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Enhanced production of multi-strange hadrons in high-multiplicity pp ALICE Collaboration
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Fig. 2: pT-integrated yield ratios to pions (p+ + p�) as a function of hdNch/dhi measured in |y| < 0.5. The
error bars show the statistical uncertainty, whereas the empty and dark-shaded boxes show the total systematic
uncertainty and the contribution uncorrelated across multiplicity bins, respectively. The values are compared to
calculations from MC models [30–32] and to results obtained in p–Pb and Pb–Pb collisions at the LHC [6, 10, 11].
For Pb–Pb results the ratio 2L / (p++p�) is shown. The indicated uncertainties all represent standard deviations.

The pT-integrated yields are computed from the data in the measured ranges and using extrapolations
to the unmeasured regions. In order to extrapolate to the unmeasured region, the data were fitted with
a Tsallis-Lévy [10] parametrization, which gives the best description of the individual spectra for all
particles and all event classes over the full pT range (Figure 1). Several other fit functions (Boltzmann,
mT-exponential, pT-exponential, blast-wave, Fermi-Dirac, Bose-Einstein) are employed to estimate the
corresponding systematic uncertainties. The fraction of the extrapolated yield for the highest(lowest)
multiplicity event class is about 10(25)%, 16(36)%, 27(47)% for L, X and W, respectively, and is negli-
gible for K0

S
. The uncertainty on the extrapolation amounts to about 2(6)%, 3(10)%, 4(13)% of the total

yield for L, X and W, respectively, and it is negligible for K0
S
. The total systematic uncertainty on the

pT-integrated yields amounts to 5(9)%, 7(12)%, 6(14)% and 9(18)% for K0
S
, L, X and W, respectively. A

significant fraction of this uncertainty is common to all multiplicity classes and it is estimated to be about
5%, 6%, 6% and 9% for K0

S
, L, X and W, respectively. In Figure 2, the ratios of the yields of K0

S
, L, X

and W to the pion (p++p�) yield as a function of hdNch/dhi are compared to p–Pb and Pb–Pb results at
the LHC [6, 10, 11]. A significant enhancement of strange to non-strange hadron production is observed
with increasing particle multiplicity in pp collisions. The behaviour observed in pp collisions resembles
that of p–Pb collisions at a slightly lower centre-of-mass energy [11], in terms of both the values of the
ratios and their evolution with multiplicity. As no significant dependence on the centre-of-mass energy
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Strangeness suppression in small system

Dependence of strange particle to pion yield ratios 
on multiplicity is studied in ALICE
• Suppression of ratio with decreasing 

multiplicity in observed in pp and p-Pb 
collisions -- small systems.

• Suppression is more for particles with more 
strangeness content (S). 

à Linked to “strangeness canonical effect”

ALICE Coll., Nature Phys. 13 (2017) 535-539.

J. Cleymans, E. Suhonen & K. Redlich.,  Z. Phys. 
C 51 (1991) 137; Z. Phys. C 76 (1997) 269;
S. Hamieh, A. Tounsi & K. Redlich, Phys. Lett. 
B486 (2000), Eur. Phys. J. C24 (2002);
J. Cleymans, H. Oeschler & K. Redlich, Phys. Rev. 
C59 (1999) 1663.



Strangeness canonical ensemble

Partition function depends on thermodynamic quantities and the Hamiltonian describing 
the system as

𝑍!" 𝜇 = 𝑇𝑟 𝑒#$(&#'	.*)  

Canonical treatment of strangeness: At LHC -- 𝜇~0, the partition function with exact 
strangeness conservation (S=0) is 

𝑍," = 𝑇𝑟 𝑒#$&𝛿,
 
Multiplicity of a particle with strangeness quantum number S in the given experimental 
acceptance 

𝑁, -
" ≈ 𝑉-𝑛.!"

𝐼, 𝑆/
𝐼0 𝑆/

 here,
VA is effective fireball volume; 1! ,"

1# ,"
  is suppression factor; 𝑆/ = 𝑉" ∑𝑛2(𝑇), 

VC is full space volume where S is exactly conserved.

Ø Fitting data with the thermal model (SCE) and also included interactions among 
hadrons using S-matrix corrections



Canonical suppression effect in Strangeness sector
CLEYMANS, LO, REDLICH, AND SHARMA PHYSICAL REVIEW C 103, 014904 (2021)

FIG. 6. The upper panel shows the radius (red points) as ex-
tracted from fits to p-p collisions at 7 TeV as a function of the
charged hadron multiplicity in midrapidity region using the SCE
model with T = 160 MeV and γs = 1. The black points in the upper
figure show the values of the canonical radius. The lower panel
shows the volume VA = 4/3πR3 as a function of the charged particle
multiplicity for two values of the chemical freezeout temperature,
red points were obtained from T = 160 MeV, blue points are for
T = 156.5 MeV.

The volume is slightly larger for T = 156.5 MeV than for
T = 160 MeV so as to compensate for the smaller particle
densities. A possible form for the canonical volume is given
by

VC = 8.87 + 2.64 × dNch

dη
for T = 160 MeV,

VC = 12.32 + 3.02 × dNch

dη
for T = 156.5 MeV. (24)

These parametrizations are shown in Fig. 6 as lines and have
been used in all our model comparisons to data. All numbers
in Eqs. (23) and (24) are in units of [fm3]. We emphasize that
the parametrizations of the volumes given in Eqs. (23) and
(24) are purely empirical. It is indeed interesting to see a linear
dependence (in dN/dη) of the acceptance volume, which to a
good accuracy is also independent of the collision system.

To appreciate the quality of the SCE model description of
ALICE data illustrated in Fig. 5(right), we show in Fig. 7 the
ratio of data and the model results. It can be seen that the
model prediction agrees quite well with the data up to two
standard deviations for all dNch/dη. The data on pion yields
are always slightly above the calculated points while the kaons
are always below. This has implications for the kaon to pion
ratio discussed further below. This illustrates the pitfalls of
showing ratios in the thermal model. It is better to compare
directly yields.

FIG. 7. Data relative to model calculations. The upper panel
shows the protons in blue, the pions in red, the kaons in green. The
lower panel shows the $ in black, the % in magenta, and the & in
purple.

The strangeness suppression effect and its CSE model
description are particularly transparent when removing an
overall linear dependence of particle yields on the fireball
volume VA. This isachieved by plotting the ratio of strange
particle and pion yields, as shown in Fig. 8. This ratio
has been discussed prominently by the ALICE collaboration
[52] where a comparison with other model calculations was
presented. The SCE model introduced here compares very
favorably to the ones discussed in [52]. The underestimation
of the pion yield is responsible for the larger discrepancy in
the kaon to pion ratio as seen in Fig. 7.
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FIG. 8. Ratios of yields of strange particles to pions versus
charged particle multiplicity. The SCE model results were obtained
using VA ̸= VC as explained in the text.
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• Fitted particle yields – 𝜋, 𝐾,0, 𝑝, Λ, Ξ, Ω in 
pp collisions at √s = 7 TeV for various 
multiplicity bins.

• Fixed parameters: 
- T = 156.5 MeV and 160 MeV; 
- 𝛾. = 1

• Free parameters: VA and VC

Effective volume (VA) and canonical volume (VC) increase linearly with multiplicity.

J. Cleymans, Pok Man Lo, NS & K. Redlich, Phys. Rev. C103 (2021) 014904.

𝑉! = 1.55 + 3.02	×
𝑑𝑁"#
𝑑𝜂

𝑉$ = 12.32 + 2.58	×
𝑑𝑁"#
𝑑𝜂

At T=156.5 MeV



Canonical suppression effect in Strangeness sector

• Strange and multi-strange 
yields prediction are in 
agreement with data.

• Particle yields are found to 
be independent of collision 
system and energy.

Fit range Predicted



Canonical suppression effect in Strangeness sector

• Strange and multi-strange 
yields prediction are in 
agreement with data.

• Particle yields are found to 
be independent of collision 
system and energy.

Fit range Predicted

From fits -- VC>VA for small system
  
We performed same study keeping VA=VC 



Canonical suppression effect in Strangeness sector

For small multiplicities, VC > VA à Reduced suppression of strange-particle yields.

MULTIPLICITY DEPENDENCE OF (MULTI)STRANGE … PHYSICAL REVIEW C 103, 014904 (2021)

indication of possible corrections due to exact conservation
of quantum numbers. Indeed, in the context of strangeness
production at the LHC, already from a previous analysis
[77] it was clear that the canonical ensemble with exact
strangeness conservation (CSE) is the best ensemble for
describing the low multiplicity classes in p-p collisions at
the LHC. Furthermore, the CSE was shown to connect better
to the high multiplicity classes than the canonical ensemble
with exact baryon, strangeness and charge conservation [77].
Thus, in the following, we focus on only exact strangeness
conservation and analyze data obtained by the ALICE
collaboration on (multi)strange particle multiplicity in
p-p collisions at 7 TeV [52] as well as 13 TeV [61], in p-Pb
collisions at 5.02 TeV [8,53] and in Pb-Pb collisions at 2.76
TeV [54–56]. The thermal model calculations are done using
the latest version of THERMUS [34,78] which is further
extended here to account for a more complete description
of hadron interactions within the S-matrix approach. We
consider the S-matrix corrections to proton and hyperon
yields as introduced in the previous section.

As a first step, we made a fit for each multiplicity bin
by keeping the number of parameters to a minimum. For
the temperature we are guided by the results from LQCD
[12] and the recent HRG model analysis of ALICE data for
central Pb-Pb collisions [1,5] and allow only two choices:
Tf = 156.5 MeV and Tf = 160 MeV, to identify T variation
of particle yields. For the strangeness suppression factor γs
we work with the value γs = 1 as motivated by fits in central
Pb-Pb collisions, this is in contrast to [7,79] where substantial
deviations have been proposed. The chemical potentials due to
conservation of baryon number and electric charge are being
set to zero as in the energy region of interest at the LHC,
particle-antiparticle symmetry is observed with a good degree
of accuracy. Thus, in the SCE only two parameters remain, the
volume of the system in the experimental acceptance VA and
the canonical volume VC which quantifies the range of exact
strangeness conservation. An independent determination of
the VC parameter remains an open issue.

For large multiplicities we have found that VA ≃ VC , there-
fore we first put them equal for all multiplicities. In Fig. 5(left)
we show the yields of hadrons calculated in the SCE for
different charged particle multiplicities dNch/dη at fixed tem-
perature and for a single volume V = VA ≃ VC . It is to be
noted that, the charged particle multiplicity is measured by
ALICE collaboration in the pseudorapidity range −0.5 < η <
0.5, while the particle yields are measured in a rapidity inter-
val −0.9 < y < 0.9.

The SCE model is seen in Fig. 5(left) to capture basic
properties of hadron yields data already with a single vol-
ume parameter. For large dNch/dη > 100 all hadron yields,
as well as extracted V , depend linearly on charged particle
rapidity density. However, for lower dNch/dη this dependence
is clearly non-linear for strange particles due to strangeness
canonical suppression which increases with the strangeness
content of particles. On the quantitative level, however, one
can see in Fig. 5(left), that using a single volume, leads to
too much suppression at small charged particle multiplicities,
particularly for S = −2 and S = −3 baryons. This result is
consistent with the previous observation, that a single volume

FIG. 5. Left: Yields for VA = VC . Right: Yields for VA ̸= VC , The
two top lines are the fitted volumes VA (×5) in fm3. The particle
yields are indicated in the right panel together with the multiplicative
factor used to separate the yields. The solid blue lines have been
calculated for T = 156.5 MeV while the solid red lines have been
calculated for T = 160 MeV. The values of the volumes used have
been parametrized empirically in Eqs. (23) and (24).

canonical model implies too strong strangeness suppression in
low multiplicity events [53,62,64].

In general, strangeness conservation relates to the full
phase-space whereas particle yields are measured in some
acceptance window. Thus, the strangeness canonical volume
parameter VC can be larger than the fireball volume VA, re-
stricted to a given acceptance. To quantify ALICE data we
have performed the SCE model fit to data with two inde-
pendent volume parameters as shown in Fig. 5(right). The
resulting yields exhibit much better agreement with data by
decreasing strangeness suppression at lower multiplicities due
to larger value of VC than VA.

The fitted volume parameters are shown in Fig. 6 for T =
160 MeV. Two features are to be noted in this figure. First of
all the overall volume VA can be determined fairly accurately
and increases linearly with the charged-particle multiplicity.
This strongly supports that the yields are directly proportional
to the volume of the fireball and agrees with one of the ba-
sic ingredients of the thermal model. Second, the canonical
volume VC differs from VA, however the difference is not so
well determined at larger dNch/dη as it appears in a ratio
of Bessel functions which is already near to its asymptotic
value. For small multiplicities, however, the value of VC is
clearly larger than VA leading to a reduced suppression of
strange-particle yields. The fits to VA and VC were made for
each multiplicity bin and can be well parametrized as linear
functions of charged particle multiplicity:

VA = 1.27 + 2.58 × dNch

dη
for T = 160 MeV,

VA = 1.55 + 3.02 × dNch

dη
for T = 156.5 MeV. (23)

014904-9



Strange Canonical effect in low energyEnergy Dependence of Mid-rapidity Yield Ratio

• Comparison with thermal model
➢Grand Canonical Ensemble (GCE) fails at low energies
➢Canonical Ensemble (CE) wtih strangeness correlation 

length 𝒓𝒄 = 2.9 – 3.9 fm simultaneously describes Τ𝐊𝐬
𝟎 𝚲, 

Τ𝚲 𝐩 and Τ𝚵− 𝚲 in the whole energies
➢Change of medium properties at the high baryon 

density region

STAR Collaboration. Phys. Rev. C 102, 034909 (2020)
V. Vovchenko, et.al. Phys. Rev. C 93, 064906 (2016)
S. Wheaton, et.al. Comput.Phys.Commun. 180 (2009)

SQM-2024, June. 3-7 Hongcan Li (for the STAR collaboration) 15

Hongcan Li, STAR Coll., SQM-2024

• At low energies i.e. √sNN < 
5 GeV.

Ø GCE overpredict the 
ratios.

Ø SCE with RC = 2.9 – 
3.9 fm describes the 
ratios well.

• For energy > 5 GeV
Ø GC and SC merge.

Suppression of 
strangeness is seen in 
low energy.



Canonical effect in Baryon sector
ALICE Data

At LHC energies,

%&
%'
≈ 𝑒()/+3456.

 
• In small system, baryons to pion 

ratios is suppressed with 
decreasing multiplicity and 
increasing baryon quantum 
number of hadrons is observed 
by the ALICE Collaboration.

à Can be linked to the “baryon 
canonical suppression effect”.

This requires treatment of baryon 
quantum number canonically – 
Analogous to Strangeness 
Canonical Effect!ALICE Coll., Phys. Rev. Lett. 128, 252003 (2022); 

ALICE Coll., Eur. Phys. J. C 80, 889 (2020); 
ALICE Coll., Phys. Lett. B 800, 135043 (2020); 
ALICE Coll., Phys. Rev. C 93, 024917 (2016); 
ALICE Coll., Phys. Rev. C 97, 024615 (2018); 
ALICE Coll., Phys. Rev. C 101, 044906 (2020).



Implementation of BCE in Thermal model

Particle multiplicity with baryon “b” is 

𝑁, !
$ ≈ 𝑉!𝑛-$

𝐼, 2𝑉$.𝑛,/01# 𝑇

𝐼2 2𝑉$.𝑛,/01# 𝑇
	

 

VA is effective fireball volume in the acceptance; 

5! 6"
5# 6"

 ratio is suppression factor and 𝐵0 = 𝑉$ ∑𝑛3(𝑇) ;

VC is full space volume (correlation volume) where B is exactly conserved.



Implementation of BCE in Thermal model

• Performed fits to 𝜋, 𝑝, 𝑑 yields measured by ALICE in pp @ 13 TeV 
and p-Pb collisions @ 5.02 TeV for various multiplicity classes.

- Temp. fixed to 156.5 MeV; 

-  Fixed 𝛾4 = 1

-  Fixed VA from previous analysis as system under consideration is same.

-  𝑉$. is only free parameter.



Implementation of BCE in Thermal model

•  For low multiplicity:
 For <dNch/dη> ~ 2.5
à RA ≈ 1.3	𝑓𝑚, 
à 𝑅!" ≈ 1.6	𝑓𝑚, 𝑅!# ≈ 1.9	𝑓𝑚	
à May be 𝑅!# > 𝑅!" >	𝑅$

• At high multiplicity, canonical 
effect vanishes and system follow 
GC. 

• VC is increasing linearly with 
multiplicity.

• Relation from fitting pp @ 13 TeV

𝑉$ = 27.3 + 2.9×
𝑑𝑁"#
𝑑𝜂



Comparison of Yields with BCE predictions for pp and p-Pb collisions SHARMA, KUMAR, LO, AND REDLICH PHYSICAL REVIEW C 107, 054903 (2023)

FIG. 2. (a) Yields of pion, proton, and light nuclei as a function
of the charged particles multiplicities at midrapidity [1–6]. The solid
lines represent yields of particles predicted by the BCE thermal
model and the dashed lines are the same predictions scaled by a factor
γ = 0.45 obtained from the linear fit in the panel. The dotted line
represents the effect of exact strangeness conservation in addition
to baryon-canonical effects and fugacity factor on 3

"H. (b) Ratios of
data over BCE model for pions, protons, and deuterons. (c) Similar
ratios for 3He and 3

"H. The dotted line in (c) represents the linear fit.

are independent of the charge particle multiplicity. Indeed, in
Fig. 2(c) we see that the ratio of experimental yields over the
BCE model predictions for 3He and even for 3

"H, is within
uncertainties constant. This ratio is fitted to be λ = 0.45 ±
0.03. When rescaling the model results for 3He and 3

"H with
this factor λ (see dashed lines in Figs. 2 and 3) the data are
nicely reproduced for all values of dNch/dη.

We note, however, that since 3
"H carries a strange quan-

tum number |S| = 1, thus in small multiplicity events its
yields are also subjects of additional suppression due to ex-
act strangeness conservation (SC). The resulting strangeness
suppression of 3

"H yields is also quantified in Figs. 2 and 3,
and is seen to be small in the parameter range considered. At
the measured value of 3

"H the strangeness suppression is at the
percentage level whereas at lower dNch/dy it increases up to
≈15%. Such suppression is hardly visible on log plots.

The above-observed differences between the BCE model
predictions and 3He, 3

"H yields data by a constant multiplica-
tive factor can be interpreted as being due to deviations from
chemical equilibrium. In events with small dNch/dη the yields
of multibaryon states such as 3He and 3

"H appear in thermal
but not in chemical equilibrium. This can be quantified by
the off-chemical equilibrium fugacity factor λ which in the
present case is nearly independent of charged particle multi-

FIG. 3. Top: Ratios of protons, deuterons, 3He, and 3
"H to pions

as a function of charged particle multiplicity. Bottom: The yield
ratios d/p, 3He /d , and 3He /p as a function of charged particle
multiplicity. The various symbols represent the experimental data
[1–6] while the solid lines are the predictions from present analysis in
the BCE thermal model. The dashed lines (for ratios involving 3He
and 3

"H) represent the same predictions but rescaled with a factor
γ = 0.45 obtained from the linear fit in Fig. 2(c). The dotted line
represents the effect of exact strangeness conservation in addition to
baryon-canonical effects and fugacity factor for 3

"H.

plicity. Considering, however, that in central Pb-Pb collisions
the yields of 3He and 3

"H are found to be consistent with the
HRG model results in chemical equilibrium, one expects that
the above fugacity parameter must depend on dNch/dη and
will converge to unity for sufficiently large multiplicities.

054903-4

§ Yields of protons and deuterons 
and their dependence on 
<dNch/dη> are well described by 
the thermal model with exact 
baryon conservation.

Fit range Predicted
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054903-4

Fit range Predicted

§ Yields of protons and 
deuterons and their 
dependence on <dNch/dη> are 
well described by the thermal 
model with exact baryon 
conservation.

§ Predicted 3He and %&H  yields 
for all multiplicity range and p 
and d yields for higher 
multiplicity classes (p-Pb 
collisions).

§ Qualitative trend of 3He and 
%
&H i.e. suppression of baryon 
with decreasing <dNch/dη> are 
well described (solid lines). 

Comparison of Yields with BCE predictions for pp and p-Pb collisions 
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act strangeness conservation (SC). The resulting strangeness
suppression of 3

"H yields is also quantified in Figs. 2 and 3,
and is seen to be small in the parameter range considered. At
the measured value of 3

"H the strangeness suppression is at the
percentage level whereas at lower dNch/dy it increases up to
≈15%. Such suppression is hardly visible on log plots.

The above-observed differences between the BCE model
predictions and 3He, 3

"H yields data by a constant multiplica-
tive factor can be interpreted as being due to deviations from
chemical equilibrium. In events with small dNch/dη the yields
of multibaryon states such as 3He and 3

"H appear in thermal
but not in chemical equilibrium. This can be quantified by
the off-chemical equilibrium fugacity factor λ which in the
present case is nearly independent of charged particle multi-

FIG. 3. Top: Ratios of protons, deuterons, 3He, and 3
"H to pions

as a function of charged particle multiplicity. Bottom: The yield
ratios d/p, 3He /d , and 3He /p as a function of charged particle
multiplicity. The various symbols represent the experimental data
[1–6] while the solid lines are the predictions from present analysis in
the BCE thermal model. The dashed lines (for ratios involving 3He
and 3

"H) represent the same predictions but rescaled with a factor
γ = 0.45 obtained from the linear fit in Fig. 2(c). The dotted line
represents the effect of exact strangeness conservation in addition to
baryon-canonical effects and fugacity factor for 3

"H.

plicity. Considering, however, that in central Pb-Pb collisions
the yields of 3He and 3

"H are found to be consistent with the
HRG model results in chemical equilibrium, one expects that
the above fugacity parameter must depend on dNch/dη and
will converge to unity for sufficiently large multiplicities.

054903-4

Comparison of particle ratios with BCE predictions



Nuclei production in Au+Au collisions at 𝑠!!  = 3 GeV
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• Nuclei yield is slightly decreasing from 
central to peripheral collisions (i.e. 
with decreasing Npart)

• Slope increase with increasing mass 
and baryon quantum number

à Baryon suppression at 3 GeV may be 
interpreted as due to the baryon 
canonical effect – needs investigation!
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STAR Coll., Phys. Lett. B 825 (2022) 136865

• Thermal model explains %&H 
production in heavy-ion 
collisions ranging from 3 GeV 
[SCE] to 2760 GeV [GCE].

• SCE thermal model 
underestimates %(H 
production by a factor 4 in 
low energy (3 GeV) collisions 
à May be BCE is required 
as particle has B=4 (needs 
investigation).



Conclusions: 

Canonical effect seems important to consider in

Ø Small multiplicities at LHC energies 

Ø Also in low energy collisions at RHIC energies
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Canonical suppression effect observed at LHC energies
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Fig. 2: pT-integrated yield ratios to pions (p+ + p�) as a function of hdNch/dhi measured in |y| < 0.5. The
error bars show the statistical uncertainty, whereas the empty and dark-shaded boxes show the total systematic
uncertainty and the contribution uncorrelated across multiplicity bins, respectively. The values are compared to
calculations from MC models [30–32] and to results obtained in p–Pb and Pb–Pb collisions at the LHC [6, 10, 11].
For Pb–Pb results the ratio 2L / (p++p�) is shown. The indicated uncertainties all represent standard deviations.

The pT-integrated yields are computed from the data in the measured ranges and using extrapolations
to the unmeasured regions. In order to extrapolate to the unmeasured region, the data were fitted with
a Tsallis-Lévy [10] parametrization, which gives the best description of the individual spectra for all
particles and all event classes over the full pT range (Figure 1). Several other fit functions (Boltzmann,
mT-exponential, pT-exponential, blast-wave, Fermi-Dirac, Bose-Einstein) are employed to estimate the
corresponding systematic uncertainties. The fraction of the extrapolated yield for the highest(lowest)
multiplicity event class is about 10(25)%, 16(36)%, 27(47)% for L, X and W, respectively, and is negli-
gible for K0

S
. The uncertainty on the extrapolation amounts to about 2(6)%, 3(10)%, 4(13)% of the total

yield for L, X and W, respectively, and it is negligible for K0
S
. The total systematic uncertainty on the

pT-integrated yields amounts to 5(9)%, 7(12)%, 6(14)% and 9(18)% for K0
S
, L, X and W, respectively. A

significant fraction of this uncertainty is common to all multiplicity classes and it is estimated to be about
5%, 6%, 6% and 9% for K0

S
, L, X and W, respectively. In Figure 2, the ratios of the yields of K0

S
, L, X

and W to the pion (p++p�) yield as a function of hdNch/dhi are compared to p–Pb and Pb–Pb results at
the LHC [6, 10, 11]. A significant enhancement of strange to non-strange hadron production is observed
with increasing particle multiplicity in pp collisions. The behaviour observed in pp collisions resembles
that of p–Pb collisions at a slightly lower centre-of-mass energy [11], in terms of both the values of the
ratios and their evolution with multiplicity. As no significant dependence on the centre-of-mass energy
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indication of possible corrections due to exact conservation
of quantum numbers. Indeed, in the context of strangeness
production at the LHC, already from a previous analysis
[77] it was clear that the canonical ensemble with exact
strangeness conservation (CSE) is the best ensemble for
describing the low multiplicity classes in p-p collisions at
the LHC. Furthermore, the CSE was shown to connect better
to the high multiplicity classes than the canonical ensemble
with exact baryon, strangeness and charge conservation [77].
Thus, in the following, we focus on only exact strangeness
conservation and analyze data obtained by the ALICE
collaboration on (multi)strange particle multiplicity in
p-p collisions at 7 TeV [52] as well as 13 TeV [61], in p-Pb
collisions at 5.02 TeV [8,53] and in Pb-Pb collisions at 2.76
TeV [54–56]. The thermal model calculations are done using
the latest version of THERMUS [34,78] which is further
extended here to account for a more complete description
of hadron interactions within the S-matrix approach. We
consider the S-matrix corrections to proton and hyperon
yields as introduced in the previous section.

As a first step, we made a fit for each multiplicity bin
by keeping the number of parameters to a minimum. For
the temperature we are guided by the results from LQCD
[12] and the recent HRG model analysis of ALICE data for
central Pb-Pb collisions [1,5] and allow only two choices:
Tf = 156.5 MeV and Tf = 160 MeV, to identify T variation
of particle yields. For the strangeness suppression factor γs
we work with the value γs = 1 as motivated by fits in central
Pb-Pb collisions, this is in contrast to [7,79] where substantial
deviations have been proposed. The chemical potentials due to
conservation of baryon number and electric charge are being
set to zero as in the energy region of interest at the LHC,
particle-antiparticle symmetry is observed with a good degree
of accuracy. Thus, in the SCE only two parameters remain, the
volume of the system in the experimental acceptance VA and
the canonical volume VC which quantifies the range of exact
strangeness conservation. An independent determination of
the VC parameter remains an open issue.

For large multiplicities we have found that VA ≃ VC , there-
fore we first put them equal for all multiplicities. In Fig. 5(left)
we show the yields of hadrons calculated in the SCE for
different charged particle multiplicities dNch/dη at fixed tem-
perature and for a single volume V = VA ≃ VC . It is to be
noted that, the charged particle multiplicity is measured by
ALICE collaboration in the pseudorapidity range −0.5 < η <
0.5, while the particle yields are measured in a rapidity inter-
val −0.9 < y < 0.9.

The SCE model is seen in Fig. 5(left) to capture basic
properties of hadron yields data already with a single vol-
ume parameter. For large dNch/dη > 100 all hadron yields,
as well as extracted V , depend linearly on charged particle
rapidity density. However, for lower dNch/dη this dependence
is clearly non-linear for strange particles due to strangeness
canonical suppression which increases with the strangeness
content of particles. On the quantitative level, however, one
can see in Fig. 5(left), that using a single volume, leads to
too much suppression at small charged particle multiplicities,
particularly for S = −2 and S = −3 baryons. This result is
consistent with the previous observation, that a single volume

FIG. 5. Left: Yields for VA = VC . Right: Yields for VA ̸= VC , The
two top lines are the fitted volumes VA (×5) in fm3. The particle
yields are indicated in the right panel together with the multiplicative
factor used to separate the yields. The solid blue lines have been
calculated for T = 156.5 MeV while the solid red lines have been
calculated for T = 160 MeV. The values of the volumes used have
been parametrized empirically in Eqs. (23) and (24).

canonical model implies too strong strangeness suppression in
low multiplicity events [53,62,64].

In general, strangeness conservation relates to the full
phase-space whereas particle yields are measured in some
acceptance window. Thus, the strangeness canonical volume
parameter VC can be larger than the fireball volume VA, re-
stricted to a given acceptance. To quantify ALICE data we
have performed the SCE model fit to data with two inde-
pendent volume parameters as shown in Fig. 5(right). The
resulting yields exhibit much better agreement with data by
decreasing strangeness suppression at lower multiplicities due
to larger value of VC than VA.

The fitted volume parameters are shown in Fig. 6 for T =
160 MeV. Two features are to be noted in this figure. First of
all the overall volume VA can be determined fairly accurately
and increases linearly with the charged-particle multiplicity.
This strongly supports that the yields are directly proportional
to the volume of the fireball and agrees with one of the ba-
sic ingredients of the thermal model. Second, the canonical
volume VC differs from VA, however the difference is not so
well determined at larger dNch/dη as it appears in a ratio
of Bessel functions which is already near to its asymptotic
value. For small multiplicities, however, the value of VC is
clearly larger than VA leading to a reduced suppression of
strange-particle yields. The fits to VA and VC were made for
each multiplicity bin and can be well parametrized as linear
functions of charged particle multiplicity:

VA = 1.27 + 2.58 × dNch

dη
for T = 160 MeV,

VA = 1.55 + 3.02 × dNch

dη
for T = 156.5 MeV. (23)
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