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Hadron lists based on experimental studies summarized by the Particle Data Group (PDG) are a
crucial input for the equation of state and thermal models used in the study of strongly-interacting
matter produced in heavy-ion collisions. Modeling of these strongly-interacting systems is carried out
via hydrodynamical simulations, which are followed by hadronic transport codes that also require
a hadronic list as input. To remain consistent throughout the different stages of modeling of a
heavy-ion collision, the same hadron list with its corresponding decays must be used at each step.
It has been shown that even the most uncertain states listed in the PDG from 2016 are required
to reproduce partial pressures and susceptibilities from Lattice Quantum Chromodynamics with
the hadronic list known as the PDG2016+. Here, we update the hadronic list for use in heavy-ion
collision modeling by including the latest experimental information for all states listed in the Particle
Data Booklet in 2021. We then compare our new list, called PDG2021+, to Lattice Quantum
Chromodynamics results and find that it achieves even better agreement with the first principles
calculations than the PDG2016+ list. Furthermore, we develop a novel scheme based on intermediate
decay channels that allows for only binary decays, such that PDG2021+ will be compatible with
the hadronic transport framework SMASH. Finally, we use these results to make comparisons to
experimental data and discuss the impact on particle yields and spectra.

I. INTRODUCTION

Prior to the advent of QCD, particle accelerators were
constantly reporting the production of a great number
of mostly unstable states – then referred to as elemen-
tary particles on the same footing as electrons or pro-
tons. Soon after, it was understood that smaller, more
fundamental constituents formed these unstable parti-
cles, which were re-classified as resonances rather than
elementary. The observation of an exponentially-rising
mass spectrum for these resonances motivated Hagedorn
to formulate and introduce the bootstrap model, in which
heavy resonances decay into lighter states that can also
decay themselves [1, 2]. A consequence of this idea was
that the energy in these systems could be utilized to
create heavier mass resonances rather than increase the
momentum of the particles, representing an important
insight into hadron production. Furthermore, the boot-
strap model and its extensions were of key importance to
develop the thermodynamic description of nuclear mat-
ter [3–8]. This non-kinetic description led to a maxi-
mum temperature for hadronic nuclear matter, known
as the Hagedorn temperature TH . Cabibbo and Parisi
postulated that TH could be indicative of a transition to
different degrees of freedom, namely deconfined strongly

interacting matter [9]. In fact, the value of TH predicted
by the bootstrap model was found to be remarkably close
to the pseudo-critical temperature later determined by
lattice QCD calculations [10].
Over the last decades, there has been a collective effort

in detecting, identifying, and classifying hadronic reso-
nances, as shown in the Review of Particle Physics [11].
The progress on the experimental side was met with the
development of the hadron resonance gas (HRG) model
on the theory side, which picks up on the bootstrap model
but reduces the number of free parameters while gen-
eralizing the model to include all particle species. For
instance, hadron yield measurements at the LHC indi-
cated a tension between the proton, pion, and strange
baryons with thermal model comparisons [12], which may
be resolved with additional hadronic states [13]. Simul-
taneously, recent lattice QCD results with smaller uncer-
tainties have made it possible to probe the region of the
QCD phase diagram near the line of vanishing baryonic
chemical potential. Furthermore, comparisons between
the HRG model and lattice QCD have been shown to be
in agreement at temperatures below Tp.c. ∼ 155 MeV,
adding confidence to the resonance gas description of the
hadronic phase of nuclear matter [13–16].
Nowadays, hadron lists are typically needed when con-

structing new equations of state that are later used in
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hydrodynamical simulations, as well as for freeze-out and
sampling codes, and hadronic transport models. Ex-
amples of commonly used hadron lists can be found in
[15, 17–22] where, in some instances, additional states
from the quark model have been included [23, 24]. To
remain consistent throughout a heavy-ion collision sim-
ulation, however, a single hadron list must be used at
every step of the evolution. Moreover, it has been
shown that more comprehensive lists that contain all
the hadronic states observed by the Particle Data Group
(PDG) tend to be more consistent with a number of ob-
servables, as opposed to more restrictive sets that only
include well-established states [15]. Recently, the Sim-
ulating Many Accelerated Strongly-interacting Hadrons
(SMASH) hadronic transport approach has been used to
investigate heavy-ion collisions in the low and high energy
regimes [25, 26] and in the intermediate energy regime to
perform studies on baryon stopping [27]. In this work, we
present the PDG2021+ list1, a state-of-the-art hadronic
list for a consistent use throughout all stages of heavy-
ion collision simulations that presents the latest exper-
imental information available from the PDG, including
all observed resonances and decays. For particles and
decay channels where experimental information is lim-
ited, branching ratios of heavy resonances are modeled
through radiative decays into lighter states with match-
ing quantum numbers.

This paper is organized as follows. Section II intro-
duces the PDG2021+ particle list, providing compar-
isons to other commonly used resonance lists. Section
III presents further details on the new hadronic list and
shows its effect on partial pressures, cumulants of con-
served charges, and thermal model fits, compared to
results with other hadronic lists and lattice QCD cal-
culations. The consequence of incorporating additional
resonances by using the PDG2021+ list in the SMASH
hadronic framework is analyzed in Sec. IV in the context
of the transverse-momentum spectra of identified parti-
cles. Finally, the conclusions are presented in Sec. V.

II. THE PDG2021+ HADRON LIST

The Particle Data Group collaboration produces each
year a summary of experimental results, including the
properties of fundamental particles and hadronic reso-
nances. Particle listings are organized according to a
confidence level scale, depending on the amount of evi-
dence to back up the existence of each particle and its
properties. The most well-established states are marked
with four stars (****), whilst resonances that have min-
imal information are given one star (*). In Ref. [15], it
was shown that the PDG2016+ list, containing all light

1 This list is based on the 2021 edition of the Review of Particle
Physics [28]. By the time of writing, the 2023 edition was just
released but it includes no significant updates for our purposes.

and strange hadrons known at the time, was more suit-
able to adequately reproduce the strange charge suscepti-
bilities and baryon partial pressures calculated using lat-
tice QCD. The same list was later used in Refs. [22, 29]
to demonstrate the effects of additional resonances on
particle momentum spectra and the extracted freeze-out
parameters from thermal fits, where it was found that
missing states led to a better agreement with experimen-
tal data and improved yield fits. Similar studies have also
suggested the need for additional states, particularly in
the strange sector, to account for differences with other
lattice observables [30–32]. In recent years, experimen-
tal observations have indeed determined the existence of
previously unknown hadronic states. On the other hand,
along with the newly observed states, a few formerly un-
confirmed particles have been removed from the listings
for the experimental information has been considered in-
sufficient to support their existence. A summary of the
changes between the 2021 edition of the PDG Particle
Review and the 2016 issue is provided in Table I [11, 33–
36].

Particle name

Added Removed

π2(2005) Σ(2010) a1(1420)

X(2370) Σ(2110) X(1840)

Λ(2000) Σ(2230) a6(2450)

Λ(2070) Σ(2455) Σ(1770)

Λ(2080) Σ(2620) Σ(1840)

Ω(2012) Σ(3170) Σ(2000)

TABLE I. Particle changes on the PDG2021+ hadron list with
respect to the previous PDG2016+. It is understood that
each particle includes all the elements of the corresponding
multiplet and their antiparticles.

The PDG2021+ resonance list2 is built on the previous
PDG2016+, including particles and properties, such as
particle identification number (PID), mass, width, degen-
eracy, baryon number, strangeness content, isospin, elec-
tric charge, and branching ratios of (strongly-interacting)
decay channels. However, the new version of the list has
some notable differences with respect to its predecessor.
An extensive revision of the PDG2016+ was carried out,
updating the values of mass and width, as well as de-
cay channels and branching ratios to the most recent ex-
perimental data available. For increasingly heavy reso-
nances, information on particle properties such as spin
and parity, and branching ratios becomes less certain;
in several instances, the reported experimental branch-
ing ratios do not add up to 1. Although the formation
of heavy resonances is exponentially suppressed, the han-
dling of their decays can potentially have an effect on the

2 Available at https://github.com/jordissm/PDG21Plus.

https://github.com/jordissm/PDG21Plus
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final spectra of stable particles. Previously, for example,
the PDG2016+ list assigned a large (≳ 70%) branching
ratio to radiative decays of the form N2 → N1+γ, where
N2 and N1 are hadrons with the same quantum numbers
(here N1 is the next in order of descending mass com-
patible with such a decay) as a substitute for missing
decay channels, while splitting the remaining percentage
between available values. In contrast, the PDG2021+
list includes the experimentally reported values without
modification, only adding radiative decays as a comple-
ment to reach the correct normalization.
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FIG. 1. Comparison of baryon resonance mass spectra
per family between the new PDG2021+ (red), previous
PDG2016+ (green), and SMASH (blue) hadronic lists. Par-
ticle lists based on the latest experimental data available in-
clude states that are not completely established and are sub-
ject to change in their existence and properties.

The most common approach in thermal and hadronic
transport models that take hadronic spectra as input
has been to include only the most well-established res-
onances. Notably, SMASH uses an extensive set of es-
tablished hadrons while also allowing for the possibility
of including more particles as necessary. Figure 1 shows
the spectra comparison per baryon family between the

PDG2021+, PDG2016+, and SMASH hadronic lists3.
The extended lists contain several resonances that re-
quire additional experimental support and are subject to
change in properties and quantum numbers. Most no-
ticeably, these extended lists add in high-mass states for
every family when compared to the default SMASH col-
lection of particles. We also highlight the incorporation
of a new, relatively light, Ω baryon at m ≃ 2012 MeV on
the PDG2021+ list with respect to PDG2016+; due to
the small number of states in this family, the contribution
represents a 25% increase on the number of triple-strange
hadrons.
Alongside with changes on the number of particles and

their respective decays, the PDG2021+ list also intro-
duces some changes on the PID of resonances with re-
spect to the standard Monte Carlo numbering scheme
[11]. Since SMASH uses the particle identification num-
ber to work out the quark content of a baryon, a con-
sistent treatment of the numbering scheme is necessary,
to implement the hadronic list into the model. The de-
tails on the modified numbering scheme can be found in
Appendix A.

A. Hadronic spectrum

The statistical bootstrap model is an approach that
aims at characterizing nuclear matter, where the in-
teractions among hadrons are thought to be well ap-
proximated by the formation of more massive hadronic
resonances, leading to a description of a gas of non-
interacting heavy states. The information on the com-
position of and how rapidly these heavier states decay is
contained in the density of states ρ(m) that arises as the
solution to the bootstrap condition,

ρ(m,V0) = δ(m−m0) +
∑
N

1

N !

[
V0

(2π)3

]N−1

×
∫ N∏

i=1

[
dmi ρ(mi)d

3pi
]
δ4

(∑
i

pi − p

)
,

(1)

where m0 is the mass of the lightest hadron of the spec-
trum and V0 is the size of the system. Hagedorn realized
that solutions to the self-similar Eq. (1) ought to have a
rising exponential behavior ∼ m−aem/TH for some power
a and improved versions of the model led to solutions of
the form

ρ(m) =
A

(m2 +m2
r)

5/4
em/TH , (2)

where A and TH are free parameters and mr = 500
MeV; this solution has been shown to give lower values

3 SMASH version 2.2 was used for all results presented in this
paper.
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of the temperature TH , closer to the transition tempera-
ture from lattice QCD, and approaches Hagedorn’s initial
ansatz asymptotically in the m → ∞ limit [1, 2, 6, 37–
39].

In order to compare to experimental data, it is actually
more useful to compute the cumulative number of states
of mass lower than m, given by

Ntheory(m) =

∫ m

0

ρ(m′) dm′, (3)

while the total number of experimentally measured states
is obtained via

Nexp.(m) =
∑

i∈hadr.list

di Θ(m−mi), (4)

where di is the degeneracy of the state i and Θ(m) is the
Heaviside function.

Figure 2 shows the number of experimentally ob-
served states up to a given mass, Nexp.(m), and the fit
functions Ntheory(m) corresponding to the SMASH and
PDG2021+ hadronic lists. The values of A and TH were
found performing a least-squares fit of Eq. (3) toNexp. for
each of the particle lists. To preserve the quality of the fit,
only resonances up to a mass of 1.9 GeV were taken into
account. The resulting fit parameters were A = 0.5575
GeV3/2 and TH = 174.2 MeV for the SMASH hadron list
and A = 0.4735 GeV3/2 and TH = 167.2 MeV in the case
of the PDG2021+.

The inclusion of additional resonances has the effect
of making the spectrum more steep, thus lowering the
limiting temperature, bringing it even closer to lattice
results [40–46], in agreement with previous studies [47].
Hence, the persisting difference between the Hagedorn
temperature with an extended spectrum and the pseudo-
critical temperature serves as an indication that more
hadronic states are still to be observed in experiments.

III. HADRON RESONANCE GAS WITH
PDG2021+

The success of the Hagedorn resonance gas lies in pre-
dicting an exponentially rising spectrum and a maxi-
mum temperature for hot hadronic matter, above which
a phase transition may occur. However, the exponen-
tial density of states does not take into consideration the
existence of different particle species or their degener-
acy. Consequently, particle yields and thermodynamic
observables across distinct hadron sectors are not avail-
able. An alternative approach is to use the experimen-
tally available discrete hadronic states in replacement of
the density of states ρ(m) of Eq. (2). In practice, this
method is known as the hadron resonance gas model and
is useful to compute the thermodynamics of a system of
non-interacting hadrons and their resonances.

The HRG model is a widely-used theoretical frame-
work for describing the properties of nuclear matter at

FIG. 2. Spectra of hadronic states according to the default
particle list included in SMASH (gray points) and PDG2021+
(blue points) and the corresponding Hagedorn fit (black and
blue lines, respectively). The inclusion of more resonances
lowers the Hagedorn temperature obtained from the fit.

finite density and low temperature (T ≲ 155 MeV). The
fundamental assumption of the model is that the system
is well described by an uncorrelated gas of hadrons and
resonances, with the bulk thermodynamics of QCD calcu-
lated within the grand-canonical ensemble. The hadrons
and resonances are thus treated as point-like particles
whose properties are determined by their quantum num-
bers, such as mass, spin, and isospin.

Validation for the HRG model comes from the remark-
able agreement with predictions from lattice calculations
[48, 49] and has been successfully applied to describe
further observables, such as particle yields [50] and net-
particle fluctuations [22, 51–53]. However, because of its
assumptions, the model has some limitations when ap-
plied to the hadron phase of a heavy-ion collision which
include the finite-size of constituents, the non-zero width
of broad resonances, and interactions between hadrons.
To address these limitations, some extensions to the HRG
model have been proposed such as the inclusion of an ex-
cluded volume [32, 54–64], van der Waals terms [31, 65–
69], mean-field interactions [70–72], quantum effects un-
der the Beth-Uhlenbeck approach [73, 74], or based on
scattering phase shifts [8, 75–81]. Despite the improved
descriptions that these extensions may provide, in this
work we use the ideal HRG for its clarity to demonstrate
the effect of adding more resonances.

In the ideal HRG model, the total pressure of the gas
is obtained by summing over all individual pressures of
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the spectrum,

p

T 4
=
∑
i

pBiSiQi

T 4
, (5)

which are given by

pBiSiQi

T 4
=(−1)Bi+1 1

T 3

di
2π2

∫ ∞

0

dp p2 ln

[
1+

(−1)Bi+1 exp

(
−
√
p2 +m2

i

T
− µ̂i

)]
, (6)

where µ̂i =
∑

q X
q
i µq/T is the dimensionless total chem-

ical potential, µq is the chemical potential for the con-
served charge q, and the index i runs over all particles.
Each distinct particle possesses a spin degeneracy di,
mass mi, and quantum numbers Xq

i = {Bi, Si, Qi}. In
addition, mesons and baryons are described by differ-
ent statistics, namely, Bose-Einstein for the former and
Fermi-Dirac for the latter. Notice that in both cases the
contribution is positive, signaling an increase of pressure
for every additional state considered.

The number density for particle species i can be found
from the total pressure in Eq. (5) with the help of the
thermodynamic relation

ni(T, µB , µS , µQ) =

〈
Nprim

i

〉
V

=
1

T

∂p

∂µ̂i

∣∣∣∣∣
T

, (7)

where
〈
Nprim

i

〉
is the (primordial) mean multiplicity for

species i in a volume V . In reality, the predicted yield of a
particle is given by the sum of the primordial multiplicity
and the contribution from all resonances that decay into
a final state containing such particle, i.e.,〈

Ni

〉
= ni(T, µB , µS , µQ) V +

∑
R

ΓR→i

〈
Nprim

R

〉
, (8)

where
〈
Nprim

R

〉
is the mean multiplicity of resonance R

and ΓR→i =
∑

chan. gi γR→i is the sum across all decay
channels of resonance R with corresponding branching
ratios γR→i, that have gi occurrences of particle i as a
decay product.

Although the above expressions in Eqs. (7) and (8)
depend on the three chemical potentials associated with
conserved charges, µB , µS , and µQ, these are not com-
pletely independent. In heavy-ion collisions, the nature
of the colliding nuclei and the observation of net-strange
neutrality permit to set constraints on the values of the
chemical potentials via

nnet
Q (T, µB , µS , µQ) = xnnet

B (T, µB , µS , µQ), (9)

nnet
S (T, µB , µS , µQ) = 0, (10)

where the net densities of baryon number nnet
B , electric

charge nnet
Q , and strangeness nnet

S are calculated using

nnet
q (T, µB , µS , µQ) =

∑
i

Xq
i ni(T, µB , µS , µQ), (11)

effectively reducing the dependency of the number densi-
ties to the baryon chemical potential µB and the temper-
ature T . The numerical factor x in Eq. (9) is obtained
from the ratio of protons to baryons, namely, x ≃ 0.4 for
Au+Au and Pb+Pb collisions.

A. Comparisons to lattice QCD

1. Partial pressures

Within the HRG model, the pressure at finite chem-
ical potential can be obtained by integrating Eq. (6),
computed by expanding the logarithm and integrating
term-by-term to obtain a series expansion containing the
modified Bessel function of the second kind:

pBiSiQi

T 4
=

di
2π2

(mi

T

)2
exp (Biµ̂B + Siµ̂S +Qiµ̂Q)

×
∞∑

N=1

[
(−1)Bi+1

]N+1

N2
K2

(
N

mi

T

)
. (12)

Because we are interested in the regime of temperatures
T ≤ 170 MeV and the masses of the lightest baryons are
mN ≃ 1 GeV, we can approximate the above expression
for large values of the ratio mi/T . In this approximation,
we take only the first term in the series above, due to
the Bessel function becoming suppressed at higher orders
as ∼ exp (−Nmi/T ). Of course, this argument remains
formally valid for all but the lightest mesons; in practice,
however, the approximation can also hold for pions up to
a few-percent deviation. Hence, the pressure for particle
i takes the form

pBiSiQi

T 4
=

di
2
ϕ(T,mi) exp (Biµ̂B + Siµ̂S +Qiµ̂Q) ,

(13)
where

ϕ(T,mi) =
1

π2

(mi

T

)2
K2

(mi

T

)
. (14)

Indeed, the next-to-leading terms can be identified as
quantum corrections and this constitutes the Boltzmann
approximation.
In order to compare the various contributions to the

total pressure coming from hadrons that possess the same
quantum numbers, we sum over all particles that have the
same {B,S,Q} charges,

pBSQ

T 4
=
∑
i

pBiSiQi

T 4
δBBi

δSSi
δQQi

= exp (Bµ̂B + Sµ̂S +Qµ̂Q) ϕBSQ(T ), (15)

where ϕBSQ is defined by

ϕBSQ(T ) =
∑
i

di ϕ(T,mi) δBBi
δSSi

δQQi
. (16)
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With the explicit contribution from antiparticles and set-
ting µ̂Q = 0 for simplicity, the total pressure can then be
written as

p

T 4
= ϕ̃0(T ) +

∑
B,S

ϕ̃BS(T ) cosh(Bµ̂B + Sµ̂S)

= ϕ̃0(T ) + ϕ̃0|1|(T ) cosh(µ̂S)

+ ϕ̃10(T ) cosh(µ̂B)

+ ϕ̃1|1|(T ) cosh(µ̂B − µ̂S)

+ ϕ̃1|2|(T ) cosh(µ̂B − 2µ̂S)

+ ϕ̃1|3|(T ) cosh(µ̂B − 3µ̂S), (17)

where each term in the sum corresponds to the par-
tial pressure associated with a particular set of quantum
numbers. Notice that the dimensionless pressure coef-
ficients ϕ̃BS are now linear combinations of the more
general ϕBSQ; for instance, the kaon contribution is

ϕ̃0|1| = ϕ0|1|0+ϕ0|1||1|. For further details see [15, 82, 83].
In Fig. 3, we show the contribution of each of the

partial pressures to the total pressure. Results from the
HRG model calculations, as described above, with the
updated PDG2021+ list are compared to the lattice QCD
results obtained from imaginary strangeness chemical po-
tential simulations from [15]. This logarithmic plot illus-
trates the range in order of magnitude that the different
sectors span with smaller contributions from more rare
species. We can see that the agreement achieved between
lattice QCD and HRG with the PDG2021+ hadronic
list is remarkable across the orders of magnitude covered
here.

In order to scrutinize further the updates to the
hadronic spectrum with the PDG2021+ list, we show its
agreement with the lattice data in the different sectors
along with the results from HRG model calculations with
older hadronic lists. We compare the results from the new
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FIG. 3. Contribution to the total pressure of strange mesons
and different baryonic sectors within the ideal hadron reso-
nance gas using the PDG2021+ particle list, compared to the
lattice results from [15].

FIG. 4. Contribution to the total pressure from K resonances
within the ideal hadron resonance gas using the PDG2021+
(solid red) particle list, compared to the lattice results from
[15] and to the PDG2016+ (dashed blue) and SMASH (dotted
green) hadronic lists.

list with the list that first incorporated additional PDG
states beyond those that are well-established, known as
PDG2016+, as described in detail in Refs. [15, 22]. In
addition, the PDG2021+ list has been developed for use
in the simulation of strongly-interacting matter, and as
such, we compare it to the hadronic list from the SMASH
hadronic transport framework.
A comparison of the partial pressures for the

PDG2021+ list with the SMASH and PDG2016+ lists
is shown in Figs. 4 and 5. From this we see that the
strange meson content is very similar among the three
hadronic lists, which is due to the fact that there have not
been modern experimental facilities available to study
the strange meson spectrum4. However, for the non-
strange baryons, shown in the top left panel of Fig. 5,
the SMASH list lies below the two extended lists from
2016 and 2021, while the extended lists remain in agree-
ment. This shows that there are resonances missing in
the SMASH list already in the non-strange baryon fam-
ily. Indeed, this trend continues for the S = 1 and
S = 2 baryon sectors, also shown in panels (b) and (c)
of Fig. 5. On the other hand, the partial pressures in
the singly and doubly strange baryon sectors continue to
agree for the extended lists, PDG2016+ and PDG2021+,
with deviations only at the percent level. It it useful to
note that the deviations seen in these plots between the
HRG model and lattice QCD near and above the pseudo-
critical temperature, Tp.c. ∼ 155 MeV, naturally arise
from the fact that the system can no longer be described
with hadronic degrees of freedom. Finally, the triply

4 The proposal from the COMPASS++/AMBER collaboration of
upgrading and operating the existing facilities at the M2 beam
line at CERN SPS has been approved and is expected to improve
and extend the kaon spectrum [84].
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FIG. 5. Partial pressures of (a) N and ∆, (b) Λ and Σ, (c) Ξ, and (d) Ω resonances, as obtained from the ideal hadron resonance
gas using the PDG2021+ (solid red), PDG2016+ (dashed blue), and SMASH (dotted green) particle lists, compared to the
lattice results from [15].

strange baryons, in panel (d), show a better agreement
between HRG and lattice with the updated PDG2021+
list. The strangeness S = 3 baryons are more than 20%
higher at T ∼ 150 MeV for the PDG2021+ list, which
is due to the additional Ω baryon listed by the PDG in
2021.

2. Susceptibilities

Despite the overall agreement that the HRG model
has with results from lattice QCD at temperatures below
Tp.c. for the partial pressures, recent studies have pointed
out discrepancies in other observables sensitive to the fla-
vor content of hadrons [15, 49]. Including more hadrons
from a particular sector can improve or amplify the ten-
sion when comparing the HRG model against lattice re-
sults. Examples of such observables include the diagonal
and off-diagonal susceptibilities of conserved charges and
their ratios, which are calculated according to

χBSQ
ijk =

∂i+j+k(p/T 4)

∂(µB/T )i∂(µS/T )j∂(µQ/T )k

∣∣∣∣∣
µ⃗=0

, (18)

where i, j, and k are the orders of the susceptibilities
corresponding to the B, S, and Q conserved charges,
respectively.

We compare the conserved charge susceptibilities
from lattice QCD and ideal HRG calculations with
the different hadronic lists: SMASH, PDG2016+, and
PDG2021+. We calculate second-order diagonal and off-
diagonal susceptibilities, and show ratios to eliminate the
explicit volume dependence. In Fig. 6, the higher order
strangeness susceptibility ratio χS

4 /χ
S
2 is shown for the

different lists. As was shown in Ref. [15], this particular
susceptibility ratio is proportional to the square of the
strangeness content ∼

〈
S2
〉
. The results indicate that

the new list PDG2021+ behaves very similarly to the
PDG2016+ list, with differences only at the percent level.
At higher temperatures, these two lists begin to deviate,
due to the presence of the new Ω baryon included in the
PDG2021+ list. The SMASH list is consistently below
the other two, because it contains fewer multi-strange
baryons. In general, the agreement with lattice results is
very similar for the three lists, owing to the error bars on
the lattice QCD data for this observable.

Next, we show off-diagonal ratios for baryon-charge
and baryon-strangeness susceptibilities. These ratios in
particular are sensitive to the effects of the hadronic spec-
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FIG. 6. Strange susceptibility χS
4 at vanishing chemical

potential, normalized by χS
2 as a function of temperature

within the ideal HRG model using the PDG2021+ (solid red),
PDG2016+ (dashed blue), and SMASH (dotted green) parti-
cle lists, compared to the lattice results from Ref. [15].

trum, as discussed in Ref. [32].
Figure 7 shows the ratio of charged baryons to all

baryons, χBQ
11 /χB

2 , for the three hadronic lists we com-
pare. As with the higher order strangeness susceptibility
ratios, the augmented lists PDG2016+ and PDG2021+
agree very well. The SMASH list lies slightly above,
though the difference is not dramatic. We reiterate that,
because the lists perform so similarly for these suscepti-
bilities, their agreement with lattice results is also very
similar. In the new hadronic list PDG2021+, some states
that were ambiguous in the 2016 version of the PDG
were resolved and were consequently removed from the
updated PDG2021+ list, as shown in Table I. In light
of this, the new PDG2021+ list is slightly above its pre-
decessor in Fig. 7, which indicates that the fraction of

FIG. 7. Cross-charge susceptibility χBQ
11 at vanishing chemi-

cal potential, normalized by χB
2 as a function of temperature

within the ideal HRG model using the PDG2021+ (solid red),
PDG2016+ (dashed blue), and SMASH (dotted green) parti-
cle lists, compared to the lattice results from Refs. [49, 85].

FIG. 8. Cross-charge susceptibility χBS
11 at vanishing chemi-

cal potential, normalized by χB
2 as a function of temperature

within the ideal HRG model using the PDG2021+ (solid red),
PDG2016+ (dashed blue), and SMASH (dotted green) parti-
cle lists, compared to the lattice results from Refs. [49, 85].

charged baryons is slightly larger.
At the same time, we see that the ratio of strange

baryons to all baryons is slightly smaller for PDG2021+
compared to PDG2016+, as shown in Fig. 8. This shows
a greater separation in the SMASH list compared to the
extended spectrum lists, as strange baryons contribute
less to the total number of baryons for this list.
Finally, we compare the lists for the electric charge

susceptibility ratio χQ
4 /χ

Q
2 . Continuum extrapolated re-

sults from lattice QCD are not available at the moment,
because of the difficulty in obtaining a continuum limit

for χQ
4 . Because all hadrons except the ∆ baryons have

unit (or zero) charge, this ratio can deviate from 1 only
due to these isospin multiplets, for each of which there
is a |Q| = 2 state. Every other singly charged state will

FIG. 9. Electric charge susceptibility χQ
4 at vanishing chemi-

cal potential, normalized by χQ
2 as a function of temperature

within the ideal HRG model using the PDG2021+ (solid red),
PDG2016+ (dashed blue), and SMASH (dotted green) parti-
cle lists.
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bring the ratio closer to 1, including heavier (strange) res-
onances. This explains why the SMASH curve is above
the PDG ones, as it contains fewer states in general, while
the number of ∆ baryons is similar. The PDG2021+, on
the other hand, falls above the PDG2016+ because of
the recent decrease in the mass of a couple of the lightest
∆ resonances, as can be seen in the top right panel of
Fig. 1.

B. Thermal Models

The hadron resonance gas model is also often used to
fit the hadron yield data from relativistic heavy-ion col-
lisions, assuming thermal and chemical equilibrium be-
tween all stable hadrons and resonances [50, 51, 86–90].
The HRG model fits are performed by minimizing the
value of the χ2 function,

χ2

Ndof
=

1

Ndof

N∑
i=1

(N exp
i −NHRG

i )2

σ2
i

, (19)

determined from the comparison between experimental
yields and yields calculated in the thermal model. From
this χ2-minimization procedure, the best fitting chemical
freeze-out parameters, T, µB , V are extracted.
We utilized the Thermal-FIST package to perform the

fits [91]. Following the previous results of Refs. [22,
49, 52, 83, 89, 92], in this manuscript we considered
two separate scenarios for chemical freeze-out, namely
a single freeze-out and two freeze-out scenario. In the
single freeze-out scenario, a global fit of all hadrons is
performed, yielding a single set of {T, µB , V }. On the
other hand, in the two freeze-out scenario we consider
the flavor-dependent freeze-out hypothesis. Here, we al-
low for two sets of freeze-out parameters by fitting light
(π,K, p) and strange (K,Λ,Σ,Ξ,Ω,K0

S ,K
∗0, ϕ) particles

separately.
Figure 10 illustrates the total yields for all stable par-

ticles in the single and two-freeze-out scenarios using the
PDG2021+ resonance list, as well as the corresponding
standard deviations from experimental data for central
ALICE Pb-Pb 0–10% events at 5.02 TeV, along with the
extracted fit parameters and their associated uncertain-
ties [93–95]. In a similar manner, Fig. 11 displays the to-
tal yield when employing the SMASH hadronic list. The
fit quality, indicated by the χ2/N value, is consistently
superior when using the more comprehensive PDG2021+
list for all particle species in both freeze-out scenarios.
Notably, the correlation between thermal yields and ex-
perimental values in the strange sector sees significant
improvement, with the sole exception of Λ particles.

IV. TRANSVERSE-MOMENTUM SPECTRA
AND

〈
pT

〉
Previous studies have found that the inclusion of ex-

tra hadronic states can influence both the spectra and

FIG. 10. (Solid) Single freeze-out temperature particle yield
fit using the PDG2021+ resonance list with extracted volume
VG = 5317.02± 642.58 fm3 and (dotted) Two-freeze-out tem-
perature particle yield fit using the PDG2021+ resonance list
with VL = 8516.1 ± 1176.2 fm3 and VS = 3645.07 ± 380.164
fm3 as the extracted volumes. Experimental data points cor-
respond to ALICE Pb-Pb 0–10% collisions at 5.02 TeV [93–
95].

mean transverse momentum ⟨pT ⟩ [29] as well as the flow
harmonics [29, 96]. To thoroughly check the influence of
these new states in heavy-ion collision simulations there

FIG. 11. (Solid) Single freeze-out temperature particle yield
fit using the SMASH resonance list with extracted volume
VG = 5227.85 ± 633.649 fm3 and (dotted) Two-freeze-out
temperature particle yield fit using the SMASH resonance list
with VL = 8653.23±1228.85 fm3 and VS = 3029.03±432.872
fm3 as the extracted volumes. Experimental data points cor-
respond to ALICE Pb-Pb 0–10% collisions at 5.02 TeV [93–
95].
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are a number of steps that would need to be taken. First,
we would need to include these extra resonances in the
hadron resonance gas equation of state and match that
equation of state to lattice QCD results. Then, we would
need to run full hydrodynamic simulations with this new
equation of state and new resonances, retuning parame-
ters such as the normalization constant, shear and bulk
viscosities, etc. Such study was done previously in [29]
for the PDG2016+ list but only considering the influence
of new states on the direct decays. A more in depth study
is still needed where the full effect of hadronic rescatter-
ing and the interplay with these new states is taken into
account. While we plan to study this in detail in a future
work, in this paper we take a simpler approach and in-
stead incorporate these new states in a blast-wave model
where we consider both the possibility of their influence
on just direct decays as well as their influence on hadron
rescattering using the updated SMASH code.

The blast-wave model is a simplified, parametric ap-
proach that has been often used to describe the spec-
tra and elliptic flow observed in relativistic heavy-ion
collisions [93, 97–103]. In its simplest form, the model
assumes a simultaneous freeze-out of all particles on a
hypersurface in local thermal equilibrium with boost-
invariance for the longitudinal expansion, and a simple
parametrization for the transverse flow,

βT (r⊥) = βs

(r⊥
R

)n
, (20)

where βs is the maximum surface flow velocity, r⊥ =
(r2x + r2y)

1/2 is the transverse radius, R is the radius of
the expanding medium, and n changes the flow profile.
Using the Cooper-Frye prescription alongside the blast-
wave model, the particle momentum spectra is

dN

pT dpT
∼
∫ R

0

dr rmT I0

(
pT sinh ρ

Tkin

)
K1

(
mT cosh ρ

Tkin

)
,

(21)

where ρ(r⊥) = tanh−1 βT (r⊥), K1 and I0 are the modi-

fied Bessel functions, mT =
√

p2T +m2 is the transverse
mass, and Tkin is the kinetic freeze-out temperature.
The kinetic freeze-out temperature Tkin, average trans-

verse flow velocity
〈
βT

〉
, and parameter n that controls

the proportionality of
〈
βT

〉
to the transverse flow ve-

locity at the surface used are those listed in Table 4 of
Ref. [93]. Additionally, the chemical freeze-out tempera-
ture Tch and baryon chemical potential µB at freeze-out
used are those resulting from the fits in Sec. III B. Alter-
natively, one could follow the work in Ref. [104], where
a fit to the identified particle spectra accounting for the
resonance feed-down allows to extract the blast-wave pa-
rameters.

In transport approaches, a collision criterion is needed
to determine whether particles collide; the geometric or
Bertsch criterion has commonly been used and is based
on the distance at closest approach and the geometric

FIG. 12. Transverse-momentum spectra for π±, K±, and
p(p) for the blast-wave model after direct decays using the
PDG2021+ with all decays (solid red), PDG2021+ with in-
termediate states (dashed blue) and default SMASH (dashed
green) hadronic lists.

interpretation of the cross-section in binary scatterings.
A limitation arising from this type of condition is that
there is no generalization to deal with multi-particle in-
teractions while preserving detailed balance. Possible so-
lutions to this problem can be achieved using stochas-
tic methods or by using decay chains of 1 → 2 pro-
cesses [17, 105–107]. Here, we have adopted the latter
method to include all decays from the PDG2021+ into
SMASH. Examples of this approach can already be found
in UrQMD and SMASH.
In Fig. 12 we show the spectra of π±, K±, and p(p)

for Pb-Pb collisions at
√
sNN = 5.02 TeV and 0–10%

centrality, as obtained from the cylindrically-symmetric
blast-wave model [108] for the SMASH and PDG2021+
hadronic lists with direct decays. For the case of the
PDG2021+ list, we include both the cases where multi-
body and 1 → 2 decays are allowed. The effect of in-
troducing intermediate states to account for multi-body

FIG. 13. Transverse-momentum spectra for π±, K±, and p(p)
for the blast-wave model after the hadronic rescattering phase
with SMASH using the PDG2021+ with intermediate states
(solid blue) and default SMASH (dashed green) hadronic lists.
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BW+direct decays π+ + π− K+ +K− p+ p

SMASH list 0.548± 0.001 0.906± 0.001 1.410± 0.001

PDG2021+ (1 → 2 decays) 0.551± 0.001 0.908± 0.001 1.411± 0.001

PDG2021+ (1 → all decays) 0.523± 0.001 0.907± 0.001 1.410± 0.001

BW+SMASH π+ + π− K+ +K− p+ p

SMASH list 0.5463± 0.0001 0.9206± 0.0005 1.454± 0.002

PDG2021+ (1 → 2 decays) 0.5514± 0.0001 0.9178± 0.0005 1.451± 0.003

Experiment [93] 0.56965± 0.02505 0.91955± 0.01357 1.44080± 0.02341

TABLE II. Mean transverse-momentum of π±, K±, and p(p) produced using the blast-wave model with the default SMASH
and PDG2021+ hadronic lists at 5.02 TeV Pb–Pb collisions and 0–10% centrality.

processes can be directly seen by comparing the two sce-
narios that use the PDG2021+ hadronic list. Here, the
pion spectra is enhanced at low pT followed by a more
pronounced drop in the case where all decay products
are considered. For kaons and protons, the production
is consistently higher when using decay chains across the
range of pT examined. This can be explained by the
fact that intermediate states possess decay channels other
than the desired final state particles, thus affecting the
total production of all particle species. Similarly, using
a more restrictive set of particles, as in the case of the
SMASH list, has the effect of creating more pions in the
low-momentum region while retaining the same slope for
pT ≳ 0.5 GeV.

To study the effect of including more hadronic states
in a more realistic setting, we show in Fig. 13 the spectra
of π±, K±, and p(p) for Pb-Pb collisions at

√
sNN =

5.02 TeV and 0–10% centrality for the SMASH and
PDG2021+ hadronic lists after the hadronic rescattering
phase performed with SMASH. As in the case of direct
decays, including more resonances decreases the amount
of low-momentum pions while enhancing the number of
kaons and protons produced throughout the range of pT
considered. In both cases the slopes are seen to be the
same.

It is worth noting that in all cases we normalize the
spectra 1

2π
dN

pT dpT
by the total number of charged parti-

cles, Nch. Because we wanted to use identical blast-wave
models for each of our lists, there are some minor differ-
ences in the totalNch. However, in full relativistic viscous
hydrodynamics simulations there is an overall normaliza-

tion factor that provides the scale of initial conditions
that is tuned to reproduce Nch. Thus, minor differences
between Nch would be removed from full realistic simula-
tions and, therefore, we normalize by Nch to remove any
minor deviations there and focus only on the slope of the
spectra.
Finally, in Table II we show the mean transverse-

momentum for π±, K±, and p(p) as extracted from
the blast-wave model with direct decays and a hadronic
rescattering phase with a comparison to the experimen-
tal values for Pb-Pb collisions at

√
sNN = 5.02 TeV and

0–10% centrality. We found that, when only direct de-
cays are considered, the SMASH list leads to a smaller
⟨pT ⟩ compared to the PDG21+ for pions when all multi-
particle decays are considered. However, when we replace
decays into 3 and 4 bodies with chains of 1 → 2 processes,
there is actually a decrease in the pion ⟨pT ⟩. For kaons
and protons the results are nearly identical across the
lists, demonstrating that pions are the most sensitive to
these details when considering only direct decays.
Then we can also consider both the original SMASH

list and PDG21+ list in the full hadron transport code
of SMASH that includes both direct decays and rescat-
tering. Note that in this scenario we can only consider 2
body interactions, so we cannot compare to the scenario
with 3 and 4 body decays. In the full hadron transport
approach we find that the pion ⟨pT ⟩ increases when one
considers the full particle list of PDG21+, whereas the
kaon ⟨pT ⟩ decreases and the protons are nearly the same.
At this point, we have only tested these results with

a blast wave model but it will be interesting to study
these effects with full hydrodynamic simulations down
the road.

V. CONCLUSIONS

In this paper, we introduced the PDG2021+ hadronic
list, which contains up-to-date information on light and
strange hadrons such as masses, widths, decay channels,
and branching ratios. Using the hadron resonance gas,
the PDG2021+ list was compared to lattice QCD results

on partial pressures and diagonal and off-diagonal suscep-
tibilities of conserved charges showing overall agreement
in the low-temperature regime, which corresponds to the
HRG regime of validity. In comparison to the previous
PDG2016+ hadronic list, the PDG2021+ displayed sim-
ilar results, with differences at the percent level. The
one notable exception was the Ω sector, where the new
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list added a new light Ω resonance that led to a more
consistent description with the lattice data points.

Another key result of this paper is that we have up-
dated the hadronic resonance list used within the hadron
transport code, SMASH. Thus, we have also made com-
parisons between the PDG2021+ and original SMASH
lists. In all cases, the PDG2021+ list outperformed the
SMASH default list, indicating the need to include more
hadronic states. In order to further study the effect of
increasing the number of resonances, we used a thermal
model to fit the yields of light and strange particles to
the values observed in Pb-Pb collisions at 5.02 TeV. The
extracted temperatures and chemical potentials are con-
sistent with previous studies [22] and the χ2 fit quality is
improved when more hadrons are considered, even with
respect to the PDG2016+ list.

A common limitation found in transport approaches
is that the used collision criterion only allows for 1 → 2-
body decays. We used a blast-wave model to compare the
transverse-momentum spectra of identified particles in
the cases where multi-body decays are treated in full and
where intermediate states with 1 → 2 processes are used.
We found a change in the slope of the pion spectra, which
could have an effect when bulk viscosity is extracted from
hydrodynamic simulations [109]. Additionally, we also
explored the scenario where the blast-wave model was
coupled to SMASH and calculated the spectra and ⟨pT ⟩.
We found a non-trivial sensitivity to the number of states
in the particle list as well as the conversion from multi-
particle decays into 1 → 2 body decays.
As we move forward, it is imperative to integrate our

findings with hydrodynamics through the equation of
state and in hadronic afterburners through the available
decay channels. With the current pipeline now estab-
lished, the addition of more states becomes a streamlined
process, paving the way for future advancements when
more states become experimentally accessible once the
K0L [110] and COMPASS++/AMBER [111, 112] col-
laborations begin taking data.
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Appendix A: Particle identification numbering
scheme for new particles

The Monte Carlo Particle Numbering Scheme is com-
monly used to identify particles in a standardized manner
across event generators, detector simulations, and anal-
ysis packages [11]. The latest version of the scheme was
adopted in 1998 and although it was designed to be re-
vised and updated, it has a few pitfalls. It consists of a
string of 7 digits and an overall sign:

±nnrnLnq1nq2nq3nJ ,

whose content meaning varies depending if the parti-
cle in question is a meson or a baryon. The last digit,
nJ = 2J + 1 gives the particle’s spin but does not cover
particles of spin J > 4, of which the PDG2021+ has
40 instances. In general, the digits nq1−3

are used to
specify the quark content of the hadron. However, in
mesons where the quark content is unknown or not well
defined, it is fixed to nq1nq2nq3 = 033. Furthermore,
there are baryon species that have the same quark con-
tent, such as N and ∆, and Λ and Σ baryons. In these
cases, the ordering of these digits is such that the lightest
particle between those with the same nq1nq2nq3nJ keeps
the smaller number. The digit nr labels radially excited
mesons above the ground state and for baryons it is in-
tended to be assigned following the harmonic oscillator
model, although in practice is only implemented for the
heaviest Ξ and Ω resonances. For mesons, the digit nL

normally distinguishes states with different orbital an-
gular momentum but for states that are not well estab-
lished, it increases with mass. On the other hand, for
baryons, nL lifts any degeneracy among particles with
the same nr and nJ . Finally n = 0 is set for all es-
tablished mesons and n = 9 otherwise. Unconfirmed or
established baryons with incomplete information are sug-
gested to be prepended with nnr = 99.

In order to be consistent when naming new hadrons,
and to encode useful information on the particle identifi-
cation number, we adopted a few additional conventions:

Mesons

• Treat nLnq1nq2nq3nJ following the standard.

• Use n = 7 instead of n = 9 when conflicts occur.

• Use n = 8 when J > 4 and set nJ = 2J + 1− 10.

Baryons

• Treat nLnq1nq2nq3nJ following the standard.

• Use nnr = 98 instead of nnr = 99.

• Use nnr = 99 when J ≥ 11/2 and set nJ = 2J +
1− 10.

• Use nnr = 99 when J = 9/2 and set nJ = 8.

Appendix B: Well-known hadronic states

For applications where only the most up-to-date
and best experimentally known states are needed, the
PDG2021 list is also provided, which restricts to only
(****) and (***) states. In Fig. 14, we show the com-
parison between the well-established states, labeled as
PDG2021 and the extended PDG2021+, which in ad-
dition to all the particles included in the PDG2021, also
includes those states that have been observed but require
further experimental confirmation.
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FIG. 14. Comparison of baryon resonances mass spectra per
family between the PDG2021+ (red) and PDG2021 (cyan)
hadronic lists. The PDG2021+, is an extended list that con-
tains all hadrons (up to strange in flavor) that have been
experimentally observed. The PDG2021 is a subset that in-
cludes only the most well-established states for which there is
sufficient information about their existence and properties.
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Appendix C: Adaptation of PDG2021+ into SMASH

1. Intermediate states

In total, there are 4197 decay channels included in the
PDG2021+, of which 3637 are 1 → 2-body decays and
the rest are 3-or-4-product reactions. In order to be in-
corporated into SMASH, multi-body decays need to be
modeled through decay chains using intermediate states.
For any given decay chain, intermediate states have to
possess the appropriate symmetries that lead to electric
charge, parity, and isospin conservation. Additionally,
energy and momentum are conserved at each step of the
chain, so a decay is allowed only if the sum of the mass
of the daughter particles is less than that of the mother.

Depending on the decaying particle, several candidate
intermediate states may arise; here we have prioritized for
the intermediate states that have the lowest total com-
bined mass. Light resonances with multi-particle decay
channels can have instances where all possible interme-
diate states have a total combined mass greater than the
mother particle. In such cases, the decay channel in ques-
tion is omitted and the remaining branching ratios are
normalized.

2. Cross-sections

SMASH computes the total cross-section in the low√
s region in a “bottom-up” approach, where the partial

resonant contributions are added. For most measured el-
ementary interactions, the default SMASH hadron list
leads to a good agreement with experimental cross-
sections, both inclusive and exclusive. For meson-meson
and meson-baryon processes, the elastic cross-section
is fully determined by resonance excitation and decay,
while for baryon-baryon it is parametrized. In the
high

√
s region, both elastic and total cross-sections are

parametrized, such that the inelastic part (σtot − σel) is
handled by PYTHIA 8 via string fragmentation [113]. In-
teractions between resonances cannot be experimentally
measured, for them the Additive Quark Model (AQM)
[114] is assumed in the high energy regime.

The effect of the PDG2021+ hadron list on SMASH
cross-sections is exemplified in the red curves of Figs.
15 and 16. In comparison to the dashed black lines,
computed with the default SMASH list, the updated list
provides a better agreement to experimental data in the
strange sector (dashed red line in Fig. 15). This is con-
sistent with the previous lattice QCD observations [15]
where the addition of one-star states considerably im-
proved the agreement to lattice results. However, the
lack of processes after

√
s ≈ 2.1 GeV may be a further

indication of missing heavier strange resonances, with the
caveat that mixing and interference terms between these
resonances are not properly taken into account. On the
other hand, the default SMASH list already matched ex-
perimental data in the non-strange sector, so the addition

FIG. 15. Cross-sections of kaon-proton interactions by out-
going particles, using the PDG2021+ hadron list. The total
(elastic) cross-section obtained with the PDG2021+ list is
shown in red (blue), while the total cross-section with the de-
fault SMASH hadron list is shown in black. Dashed lines are
the default bottom-up implementation of SMASH, and solid
lines show the re-scaled cross-sections (see text). Points are
world data.

FIG. 16. Cross-sections of proton-proton interactions by out-
going particles, using the PDG2021+ hadron list. The total
(elastic) cross-section obtained with the PDG2021+ list is
shown in red (blue), while the total cross-section with the de-
fault SMASH hadron list is shown in black. The contribution
from resonance production in 2 → 2 processes is shown in
yellow, and the soft-strings handled by PYTHIA 8 are shown
in purple. Dashed lines are the default bottom-up implemen-
tation of SMASH, and solid lines show the re-scaled cross-
sections (see text). Points are world data.

of new resonances breaks this agreement (dashed red line
in Fig. 16).
Since the total cross-section is used to determine possi-

ble collisions through the geometric criterion, these mis-
matches would lead to an undesirable excess (lack) of
inelastic pp (Kp) interactions in the afterburner. There-
fore, a “top-down” approach is used in the resonance re-
gion for this work, in which the sum of partial contri-
butions is re-scaled to match total cross sections where
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experimental data is available. The final values used are
shown in the solid lines. By construction, the solid red
lines lie on top of the data, but in some cases, this proce-
dure might lead to an overshoot of the elastic branching
ratio (solid blue line in Fig. 15).

Another interesting aspect that could be further inves-
tigated with the present approach are thermodynamic
properties of the improved hadron gas, such as transport
coefficients. Equilibrium quantities like shear and bulk
viscosities, conductivities, and diffusion coefficients [115–
118] were calculated from SMASH in an infinite matter
simulation (box with periodic boundary conditions) using
the Green-Kubo formalism, and a direct extension with
the updated PDG2021+ list would be in principle feasi-
ble. However, one of the differences introduced with this

list are decays of resonances into photons which have to
be treated dynamically by the transport model, so cross
sections are assigned in order to preserve detailed bal-
ance. SMASH computes these automatically, but they
tend to be very small. Together with the large number
of such channels, this causes the produced photons to
have a very long lifetime within the simulation, which
has a large effect on e.g. the shear viscosity. Since the
relaxation time is increased by the long-lived photons,
perturbations of the off-diagonal components of the en-
ergy momentum tensor relax very slowly, which overin-
creases the shear viscosity. It is currently unclear how to
treat the hadronic decays into photons correctly in the
box calculation in thermal and chemical equilibrium, and
therefore we leave the analysis of transport coefficients for
future studies.
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