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Why the discussion?

• Lifetime of hadronic phase is short

• pion number effectively conserved


-  suppressed (chiral symmetry)


• 

• increased re-generation of anti-protons


- 

• Most transport calculations violate 

detailed balance 
exceptions:  
E. Seifert, W. Cassing, PRC 97 (2018) 024913, 
O. Garcia-Montero et al, Phys. Rev. C 105 (2022) 
064906  

•

4π ⇔ 2π
⇒ finite μπ

5π ⇔ p + p̄
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Rapp, Shuryak, PRL 86 (2001) 2980; 

(s in [GeV2]), which both reproduce the measured multi-
plicities up to at least

√
s = 5 GeV using the parameters

c1 = 2.6 ± 0.5, c2 = (1.3 ± 0.2) GeV−1 and c̃1 = 2.65,
c̃2 = 1.78, respectively. For the latter, the energy depen-
dence of the width has also been given as [18]

σ2 = 0.174 〈n〉 s0.2 . (7)

For our application in a thermal environment at T =
150 MeV (implying

√
s = 2.33 GeV) we fix 〈n〉 = 5.65

(in accordance with eq. (6)) together with a 10% increase
in σ (as suggested by eq. (7)) to extract discrete weights
wn = P (n; 〈n〉,σ). The averaged pion-fugacity enhance-
ment factor then follows as

〈znπ 〉 =
nmax∑
n=2

wn exp[nµπ/T ] , (8)

where nmax = 9 for any practical purpose. Insert-
ing now thermal freezeout values Tth = 120 MeV and
µth
π $ 65 MeV (as arising in a thermal fireball model [8]),

yields 〈znπ 〉 = 25. This entails a large enhancement of the
antiproton-to-proton ratio, from 0.1% to 2.5%. In fact,
owing to the high power of the pion fugacity, slightly
larger chemical potentials of µπ = 75-80 MeV result in
an enhancement factor of 42-54, rendering the pertinent
p̄/p-ratio in line with the observed (chemical freezeout)
value, cf. Fig. 2.
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FIG. 2. Antiproton-to-proton ratio as a function of (de-
creasing) temperature in an isentropically expanding fireball.
The dashed curve represents the naive ratio, exp[−2µN/T ],
whereas the full curves are for finite pion chemical potentials
indicating uncertainties as discussed in the text. The experi-
menatl data point is from Ref. [13].

Such slightly increased values for the pion chemical
potential close to thermal freezeout can indeed be easily
argued for. Within the thermal fireball model of ref. [8]
elastic πN → B scattering (B: baryonic resonances up
to mB $ 1.7 GeV) was assumed to be frequent enough to

maintain (relative) chemical equilibrium for the occupa-
tion of the excited baryonic states. However, with typical
corresponding cross sections of σπN→B $ 15-30 mb [19],
this might not be fully justified anymore for the last few
fm/c prior to thermal freezeout. Consequently, a larger
fraction of the pion number resides in explicit pionic de-
grees of freedom rather than in excited resonances, which
translates into an effectively larger µπ.
Let us finally comment on implications of our obser-

vations for RHIC. Close to the expected chemical freeze-
out the pion density is very similar to SpS conditions.
Thus the rate of producing antiprotons through multi-
pion annihilation per unit time and volume is essentially
the same in both cases. The crucial difference is, how-
ever, that the total density of antiprotons is much larger
around midrapidity at RHIC due to substantially smaller
baryon chemical potentials. More quantitatively, using
typical thermal model estimates [20] with #totB $ 0.2#0
shortly after chemical freezeout (further reduced there-
after), one obtains τRHIC

ch $ 11 fm/c. With the life-
time of the hadronic phase at RHIC being compara-
ble to that at SpS energies, chemical equilibrium in the
pp̄ ↔ nπ reaction cannot be maintained until thermal
freezeout (also, the emerging pion oversaturation is less
pronounced in a baryon-poor regime). The observed
antiprotons at RHIC should therefore mostly originate
from earlier stages, corresponding to the standard hadro-
chemical freezeout in the vicinity of the phase boundary.
Nevertheless, our time scale estimate indicates that even
under RHIC conditions, antibaryon annihilation will be
partially compensated by the inverse reactions.
To summarize, we have analyzed the p̄/p-ratio at SpS

energies employing a thermal approach. So far this ob-
servable has been difficult to understand within, e.g.,
transport models which only included the annihilation
channel, causing doubts whether the latter is actually
active, or unconventional mechanisms for enhanced pro-
duction need to be invoked. We have shown, however,
that the ’puzzle’ can be resolved in a rather standard
statistical-mechanics framework upon inclusion of the in-
verse process of multipion scattering into p̄p pairs, which
can be supported until thermal freezeout. Our main
ingredient was that effective pion-number conservation
generates pion over-saturation at the later stages of a
heavy-ion collision, as described by the build-up of appre-
ciable pion chemical potentials. Raised to a large power
(n ∼ 6) the corresponding pion fugacities sustain a high
antibaryon fraction, thus counter-balancing the loss from
BB̄ annihilation. This mechanism also complies with the
measured centrality dependence being essentially con-
stant, as to be expected from a hadro-chemistry varying
little with impact parameter (for sufficiently peripheral
collisions the applicability of thermal model analyses, of
course, ceases and p̄ production, normalized to the num-
ber of participant nucleons, approaches its value in p-p
collisions, which lies about 30% below the one in central
nucleus-nucleus reactions [14]).
Finally we should note again that our findings are not
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Need additional data to settle this issue



Proton yield at LHC
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• Yield overestimated in standard thermal models

•However phase shift corrections seem to help


•Hints of annihilation in centrality dependence

Short 

hadronic phase

Long 

hadronic phase



New data @ 5.02 TeV
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•Evidence for suppression of  ration in central collisions (~20%, >4  level)

•Due to hadronic phase?

p/π σ

Short 

hadronic phase

Long 

hadronic phase



Hadronic phase with partial chemical equilibrium (PCE)
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Expansion of hadron resonance gas in partial chemical equilibrium at 
𝑇 < 𝑇𝑐h [H. Bebie, P. Gerber, J.L. Goity, H. Leutwyler, Nucl. Phys. B ’92; C.M. Hung, E. Shuryak, PRC ‘98]

Chemical composition of stable hadrons is fixed, kinetic equilibrium maintained through 
pseudo-elastic resonance reactions , etc.𝜋𝜋 ↔ 𝜌,   𝜋Κ ↔ Κ∗,  𝜋𝑁 ↔ ∆

Effective chemical potentials:

Conservation laws:

numerical solution

E.g.: ,          𝜋 + 2𝜌 + 3𝜔 + ⋯ = 𝑐𝑜𝑛𝑠𝑡 K + K∗ + ⋯ = 𝑐𝑜𝑛𝑠𝑡, 𝑁 + Δ + 𝑁∗ + ⋯ = 𝑐𝑜𝑛𝑠𝑡,

Implementation within Thermal-FIST package (since v1.3)
[VV, H. Stoecker, Comput. Phys. Commun. 244, 295 (2019)] open source: https://github.com/vlvovch/Thermal-FIST



Mechanisms affecting the proton yield
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• Re-evaluating the chemical equilibrium proton abundance

• Baryonic excluded volume [VV et al., PLB 775 (2017) 71]


• Finite resonance widths [VV, Gorenstein, Stoecker, PRC 98 (2018) 034906]


• S-matrix approach to  scattering [Andronic et al., PLB 792 (2019) 304]


• Multiple freeze-out scenario (strange vs light)


• Effects of the hadronic phase

• Baryon annihilation, 


• No backreaction*, . Some baryons will regenerate

𝜋𝑁

𝑁𝑁̄ → 5𝜋
5𝜋 → 𝑁𝑁̄

centrality- independent

centrality-independent

centrality-dependent

*Gradually being implemented [Garcia-Montero et al., PRC 105 (2022) 064906]

e.g. Flor, Olinger, Bellwied, PLB 814, 136098 (2021)

Rapp, Shuryak, PRL 86 (2001) 2980; 

Pan, Pratt, PRC 89 (2014) 044911

Steinheimer, Aichelin, Bleicher, PRL 110 (2013) 042501 



Partial chemical equilibrium with baryon annihilation
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Add nucleon annihilations   into the PCE framework𝑁𝑁̄ ↔ 5𝜋

(Anti)nucleon and pions numbers no longer conserved,  const. but 𝑁𝑁, 𝑁𝑁̄, 𝑁𝜋 ≠

If  proceeds in relative equilibrium, 𝑁𝑁̄ ↔ 5𝜋

Also,  equilibrium implies  and 
, i.e. baryon resonances annihilate as well

𝜋𝑁 ↔ ∆ ∆ 𝑁̄ ↔ 6𝜋
∆ ∆̄ ↔ 7𝜋

p/𝝅 ratio is suppressed during the 
cooling in the hadronic phase

μN = μN̄ =
5
2

μπ



Baryon annihilation freeze-out temperature
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Baryon annihilation remains relevant in the initial stage of the hadronic phase 
but freezes out earlier than (pseudo-)elastic hadron scatterings



Annihilation vs other mechanisms affecting the p/𝝅 ratio
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Baryon annihi lat ion and other mechanisms are 
complementary

SHM: Thermal-FIST

[Vovchenko, Stoecker, 
Comput.Phys.Commun. 244 (2019) 
295]

Baryon excl. volume

(baryon-baryon int.)

[Vovchenko et al., PLB 775 (2017) 71]

S-matrix correction

(meson-baryon int.)

[Andronic et al., PLB 792 (2019) 304]

Baryon annihilation

(baryon-antibaryon int.)

[Vovchenko, VK, PLB 835 (2022) 137577]



Another way to look at it 
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Baryon annihilation and other mechanisms are complementary

This is what is shown in the paper



Baryon annihilation and light nuclei
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Quantitatively, use the Saha equation for nuclear abundances, 𝜇𝐴 = 𝐴𝜇𝑁

• Baryon annihilation causes suppression in central collisions

• Possible non-monotonic multiplicity dependence due to (another) suppression in small systems

Can be tested with precision measurements of the centrality dependence

Naively, if nucleons are suppressed by  then  e.g. 𝛾𝑁~0.8, 𝛾𝐴~(𝛾𝑁)𝐴 𝛾𝑑~0.64
[Vovchenko et al, PLB 800 (2020) 135131]



Baryon annihilation and light nuclei
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New data: ALICE Collaboration, arXiv:2211.14015

Indications for non-monotonic multiplicity dependence of d/p and 3He/p



O. Savchuk, V. Vovchenko, V. Koch et al. Physics Letters B 827 (2022) 136983

yields in small systems at the LHC in the framework of the canon-
ical statistical model.

The calculations including local baryon conservation for R B−B̄
(0.4 million events) are shown in Figs. 1 and 2 as red band. These 
calculations both include the B B̄ annihilations during the hadronic 
phase. In Fig. 1 the correction for baryon conservation is performed 
via the 1 − α factor changed to α = "Yacc/"Ycons, reflecting the 
local nature of baryon conservation. It is seen that the corrected 
R B−B̄ essentially coincides with the result of global conservation 
within the conservation radius "Yacc < 1.5. Thus, if the range of 
baryon conservation is known, the appropriately corrected R B−B̄
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 B B̄ annihilations on R p−p̄ 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 B B̄ an-
nihilations the data would be notably underestimated due to local 
conservation, as shown in Ref. [20], however when both the local 
conservation and B B̄ 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 B B̄ anni-
hilations from local conservation with B B̄ annihilations, although 
it can be argued that the shape of "ηacc 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 R p−p̄ . 
The effect of the hadronic phase (and thus B B̄ annihilations) de-
creases for larger impact parameter, and can basically be neglected 
in peripheral collisions. Experimental data on R p−p̄ [20] do indi-
cate a centrality dependence: R p−p̄ 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 "Ycons = 3 without B B̄ 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 + B B̄ annihilation scenario. Ad-
ditional support for this scenario can be found in the centrality 
dependence of the p/π ratio, where the data show indications for 
suppression in central Pb-Pb collisions [9], consistent with the ef-
fect of B B̄ 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 B B̄ annihilations more directly we propose to study an 
additional fluctuation measure. In particular the scaled variance 
R B+B̄ ≡ κ2[B + B̄]/〈NB + NB̄〉 [or R p+p̄ 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:

cov[B + B̄,B − B̄] = cov[B,B] − cov[B̄, B̄] 〈B〉=〈B̄〉= 0. (5)

However, R B+B̄ is sensitive to the annihilation and thus can be 
used to constrain this effect. Fig. 3 shows the results of calcula-
tions for (a) R B+B̄ as function of the rapidity acceptance "Yacc
and (b) R p+p̄ as function of the pseudorapidity acceptance "ηacc

Fig. 3. (a) Rapidity acceptance dependence of net baryon R B+B̄ = κ2[B + B̄]/〈B +
B̄〉 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 p+p̄ . 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 B B̄
annihilations R B+B̄ approaches the grand-canonical value for large 
"Yacc whereas the calculations with the annihilations that incor-
porate either global or local baryon conservation yield identical 
results. The effect of B B̄ annihilations is to suppress both quan-
tities. In particular, the suppression is notable for R p+p̄ within the 
ALICE acceptance, thus the measurements can in principle be used 
to study B B̄ annihilations independent of the (local) baryon con-
servation.

Note that, in contrast to the net charges, R p+p̄ 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 R p+p̄ 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 pT -integrated ac-
ceptance as function of rapidity cut or in the acceptance where the 
measurements of proton fluctuations have been performed by the 
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Baryon annihilation and fluctuations

• :

- Not affected by annihilation

- affected by baryon number conservation


• :

- affected by annihilation

- Not affected by baryon number conservation

κ2(p − p̄)

κ2(p + p̄)
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Savchuk et al., PLB 827, 136983 (2022)

κ2(p − p̄)
⟨p + p̄⟩

N.B.: 

In UrQMD annihilation has NO detailed balance


No reaction 

 maximum effect


→ 5π → p + p̄
→

Measure  AND  to constrain both amount of annihilation AND baryon correlation lengthκ2(p − p̄) κ2(p + p̄)

κ2(p + p̄)
⟨p + p̄⟩



Baryon annihilation and fluctuations
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May resolve the tension between proton fluctuations that seem to prefer “global” baryon 
conservation vs light  -   correlations that prefer more “local” baryon conservationd̄ p̄

“wants” long range charge correlation→ “wants” short range charge correlations

No annihilation

ALICE Coll., arXiv:2206.03343

κ2(p − p̄)
⟨p + p̄⟩

No annihilation

ALICE Coll., arXiv:2204.10166

cov(d̄, p̄)

κ2(d̄)κ2(p̄)



Summary
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• Statistically significant suppression of p/pi in central collisions 
@LHC 

• Can be attributed to baryon annihilation in the hadronic phase
• Extract Tann from experimental data

• Annihilations relevant but freeze-out earlier than hadron scatterings

• PCE results are similar to hadronic afterburners

• Testable suppression of light nuclei yields in central collisions

• Outlook
• Effect on proton/light nuclei fluctuations and correlations 
• Hyperons (await exp. data on centrality dependence)
• Modified thermal fits


