at large AYgacc. This ratio
at large AY, corresponds to what is expected from Eq. (3) for a
reduction of the mean baryon number

Rc;nn;’_;h. 0.94
Rroamih =115 ~0.84=yp - (4)
B—B
This sensitivity of Rz_5 at AY;c 2 1 to the BB-annihilations can
be easily understood. While the mean multiplicity is reduced by
YB(B) the second order susceptibility x> remains essentially un-
changed. It is straightforward to suggest, that this observable can
be used to constrain the quantitative role of baryon annihilation
and its back reaction during the hadronic rescattering.

2.2. Comparison with experiment

The simulation results on the net proton scaled variance R,_j
are compared to the available experimental data from the ALICE
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Fig. 2. Pseudorapidity acceptance dependence of net proton R,_5 = «2[p — pl/(p +
p) in 0-5% central Pb-Pb collisions at the LHC. The bands have the same meaning
as in Fig. 1. The experimental data of the ALICE collaboration [20] are shown by the
symbols with error bars.

Collaboration [20] in Fig. 2. For this case we assume that pro-
tons can only be measured within the ALICE acceptance 0.6 <
pr < 1.5 GeV/c for various cuts in longitudinal pseudorapidity
] < Afacc/2. Even though the effect of BB annihilation in such a
reduced acceptance is not as evident as in the pr integrated net
baryon fluctuations discussed above, the observable is still sensi-
tive to annihilations. Note that, in contrast to Fig. 1, the scaled
variance shown in Fig. 2 is not corrected for baryon conservation.

We see that for the proton scaled variance, as for the baryons,
the results from the decays only and afterburner wjo BB annihi-
lation scenarios virtually coincide. These scenarios are consistent
with the experimental data within errors. Since in this case the
effects of global baryon conservation are not corrected, R,_j is re-
duced with increasing acceptance coverage.

When the BB annihilations are included (afterburner with an-
nihilations), the resulting acceptance dependence notably overes-
timates the ALICE data, for Ana.c = 1. Therefore, the available
experimental data is inconsistent with a notable suppression of
(anti)baryon yields in the hadronic phase as predicted by UrQMD
in this setup.

2.3. Local baryon conservation

However, there is another important property which can affect
the scaled variance, namely that baryon number is conserved not
only globally but also locally, i.e. in a limited rapidity window. This
possibility has been discussed in a previous publication [20]. There
it was argued that the data on net-proton fluctuations in central
Pb-Pb collisions would favor global over local baryon conservation.
The argument for this conclusion was based on the observation
that local conservation within Aycons <5 units of rapidity, would
lead to a stronger suppression of R,_p than in the data. How-
ever, the analysis in Ref. [20] did not consider the possible effects
of BB annihilation. As we have shown here, this effect leads to
an enhancement of R,_j and thus could recover the agreement
with the data. It is therefore essential to including annihilation for
studying the effects of local conservation.

Several different ways of modeling local baryon conservation
have been discussed in the literature [46-52]. We follow the ap-
proach of Refs. [47,50] and incorporate the effect by reducing
the space-time rapidity cut-off to |ns| < AYcons/2, where AYcons
is the longitudinal range in which baryon number is conserved.
This way we remove hadrons emitted at forward-backward rapidi-
ties (|ns|] > AYcons/2) from contributing to the baryon (proton)
number fluctuations at midrapidity. We select AYcons = 3, as it
was earlier successfully used, in Ref. [50], to describe the hadron
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yields in small systems at the LHC in the framework of the canon-
ical statistical model.

The calculations including local baryon conservation for R;_j
(0.4 million events) are shown in Figs. 1 and 2 as red band. These
calculations both include the BB annihilations during the hadronic
phase. In Fig. 1 the correction for baryon conservation is performed
via the 1 — « factor changed to oo = AYacc/AYcons, reflecting the
local nature of baryon conservation. It is seen that the corrected
Rp_j essentially coincides with the result of global conservation
within the conservation radius AYac < 1.5. Thus, if the range of
baryon conservation is known, the appropriately corrected Rp_g
can be used to constrain the baryon annihilation.

If the conservation range is not independently known, how-
ever, the picture is quite different. The combined effect of local
baryon conservation and BB annihilations on R,_ in the ALICE
acceptance is shown by the red band in Fig. 2. In this scenario,
the calculation with local conservation and annihilation is in good
agreement with the experimental data. In the absence of BB an-
nihilations the data would be notably underestimated due to local
conservation, as shown in Ref. [20], however when both the local
conservation and BB annihilation are implemented simultaneously,
the agreement with the data is recovered.

2.4. Distinguishing annihilation from local baryon conservation

The data presented by the ALICE collaboration currently does
not allow us to distinguish global conservation without BB anni-
hilations from local conservation with BB annihilations, although
it can be argued that the shape of A7, dependence is better re-
produced by the latter scenario. Additional analysis is required to
answer this question more definitively and also possibly put quan-
titative constraints on the effect of annihilation and regeneration
during the hadronic phase.

One option is to look into the centrality dependence of Rp_j5.
The effect of the hadronic phase (and thus BB annihilations) de-
creases for larger impact parameter, and can basically be neglected
in peripheral collisions. Experimental data on R,_5 [20] do indi-
cate a centrality dependence: R,_j decreases from 0.972 £0.015
in 0-5% central collisions to 0.935 + 0.011 in 60-70% central colli-
sions. The latter value was shown in Ref. [50] to be consistent with
local baryon conservation with AYcons = 3 without BB annihila-
tions. If (local) baryon conservation is independent of centrality,
for instance if it is determined by the quark-anti-quark creation in
the early stage of the collision, the centrality dependence of the
data favors the local conservation + BB annihilation scenario. Ad-
ditional support for this scenario can be found in the centrality
dependence of the p/m ratio, where the data show indications for
suppression in central Pb-Pb collisions [9], consistent with the ef-
fect of BB annihilations.

Besides these indications, another observable which is able
to distinguish these two scenarios, based on experimental data,
would be very useful. To disentangle the local baryon conserva-
tion from BB annihilations more directly we propose to study an
additional fluctuation measure. In particular the scaled variance
Rp 3 =K2[B + B]/(Np + Ng) [or Rp.p for protons] of the total
baryon (proton) + antibaryon (antiproton) number can be used for
this purpose. This quantity is not sensitive to baryon conservation
at the LHC because its correlator with the conserved net baryon
number vanishes due to symmetry:

- = - - (B)=(B
cov(B + B, B — B] = cov[B, B] — cov[B, B] =" 0. (5)
However, Rp, ; is sensitive to the annihilation and thus can be
used to constrain this effect. Fig. 3 shows the results of calcula-
tions for (a) Ry, as function of the rapidity acceptance AYcc
and (b) Rp1p as function of the pseudorapidity acceptance Anacc
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Fig. 3. (a) Rapidity acceptance dependence of net baryon Ry, p = k2[B + B1/(B +
B) in 0-5% central Pb-Pb collisions at the LHC. The different bands have the same
meaning as in Fig. 1. (b) Same as Fig. 2 but for R, 5. The calculations shown in
this figure do not contain contributions from volume fluctuations.

within the ALICE momentum acceptance 0.6 < p < 1.5 GeV/c. The
numerical results explicitly illustrate that these two quantities are
not sensitive to baryon number conservation: in the absence of BB
annihilations Ry, 3 approaches the grand-canonical value for large
AYacc whereas the calculations with the annihilations that incor-
porate either global or local baryon conservation yield identical
results. The effect of BB annihilations is to suppress both quan-
tities. In particular, the suppression is notable for R, within the
ALICE acceptance, thus the measurements can in principle be used
to study BB annihilations independent of the (local) baryon con-
servation.

Note that, in contrast to the net charges, Ry is significantly
affected by volume fluctuations even at the LHC. The calculations
in Fig. 3 do not incorporate volume fluctuations, thus, for a mean-
ingful comparison either the data have to be corrected for vol-
ume fluctuations or volume fluctuations included in the model
calculation. The data can be corrected using models for volume
fluctuations, for example the Glauber Monte Carlo [31]. We have
checked that the errors for Rpyp that can be derived from the
published data on proton fluctuations [20], as well as the system-
atic errors from performing the correction for volume fluctuations
are presently too large to distinguish the difference between the
annihilation scenarios shown in Fig. 3. However, this should be
possible with upcoming high precision data. The event-by-event
fluctuations presented here will also be useful in the ongoing ef-
forts to properly implement the regeneration reactions in hadronic
afterburners.

Here we discussed the fluctuations either in pr-integrated ac-
ceptance as function of rapidity cut or in the acceptance where the
measurements of proton fluctuations have been performed by the



0. Savchuk, V. Vovchenko, V. Koch et al.

ALICE Collaboration. The analysis can be further supplemented by
systematic analysis of fluctuations as function of transverse mo-
mentum cuts, given the sizable imprint of annihilations on the pr
spectra.

3. Summary

We pointed out for the first time that measurements of event-
by-event fluctuations in heavy-ion collisions can be used to quan-
tify the effect of baryon annihilation in the hadronic phase. The
key observation is that the combined measurement of the scaled
variance of the net and total proton + anti-proton number can be
used to strictly constrain the role of baryon - anti-baryon anni-
hilation during the hadronic phase of heavy ion collisions at the
LHC. To this end, we studied two extreme scenarios where we ei-
ther incorporate full annihilation without regeneration or do not
include any annihilation at all. Including only annihilation, with-
out any regeneration, enhances appreciably the scaled variances of
the net baryon and net proton distributions. A direct comparison
with experimental data from the ALICE experiment leads to two
possible scenarios which both equally well describe the data. Ei-
ther, baryons are completely regenerated and baryon number is
conserved only globally or, the mean baryon number is reduced
due to annihilation which requires a more local conservation of the
baryon number. In particular, if one neglects the effects of baryon
pair regeneration in the hadronic phase, a conservation radius of
AYcons = 3 units in rapidity is observed, while if some regen-
eration were included one would expect the AYcpns value that
describes the data to be larger. To distinguish the different pos-
sibilities we suggest a new observable: the scaled variance of the
number of protons + anti-protons, which shows a clearly distin-
guished dependence on annihilation and local conservation. With a
simultaneous observation of these two quantities one could finally
experimentally establish the quantitative effect of annihilation dur-
ing the hadronic phase.
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