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Why do we need additional strange resonances?

•Additional resonances are needed in order to reproduce Lattice QCD (LQCD) results
on partial pressures p/T4 [1, 2];

• in the Hadron Resonance Gas model (HRG) the total pressure is given by the contributions from
each hadron family with baryon number B and strangeness content S

P (µ̂B, µ̂S) =
∑

i=reson.

PBSbisi = PBS00 + PBS10 cosh(µ̂B) + PBS01 cosh(−µ̂S)

+ PBS11 cosh(µ̂B − µ̂S) + PBS12 cosh(µ̂B − 2µ̂S) + PBS13 cosh(µ̂B − 3µ̂S)

In Fig. 1we compare, for several particle species, the states
listed in the PDG2016 (including states with two, three and
four stars) [33]; in the PDG2016þ (including also states with
one star) [33]; and those predicted by the original quark
model [30,31] and amore recent hypercentral version (hQM)
[34]. The latter contains fewer states than the ones found in
Refs. [30,31], due to inclusion of an interaction term between
the quarks in the bound state, and the decay modes are listed
for most of the predicted states. No mass cutoff has been
imposed. The total number of measured particles and
antiparticles, excluding the charm and the bottom sector,
increases from the 2016 to the 2016þ listing: considering
particles and antiparticles and their isospin multiplicity we
get 608 states with two, three and four stars and 738 states
when we also include the one star states. In the QM
description the overall increase is much larger: in total there
are 1517 states when merging the nonrelativistic QM states
[30,31] with the PDG2016þ and 985 in the list which adds
the hQM states [34,35] to the ones listed in the PDG2016þ.
The QM predicts such a large number of states because they
arise from all possible combinations of different quark-
flavor, spin and momentum configurations. However, many
of these states have not been observed in experiments so far;
also, the basic QM description does not provide any
information on the decay properties of such particles. As

alreadymentioned, the hQM reduces the number of states by
including an interaction term between quarks in a bound
state. A more drastic reduction can be achieved by assuming
a diquark structure [34,36,37] as part of the baryonic states,
although experiments and lattice QCD may disfavor such a
configuration [38].
In this paper, we perform an analysis of several strange-

ness-related observables, by comparing the lattice QCD
results to those of the HRG model based on different
resonance spectra: the PDG 2016 including only the more
established states (labeled with two, three and four stars);
the PDG 2016 including all listed states (also the ones with
one star); and the PDG 2016 with the inclusion of addi-
tional quark model states. This is done in order to
systematically test the results for different particle species,
and get differential information on the missing states, based
on their strangeness content. The observables which allow
the most striking conclusions are the partial pressures,
namely the contribution to the total pressure of QCD from
the hadrons, grouped according to their baryon number and
strangeness content. The main result of this paper is a lattice
determination of these partial pressures. This is a difficult
task, since the partial pressures involve a cancellation of
positive and negative contributions (see the next section),
and they span many orders of magnitude, as can be seen in
Fig. 2. From this analysis a consistent picture emerges: all
observables confirm the need for not yet detected, or at least
not yet fully established, strangeness states. The full
PDG2016 list provides a satisfactory description for most
observables, but for some of them the QM states are needed
in order to reproduce the lattice QCD results. Moreover, all
hadronic lists currently available underestimate the partial
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FIG. 1. Comparison of hadronic states, grouped according to
the particle species, experimentally established in the PDG2016
(green), PDG2016 including also one star states (red) [33] and
predicted by the QM (blue) [30,31] and the hQM (magenta)
[34,35].
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FIG. 2. Logarithmic plot illustrating the many orders of
magnitude the values of the partial pressures studied in this
paper cover. The total pressure is taken from Ref. [6]. Note that
the value for the B ¼ 0, jSj ¼ 1 sector is not a proper continuum
limit; it is a continuum estimate based on the Nt ¼ 12 and 16
lattices. For all other cases, the data are properly continuum
extrapolated. In all cases, the solid lines correspond to the HRG
model results based on the PDG2016 spectrum.
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decay channels are needed first, before one can use them in
thermal fit models.
In conclusion, we recalculate the two observables which

triggered our analysis, namely ðμS=μBÞLO and χS4=χ
S
2, with

the updated hadronic spectra. They are shown in the two
panels of Fig. 9. The upper panel shows ðμS=μBÞLO as a
function of the temperature: the lattice results are compared

to the HRG model curves based on the PDG2016,
PDG2016þ and PDG2016þ with the inclusion of the
states predicted by the hQM. The two latter spectra yield a
satisfactory description of the data up to T ≃ 145 MeV. In
the case of χS4=χ

S
2 , all three spectra yield a good agreement

with the lattice results. Our analysis shows that the original
QM overestimates these quantities because it predicts too
many jSj ¼ 2 baryons and not enough jSj ¼ 1 mesons. In
the context of future experimental measurements this study
gives guidance to the RHIC, LHC and the future JLab
experiments on where to focus their searches for as-of-yet-
undetected hadronic resonances.
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FIG. 9. Upper panel: Ratio ðμS=μBÞLO as a function of the
temperature. Lower panel: χS4=χ

S
2 as a function of the temperature.

In both cases, the lattice results are compared to the HRG model
curves based on the PDG 2016 (black, solid line); the PDG2016þ
(green, dashed line); and the PDG2016þ with additional states
from the hQM (red, dotted line).
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• comparison of partial pressures p/T4 from Wuppertal-Budapest LQCD collaboration and
Hadron Resonance Gas (HRG) model using PDG2016 with only ∗∗∗∗−∗∗∗ states [3] ⇒ need
for additional strange states

• hyperons in the S = −1 (e.g Λ) and S = −2 sector (e.g Ξ), are underestimated

•PDG16 most up-to-date list of all ∗ ∗ ∗ − ∗ ∗ ∗∗ states from the Particle Data Group

•PDG16+ most up-to-date list of all ∗ − ∗ ∗ ∗∗ states from the Particle Data Group

• only strong decays with non negligible branching ratios (≈1% or higher)

• if branching ratios do not sum to 100%⇒ remaining decays N2 → N1+ γ where N2 and N1 are
hadrons with the same quantum numbers and N1 is the next state in descending mass order with
parity compatible for such a decay

• if no decay information available ⇒ ≤30% BR hadronic decays, ≥70% radiative decays

To leading order in the baryochemical potential µB, the ratio µS/µB reads

(
µS
µB

)

LO
= −

χBS11

χS2
−
χQS11

χS2

µQ
µB
.

Extremely sensitive to the amount of heavy strange and charged particles in the hadronic spectrum.
Additional strange states in PDG2016+ ⇑ the agreement with LQCD up to T ≈ 145MeV.

Lattice QCD based Equation of State

The Equation of State (EoS) is the fundamental input to the hydrodynamics evolution that al-
low us to test the effect of the assumptions on the number of thermalized quarks.4
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FIG. 1. (Color online) Trace anomaly of QCD with 2+1 and
2+1+1 flavors computed by the Wuppertal Budapest Collab-
oration [3, 5] compared to the corresponding EoS constructed
here.

computed using PDG16+ are well within those error bars
until the lowest available temperatures T ⇠ 100 MeV.

When Ref. [15] was written relativistic hydrodynamical
models still solved ideal hydrodynamics equations of mo-
tion and partial chemical equilibrium was implemented.
Since then, with the advent of viscous hydrodynamics
and its subsequent coupling to hadronic cascade models
(as in hybrid models [39]), partial chemical equilibrium
is not expected to play an important role. Therefore,
in this paper no further discussion on partial chemical
equilibrium constructions is made.

A. Comparisons between S95n-v1 and the new EoS

The equation of state S95n-v1 presented in [15] is
currently widely used in relativistic hydrodynamics and
other theoretical models in the context of heavy ion colli-
sions. In Figs. 2-3 we show a comparison between S95n-
v1 and the new equations of state constructed here for
2+1 and 2+1+1 flavors using state-of-the-art input from
lattice and PDG2.

From Fig. 2 there is a very clear di↵erence in the trace
anomaly. Regardless of whether charm is included or not,
the new equations of state have a peak at a lower tem-
perature and the peak is significantly lower and broader.
These important di↵erences stem from the fact that the
lattice results employed in [15] were not continuum ex-
trapolated. As originally shown in [5], the addition of
thermalized charm does not change the peak of the trace

2 We remark that other revised equations of state have been al-
ready available for a few years, e.g., see [49]. Additionally, we
note that Ref. [5] also made comparisons between di↵erent equa-
tions of state.

anomaly but it makes the peak significantly broader by
extending it to higher temperatures.

In Fig. 3 we extend this comparison between equations
of state and consider the other thermodynamic quanti-
ties. The most obvious di↵erence is found in the speed
of sound. Regardless of the inclusion of charm, the speed
of sound of the new EoS has a minimum at a lower tem-
perature and that minimum is also much sharper than
the one found in S95n-v1, which may be relevant for the
hydrodynamic evolution of the QGP. The e↵ects of these
di↵erences in the equations of state on experimental ob-
servables will be explored in detail in Section IV.
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FIG. 2. (Color online) Trace anomaly of the equation of state
S95n-v1 [15] compared to results for the equations of state for
2+1 and 2+1+1 flavors constructed here using state-of-the-
art lattice results by the Wuppertal-Budapest collaboration
[3, 5].

III. HYDRODYNAMICAL MODELING AND
RESONANCE DECAYS

In this paper we use event-by-event fluctuating initial
conditions generated by the TRENTO model [50] with
free parameters calibrated to fit experimental observables
which have been shown to mimic the entropy deposition
of saturation based calculations such as IP-Glasma [51–
53]. Specifically, we fix the entropy deposition parame-
ter p = 0, nucleon-nucleon fluctuation shape parameter
k = 1.6, and nucleon width � = 0.51 motivated by fits
to charged particle yields, hpT i, and event-by-event flow
fluctuations [50, 54]. A very fine initial grid size of the
initial conditions is set to dx = dy = 0.06 fm at both
AuAu 200 GeV and PbPb 5.02 TeV. First, we generate 2
million events to determine the centrality selection (based
on sorting by the initial entropy). Then, for each energy
we generate 30,000 initial conditions that are run on an
event-by-event basis through viscous hydrodynamics.

We use the Smoothed Particle Hydrodynamics (SPH)
Lagrangian code, v-USPhydro, to solve the viscous hy-
drodynamic equations taking into account shear viscous

•T < 153 MeV ⇒ HRG with PDG16+;
•T > 153 MeV ⇒ state-of-the art LQCD
fitted EoS for 2+1 [4] and 2+1+1 [5]
with thermalized charm degrees of free-
dom from WB collaboration.

The hydrodynamical modeling

The parametrization for switching on/off of the hydrodynamics evolution has been chosen to be as
consistent as possible with LQCD results.
Event-by-event viscous hydrodynamics v-USPhydro [6] with TRENTO initial conditions [7], as-
suming TkinFO = TchemFO .
For the simulations both at RHIC Au-Au 200 GeV and ALICE Pb-Pb 5.02 TeV the hydrodynamics
description is switched on at τ0 = 0.6 fm and the hadrons are formed at TSW = 150 MeV.

Results
Effects of the additional resonances on particle spectra and < pt >8
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FIG. 5. (Color online) Spectra of ⇡’s, p’s, and K’s in the centrality class 0 � 5% for RHIC AuAu
p

sNN = 200 GeV (left) and
the corresponding predictions for LHC PbPb

p
sNN = 5.02 TeV (right) collisions computed using the S95n-v1 EoS from 2009

[15], the 2+1 WB EoS from [3], and the 2+1+1 WB EoS from 2016 [5]. Experimental data points from PHENIX collaboration
[66] (left).

to capture the drop in hpT i for peripheral collisions but
that may also be due to a drop in the chemical/kinetic
equilibrium temperatures across centralities that we do
not include here [67]. The pion hpT i is consistently too
large regardless of the EoS. We find that generally the ex-
tra resonances produce a larger hpT i, as expected given
our results for the spectra. Additionally, the 2+1 WB
EoS gives a slightly larger hpT i for all hadronic species
compared to the case where charm quarks are included.

The combined e↵ects on the particle spectra and hpT i
found here coming from using a state-of-the-art EoS and
up-to-date list of resonance decays should play a role
when extracting the bulk viscosity of the QGP in future
calculations. Furthermore, we would expect a shift in
hpT i if these new resonances were included in a hadronic
transport model. These questions are beyond the scope
of this paper and are left for a future study.

The splitting observed in Fig. 6 between 2+1 and
2+1+1 likely arises because of the 15% larger ⌘/s for
2+1. In [69] it was shown that an increase in ⌘/s in-
creases the hpT i, hence our results are consistent with
this idea.

IV. RESULTS FOR FLOW CORRELATIONS

A. Pearson coe�cient

It is well established that there is a strong linear cor-
relation between the initial eccentricities and the flow
harmonics, e.g., "2 ! v2 on an event-by-event basis [70–
76]. One method of quantifying this is using a Pearson
coe�cient [71, 75, 76] involving the flow vectors {vn, n}
and the eccentricities {"n,�n} such that:

Qn =
hvn"n cos (n [ n � �n])ip

h|"n|2ih|vn|2i
(7)

where a value of Qn = 1 indicates a perfect linear corre-
lation between the initial eccentricities and the final flow
harmonics whereas 0 means there is no linear correlation.
We emphasize that this definition of the Pearson coe�-
cient considers both the magnitude and the angle of the
flow harmonics so this implies that the entire eccentricity
vector is correlated with the final flow harmonic vector.

In Fig. 7 (left) the Pearson coe�cient corresponding
to the mapping "2 ! v2 of all charged hadrons is shown
and one can see that the choice of EoS essentially has no
influence at RHIC except perhaps for very central colli-
sions. In Fig. 7 (right) the corresponding calculation at
LHC run 2 is shown. In this case one can see larger e↵ects
due to the choice of the EoS, especially in more central
collisions. The Pearson coe�cient for PDG05/S95n-v1 is
closer to unity being larger than the one found using the
other equations of state constructed using state-of-the-
art lattice results. Overall, the linear mapping between
v2 and "2 is still very good. Fig. 7 also shows how this
mapping changes with

p
sNN . At the highest LHC ener-

gies there is a strong linear mapping all the way to periph-
eral collisions (Q2 & 0.9) whereas for RHIC

p
sNN = 200

GeV the Pearson coe�cient drops more significantly in
peripheral collisions, which indicates that in this regime
non-linear contributions have become relevant. This may
be a consequence of the shorter lifetime (smaller volume
size) of the QGP formed at RHIC vs. LHC run 2.

While it is now clear that there is a strong linear cor-
relation between the initial eccentricity and the elliptic
flow of all charged particles, one may wonder how this
correlation changes for identified hadrons. In Fig. 8 we
present the Pearson coe�cient for identified particles,
which shows that the elliptic flow of heavier particles is
less linearly correlated to the initial eccentricity in com-
parison to result found for light particles. This suggests
that other non-linear e↵ects [77] may play a more rele-
vant role for heavier hadrons. In fact, if non-linear con-
tributions to flow possess a mass dependence this could
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FIG. 6. (Color online) hpT i results for ⇡+’s, K+’s and p’s compared to AuAu
p

sNN = 200 GeV STAR data [68] (left) and our
corresponding predictions for PbPb

p
sNN = 5.02 TeV collisions (right) computed using the S95n-v1 EoS from 2009 [15], the

2+1 WB EoS from [3], and the 2+1+1 WB EoS from 2016 [5].
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2+1+1 WB EoS from 2016 [5].

be later explored to investigate medium e↵ects such as
viscosity. Questions still remain regarding di↵erences in
the light vs. strange chemical equilibrium temperatures
[78, 79] so it is not yet clear how the results in Fig. 8
would be a↵ected if strange hadrons were formed ear-
lier in the hydrodynamic evolution. If T ch

strange > T ch
light,

it may be that the larger deviation from unity found for
the Pearson coe�cients of strange hadrons in Fig. 8 could
be further enhanced. We leave this for a future study.

B. v2{2}/v3{2} puzzle in ultracentral collisions

Generally, in non-central collisions one expects that
there is a clear hierarchy in the flow harmonics driven
by both geometric e↵ects and also viscosity, i.e., v2{2} >
v3{2} > v4{2} etc. However, in ultracentral collisions
all the eccentricities are fluctuation-driven and therefore

equivalent, i.e., "2 ⇠ "3, which would imply, e.g., that
v2{2} > v3{2} since in hydrodynamic calculations higher
harmonics are more suppressed by viscosity.

The inability of model calculations to describe the sur-
prising result that v2{2} ⇠ v3{3} in ultracentral colli-
sions [80] remains a major puzzle in the field. In fact,
this result has not yet been explained by hydrodynami-
cal models [81] though it has been suggested that bulk
viscosity could a play role in its explanation [82]. Addi-
tionally, it is not only the two particle cumulant that has
issues in ultracentral collisions since v3 fluctuations also
underpredict experimental data [54].

In this paper we checked if the choice of the equation
of state could a↵ect the ratio v2{2}/v3{2} in ultracentral
collisions. Our results for RHIC (left) and LHC run 2
(right) are shown in Fig. 9. We note that this ratio was
not provided by CMS so we used simple error propaga-
tion to obtain the corresponding error bar. Additionally,

• enhancement of p and K spectra at higher
pt for 2+1 EoS;
• inclusion of charm quarks ⇒ less production of
high pt particles

• inclusion of extra resonances ⇒ larger
< pt >;

• inclusion of charm quarks ⇒ smaller < pt >
up to intermediate centrality range
• inclusion of ∗ − ∗∗ states ⇒ increase of
≈ 5− 15% in pt spectra and up to ≈ 7%
in < pt >;
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PDG16+/2+1[WB]

PDG16/2+1[WB]

PDG05/S95n-v1

PHENIX AuAu 200GeV

0-5%

�
+

K+

0.2x p

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.001

0.010

0.100

1

10

100

1000

pT [GeV]

d
N

2
�

p
T

d
p
T

PDG16+/2+1[WB]

PDG16/2+1[WB]

PDG05/S95n-v1

trento AuAu 200GeV

p

K

�

0 20 40 60 80

0.4

0.6

0.8

1.0

1.2

1.4

1.6

Centrality (%)

<
p
T
>

FIG. 22. (Color online) Spectra of ⇡’s, p’s, and K’s in the centrality class 0 � 5% for RHIC AuAu
p

sNN = 200 GeV
(left) and the corresponding hpT i (right) computed using the S95n-v1 EoS from 2009 [15], the 2+1 WB EoS with all *-****
resonances (PDG16+), and the 2+1 WB EoS with only ***-**** resonances (PDG16). Experimental data points from PHENIX
collaboration [66] (left).
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FIG. 4. (Color online) v2{2} and v3{2} results across centrality for AuAu
p

sNN = 200 GeV (left) and PbPb
p

sNN = 5.02
TeV (right) collisions for all charged particles for the S95n-v1 EoS from 2009 (red, dashed lines) [15], the 2+1 flavor WB EoS
(black, full lines) [3], and the 2+1+1 WB EoS from 2016 (blue, dot-dashed lines) [5].

obtained using the WB collaboration equations of state.
Comparing PDG05/S95n-v1 to PDG16+/WB2+1 one
must increase ⌘/s by 88% to match the experimental
data. Because no clear viscosity di↵erences were seen
at RHIC, it is safe to assume that this increase in ⌘/s
when considering PDG16+/WB2+1 is due to the di↵er-
ences in the equations of state at high temperatures, not
the hadronic resonances. Comparing our results to the
flow harmonics for run 2 in Fig. 4, we see that all three
are able to match experimental data well. However, the
centrality dependence of v3 di↵ers slightly (and this may
be possible to use in the future to constrain the temper-
ature dependence of ⌘/s). Finally, we note that there
is roughly 15% change between the PDG16+/WB2+1
equation of state and PDG16+/WB2+1+1, which im-
plies that an equation of state with thermalized charmed
quarks requires a slightly smaller ⌘/s than one with only
2+1 flavors. If we were able to probe even higher tem-
peratures either at the LHC or a future collider then we
predict an even larger splitting between the two, which
has interesting implications for understanding how the
shape of the equation of state relates to the build up of
flow.

In Fig. 4 we acknowledge that we see a mismatch be-
tween our theoretical predictions and the data at very
peripheral collisions. The question remains if this is an
issue with the theoretical description or could this be due
to non-flow contributions in peripheral collisions? There
are strong indications that peripheral collisions are more
susceptible to non-flow e↵ects [64, 65] so this is an in-
teresting question for the future. We point out also that
at RHIC v3 is somewhat high in our calculations, which
leaves room for a better fit from a temperature dependent
⌘/s.

B. Particle spectra and hpT i

hpT i calculations have generated a significant amount
of interest in recent years due to the influence of bulk
viscosity [62]. However, one would expect that heavy
resonances that decay into light particles would also af-
fect hpT i, especially since they enhance the spectrum at
high pT . Thus, here we investigate not only the e↵ects
of the three equations of state but also the influence of
resonance decays on spectra and hpT i.

Generally, we find that the biggest di↵erence arises be-
tween PDG05/S95n-v1 vs. PDG16+/2+1(+1)WB. The
equations of state constructed using state-of-the-art lat-
tice results produce more high pT particles and, thus,
provide a better fit to experimental data as shown in
Fig. 5 (left). This may be seen as a consequence of the
sharper dip displayed by the speed of sound around the
transition region found in the new EoS in comparison to
the result from S95n-v1, see Fig. 3. We also show in Fig.
5 our predictions for the spectra at LHC run 2 (right).
However, the inclusion of charm quarks into the EoS at
LHC run 2 produces slightly less high pT particles in
comparison to the results found using a 2+1 flavor EoS,
which may also be attributed to slight di↵erences in ⌘/s
at LHC run 2.

One of the biggest e↵ects coming from the inclusion of
the new hadronic resonances is the enhancement of the
proton spectra and to a lesser extent the kaon spectra
as well. This enhancement occurs across all centrality
classes. We note that while our pions and kaons match
experimental data well, our protons are slightly below
the data.

Because we exclude the contribution from bulk viscos-
ity we do not expect a perfect fit to hpT i [53, 62]. In
fact, this is confirmed in Fig. 6 (left) where we show our
results for hpT i across centrality for ⇡+’s, K+’s, and p’s.
Our predictions for this observable at LHC run 2 are also
shown in Fig. 6 (right). For K+’s and p’s we are unable

The shear viscosity η/s has been extracted from
the comparison of our theoretical results ob-
tained within different EoS to flow harmonics
v2{2}, v3{2} obtained from STAR in Au-Au 200
GeV [8] and LHC run2 Pb-Pb 5.02 TeV [9].

• at RHIC energies all three EoS describe the data quite well ⇒no dependence on the chosen
EoS, agreement with previous results based on Bayesian analysis [10];
• thermalized charmed quarks ⇒ smaller η/s value with respect to the 2+1 EoS.

• higher temperatures probed at LHC run 2 (up to T 600 MeV) ⇒ splitting between the
2+1 and 2+1+1 ⇒ different values of η/s

EoS Au-Au 200 GeV Pb-Pb 5.02TGeV

PDG05/S95n− v1 [11] 0.5 0.025

PDG16 + /2 + 1 [WB] 0.5 0.047
PDG16 + /2 + 1 + 1 [WB] 0.5 0.04

Conclusions
• EoS obtained by matching the state-of-the-art LQCD calculations for 2+1/2+1+1 quark
flavors to a HRG model based PDG2016+ spectrum containing extra resonances relevant for
reproducing lattice data on partial pressures;

• the inclusion of additional ∗−∗∗ states:
– increase the agreement with LQCD data up to T ≈ 145 MeV, close to the crossover
region;

– enhance the production of particles at higher pt and leads to a higher < pt >;
– results for all three EoS obtained at RHIC energies are in agreement with previous Bayesian
analysis;

– η/s ratio at LHC run2 energies depends on the EoS and there is roughly a 15% difference
in 2+1 and 2+1+1 EoS results which should increase at higher temperatures.
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