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Expansion of the pressure:

X = B,Q, S: conserved charges

Lattice Experiment
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Motivations        

Explore the QCD phase diagram

• Analyze higher order cumulants and 
test universal scaling behavior 

make prediction on the radius 
of convergence and possible 
experimental observables 

Analyze freeze-out conditions

• Match various cumulant ratios of 
measured fluctuations to QCD 
! determine freeze-out parameter 

BNL-Bielefeld, PRL 109 (2012) 192302.

Identify the relevant degrees of freedom 

• Compare (lattice) QCD fluctuations to 
various hadronic/quasiparticle models:

!
!

deconfinement vs. chiral transition 
(melting of open strange/charm hadrons)

BNL-Bielefeld, PRL 111 (2013) 082301;
BNL-Bielefeld-CCNU, PRL 113 (2014) 072001; PLB 737 (2010) 210

evidence for experimentally not yet 
observed hadrons 
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B: net baryon number

� statistical errors are under control for all 4th order cum
� In general: find good agreement with HRG model for T<155 MeV

The lattice setup

N⌧ = 6, 8, 12

m⇡ = 140, 160 MeV

Lattice parameters:
• (2+1)-flavor of highly improved 

staggered fermions (HISQ-action)  

• a set of different lattice spacings           
(                        )

• two different pion masses: 

• high statistics:                          
configurations                         
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The lattice setup

N = 1500
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The lattice setup
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Freeze-out conditions in HIC



µ̂B = µB/T
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• strangeness neutrality: hNSi = 0

• isospin assymetry: hNQi = r hNBi

Apply: initial conditions in HIC
r ⇡ 0.4
for Au-Au 
and Pb-Pb

expand in powers of 
solve for 

µB, µQ, µS

µQ, µS

µf
Q ⌘ µQ(T f , µf

B)

µf
S ⌘ µS(T

f , µf
B)

two independent parameter 
remain:
need two ratios of cumulants 
from experiment to fix

T f , µf
B

LO NLO

µQ(T, µB) = q1(T )µ̂B + q3(T )µ̂3
B

µS(T, µB) = s1(T )µ̂B + s3(T )µ̂3
B

Make contact with experiment
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• Need two ratios of cumulants to fix the remaining two freeze-out parameters T f , µf
B

S

M
�

: mean
: variance
: skewness

�n : generalized        
susceptibilities

� consider ratios of cumulants of electric charge fluctuations

Experiment: Lattice:

LO linear in      , fixesµB µf
B

LO independent of      , fixesµB T f

Make contact with experiment
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FIG. 4: (Color online) Beam-energy dependence of (a) σ2/M ,
(b) Sσ, and (c) κσ2, after all corrections, for most central (0-
5%) and peripheral (70-80%) bins. The error bars are statis-
tical and the caps represent systematic errors. Results from
the Poisson and the NBD baselines are superimposed. The
values of κσ2 for Poisson baseline are always unity.

for Poisson baselines are always unity. For peripheral
collisions the κσ2 values show almost no variation as a
function of beam energy and lie above the Poisson base-
line and below the NBD baseline. For central collisions,
within the statistical and systematic errors of the data,
the κσ2 values at all energies are consistent with each
other, except for

√
sNN = 7.7 GeV. The weighted mean

of κσ2 calculated for central collisions at all energies is
2.4± 1.2. For central collisions, both of the baseline cal-
culations follow the data points except for the one at
the lowest energy. Deviations of the data points with re-
spect to the baseline calculations have been quantified in
terms of the significance of deviation, defined as, (|Data–

Baseline|)/(
√

err2stat + err2sys), where errstat and errsys are

the statistical and systematic errors, respectively. These
deviations remain within 2 in case of Sσ and κσ2 with
respect to the corresponding Poisson and NBD baselines.
This implies that the products of moments do not show
non-monotonic behaviour as a function of beam energy.
Fluctuations of conserved quantities are originally pro-

posed to locate the QCD critical point in high-energy
nuclear collisions [7–9]. However, these fluctuations can

also be used to extract the thermodynamic informa-
tion on chemical freeze-out by comparing experimentally
measured higher moments with those from first-principle
lattice QCD calculations [22]. Higher-order correlation
functions allow stricter tests on the thermal equilibrium
in heavy-ion collisions. Estimations of freeze-out pa-
rameters based on preliminary experimental data have
been obtained from these studies [40, 41]. Tradition-
ally, by using the integrated hadron yields, the first mo-
ment of the fluctuations, the chemical freeze-out can
be extracted from hadron resonance gas (HRG) mod-
els [24, 42]. From the latest lattice [43] and HRG analy-
ses [44] using the STAR net-charge and net-proton results
for central Au+Au collisions at 7.7 to 200 GeV, the ex-
tracted freeze-out temperatures range from 135 to 151
MeV and µB values range from 326 to 23 MeV. Note
that this is the first time that the experimentally mea-
sured higher moments are used to determine the chemi-
cal freeze-out conditions in high-energy nuclear collisions.
The freeze-out temperatures obtained from the higher
moments analysis are lower with respect to the tradi-
tional method [24, 45]. This difference could indicate a
higher sensitivity to freeze-out in the higher moments,
which warrants further investigation.

In summary, the first results of the moments of net-
charge multiplicity distributions for |η| < 0.5 as a func-
tion of centrality for Au+Au collisions at seven collision
energies from

√
sNN = 7.7 to 200 GeV are presented.

These data can be used to explore the nature of the
QCD phase transition and to locate the QCD critical
point. We observe that the σ2/M values increase mono-
tonically with increasing beam energy. Weak central-
ity dependence is observed for both Sσ and κσ2 at all
energies. The Sσ values increase with decreasing beam
energy, whereas κσ2 values are uniform except at the
lowest beam energy. Most of the data points show de-
viations from Poisson baselines. The NBD baselines are
closer to the data than Poisson, but do not quantita-
tively reproduce the data, implying the importance of
intra-event correlations of the multiplicities of positive
and negative particles in the data. Within the present
uncertainties, no non-monotonic behavior has been ob-
served in the products of moments as a function of colli-
sion energy. The measured moments of net-charge mul-
tiplicity distributions provide unique information about
the thermal conditions at freeze-out by directly compar-
ing with theoretical model calculations. Future measure-
ments with high statistics data will be needed for pre-
cise determination of freeze-out conditions and to make
definitive conclusions regarding the critical point.

We thank M. Asakawa, R. Gavai, S. Gupta, F. Karsch,
V. Koch, S. Mukherjee, K. Rajagopal, K. Redlich and M.
A. Stephanov for discussions related to this work. We
thank the RHIC Operations Group and RCF at BNL,
the NERSC Center at LBNL, the KISTI Center in Korea,

(baryometer)

(thermometer)

STAR, PRL 113 (2014) 092301

BNL-Bielefeld, PRL 109 (2012) 192302.
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Make contact with experiment

baryometer:thermometer:

S. Mukherjee, CPOD’14
� difficult to determine      -dependence of      , need more precise 

experimental data from BES (BES-II)
� need to check self-consistence using other ratios as input

p
s T f

RQ
31(T, µB) = RQ,0

31 + RQ,2
31 µ̂2

B RQ
12(T, µB) = RQ,1

12 µ̂B + RQ,3
12 µ̂3

B

4

Charge fluctuations, LQCD and freeze-out in HIC

BNL-Bi: Phys. Rev. Lett. 109, 192302 (2012)

MQ /σQ

2

SQσQ

3 /MQ

thermometer: T
f

baryometer: μB

f

need more precise 
measurements from BES-II

T
f⩽155 MeV

STAR: Phys.Rev.Lett. 113 (2014) 092301
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Relevant degrees of freedom
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Some notable differences in the strangeness sector  

HotQCD, PRD 86 (2012) 034509
[arXiv: 1203.0784]
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Also apparent in B,S off-diagonal cumulants

� overshooting of HRG in the crossover region and below

(Lattice) QCD vs HRG
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 The QM-HRG

Are differences due to missing states in the PDG?
• Obvious in the charm sector 
• How large could be the effect of missing states in the strange sector?

� construct QM-HRG, including additional states predicted by Quark-Model

S. Capstick and N. Isgur, PRD 34, 2809 (1986).

• Use mesonic states from:
• Use baryonic states from:

D. Ebert et al., PRD 79, 114029 (2009)

• Similar to the spectrum of strange baryons on the lattice
1/2+  3/2+  5/2+  7/2+              1/2-   3/2-   5/2-   7/2- 
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X
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T

◆2

K2(mi/T ) cosh(Biµ̂B + Qiµ̂Q + Siµ̂S)

X = PDG,QM µ̂q = µq/T q = B,Q, S
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QM-HRG vs PDG-HRG
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FIG. 1. Ratios of partial pressures of open strange hadrons
(PS,X

tot

), mesons (PS,X

M

) and baryons (PS,X

B

) calculated in
HRG with particle spectra from the particle data table,
X = PDG, and with additional resonances predicted by the
relativistic quark model, X = QM , respectively (see text).

additional, experimentally unobserved charmed hadrons53

predicted by quark model calculations [12]. Such com-54

parisons have provided evidence for the thermodynamic55

importance of additional charmed hadrons in the vicinity56

of the QCD crossover [12].57

In this work we show that discrepancies between lattice58

QCD results and PDG-HRG predictions for strangeness59

fluctuations and correlations below the QCD crossover60

can be quantitatively explained through the inclusion of61

additional, experimentally unobserved strange hadrons.62

The thermodynamic presence of these additional strange63

hadrons also gets imprinted on the yields of ground state64

strange baryons, resulting in observable consequences for65

the chemical freeze-out of strangeness in heavy ion colli-66

sion experiments.67

Hadron resonance gas models.– The partial pressure of68

all open strange hadrons can be separated into mesonic69

and baryonic components, PS,X
tot = PS,X

M + PS,X
B ,70

PS,X
M/B(T, ~µ) =

T 4

2⇡2

X

i2X

gi

⇣mi

T

⌘2
K2(mi/T )

· cosh (Biµ̂B +Qiµ̂Q + Siµ̂S) . (1)

Here M (B) labels partial pressure of open strange71

mesons (baryons), gi is the degeneracy factor for hadrons72

of mass mi, and µ̂q ⌘ µq/T , with q = B, Q, S. The sum73

is taken over all strange mesons or baryons listed in the74

particle data tables (X = PDG) or a larger set includ-75

ing additional open strange mesons [22] and baryons [21]76

predicted by quark models (X = QM). Throughout this77

work, we refer the HRG model containing these quark78

model predicted additional, experimentally undiscovered79

hadrons as the QM-HRG. In Eq. 1 the classical, Boltz-80

mann approximation has been used which is known to81

be appropriate for all strange hadrons at temperatures82

T . Tc [11].83

The masses and, more importantly, the number of ad-84

ditional states are quite similar in the quark model calcu-85

lations and the strange hadron spectrum of lattice QCD86

[20]. HRG models based on either one, thus, give very87

similar results. As the lattice computations of the strange88

hadron spectrum have so far been performed with un-89

physically heavy up and down quark masses, for defi-90

niteness we have chosen to compare our finite temper-91

ature lattice results with the quark model predictions92

which generally reproduce the masses of the experimen-93

tally known states rather well.94

Fig. 1 compares partial pressures of open strange95

mesons and baryons calculated within PDG-HRG and96

QM-HRG models. The additional strange baryons97

present in the QM-HRG lead to a large enhancement98

of the partial baryonic pressure relative to that ob-99

tained from the PDG-HRG model. In the mesonic sector100

changes are below 5% even at T = 170 MeV, i.e. above101

the applicability range of any HRG [11]. This simply102

reflects that a large part of the open strange mesons is103

accounted for in the PDG-HRG model and the additional104

strange mesons contributing to the QM-HRG model are105

too heavy to alter the pressure significantly.106

Strangeness fluctuations and correlations.— We cal-107

culate cumulants of strangeness fluctuations and their108

correlations with baryon number and electric charge in109

(2+1)-flavor QCD using the Highly Improved Staggered110

Quark (HISQ) action [23]. In these calculations the111

strange quark mass (ms) is tuned to its physical value and112

the masses of degenerate up and down quarks have been113

fixed to ml = ms/20. In the continuum limit, the latter114

corresponds to a pion mass of about 160 MeV. In the rel-115

evant temperature range, 145 MeV  T  170 MeV, we116

have analyzed (10 � 16) ⇥ 103 configurations, separated117

by 10 time units in rational hybrid Monte Carlo updates,118

on lattices of size 6 ⇥ 243 and 8 ⇥ 323. Some additional119

calculations on 8⇥323 lattices have been performed with120

physical light quarks, ml = ms/27, to confirm that the121

quark mass dependence of observables of interest is in-122

deed small.123

To analyze the composition of the thermal medium in124

terms of the quantum numbers of the e↵ective degrees125

of freedom we consider generalized susceptibilities of the126

conserved charges127

�BQS
klm =

@(k+l+m)[P (T, µ̂B , µ̂Q, µ̂S)/T 4]

@µ̂k
B@µ̂

l
Qµ̂

m
S

�����
~µ=0

, (2)

where P denotes the total pressure of the hot medium.128

For brevity, we drop the superscript when the corre-129

sponding subscript is zero.130

The correlation of net strangeness with net baryon131

number fluctuations normalized to the second cumulant132

of net strangeness fluctuations, �BS
11 /�S

2 is a sensitive133

probe of the strangeness carrying degrees of freedom [24].134

Consistent continuum extrapolations for this ratio have135

been obtained with two di↵erent staggered fermion dis-136

cretization schemes [17, 18]. In Fig. 2(top) we show our137

present, refined results obtained for lattices with tempo-138

Partial pressure of strange mesons and baryons:

• Boltzmann approximation is used here and in the following 

� open strange meson sector
experimentally well known

� open strange baryon sector
experimentally much less 
known, additional baryons 
contribute up to 30% at 
T=170 MeV

with and                   ,
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Christian Schmidt                  QCD in high density, TIFR Mumbai, Jan 28-30 2015 16

� QM-PDG provides more accurate description of lattice data

• BS-correlation
at low T:  weighted sum of partial 
pressure of strange baryons 

3
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FIG. 2. Top: BS-correlations normalized to the second cumu-
lant of net strangeness fluctuations. Results are from (2+1)-
flavor lattice QCD calculations performed with a strange to
light quark mass ratio, m

s

/m
l

= 20 (squares) and m
s

/m
l

=
27 (diamonds). The band depicts the improved estimate for
the continuum result facilitated by the high statistics N

⌧

= 6
and 8 data. Bottom: Ratios of baryonic (BS

i

) to mesonic
(MS

i

) ‘pressure observables’ defined in Eq. 3. The dotted and
solid line show results from PDG-HRG and QM-HRG model
calculations, respectively. The shaded region denotes the con-
tinuum extrapolated chiral crossover temperature at physical
light quark mass values, T

c

= (154± 9) MeV [9].

ral extents N⌧ = 6 and 8, which are in agreement with139

the earlier results, together with an improved estimate140

for the continuum result based on the enlarged statis-141

tics for these lattices. In the crossover region and also142

at lower temperatures in the hadronic regime the lattice143

QCD results for ��BS
11 /�S

2 are significantly larger than144

the PDG-HRG model predictions.145

In the validity range of HRG models the BS-correlation146

�BS
11 is a weighted sum of partial pressures of strange147

baryons, while the quadratic strangeness fluctuations �S
2148

are dominated by the contribution from strange mesons.149

The larger value of ��BS
11 /�S

2 found in lattice QCD calcu-150

lations compared to PDG-HRG model calculations thus151

reflects the stronger increase of PS,QM
B /PS,PDG

B com-152

pared to PS,QM
M /PS,PDG

M (see Fig. 1). As a consequence153

the QM-HRG model provides a better description of154

QCD thermodynamics in the hadronic phase. This can155

be more directly verified by considering the ratio of two156

observables, which in a HRG model give PS
M and PS

B , re-157

spectively. There is a large set of ‘pressure-observables’158

that can be constructed for this purpose by using second159

and fourth order cumulants of strangeness fluctuations160

and correlations with net baryon number [11]. They will161

all give identical results in a gas of uncorrelated hadrons,162

but di↵er otherwise. In particular, they can yield widely163

di↵erent results in a free quark gas. We use two linearly164

cont. est.
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FIG. 3. The leading order result for the ratio of strangeness
and baryon chemical potentials versus temperature. Data and
HRG model results are for a strangeness neutral thermal sys-
tem having a ratio of net electric charge to net baryon number
density N

Q

/N
B

= 0.4. The dashed line shows the QM-HRG
result for vanishing electric charge chemical potential. All
other curves and labels are same as in Fig. 2.

independent ‘pressure-observables’ for the open strange165

meson (MS
1 ,M

S
2 ) and baryon (BS

1 , B
S
2 ) pressure, respec-166

tively,167

MS
1 = �S

2 � �BS
22 ,

MS
2 =

1

12

�
�S
4 + 11�S

2

�
+

1

2

�
�BS
11 + �BS

13

�
,

BS
1 = �1

6

�
11�BS

11 + 6�BS
22 + �BS

13

�
,

BS
2 =

1

12

�
�S
4 � �S

2

�� 1

3

�
4�BS

11 � �BS
13

�
. (3)

Three independent ratios BS
i /M

S
j are shown in168

Fig. 2 (bottom). They start to coincide in the crossover169

region giving identical results only below T . 155 MeV.170

This re-confirms that a description of QCD thermody-171

namics in terms of an uncorrelated gas of hadrons is valid172

till the chiral crossover temperature Tc. Below Tc the in-173

formation one extracts from BS
i /M

S
j agrees with that of174

��BS
11 /�S

2 . In the hadronic regime the ratios calculated175

in lattice QCD are significantly larger than calculated176

in the PDG-HRG model. QM-HRG model calculations177

are in good agreement with lattice QCD. These results178

provide evidence for the existence of additional strange179

baryons and their thermodynamic importance below the180

QCD crossover.181

Implications for strangeness freeze-out.— Since the182

initial nuclei in a heavy ion collision are strangeness183

free, the HRG at the chemical freeze-out must also be184

strangeness neutral. Obviously, for such a strangeness185

neutral medium all the three thermal parameters T , µB186

and µS are not independent; the strangeness chemical po-187

tential can be expressed as a function of T and µB . While188

µS(T, µB) is unique in QCD, for a HRG it clearly depends189

on the relative abundances of the open strange baryons190

and mesons. For fixed T and µB a strangeness neu-191

tral HRG having a larger relative abundance of strange192

baryons over strange mesons naturally leads to a larger193

chiral 
crossover 

�S
2 ,�

S
4 ,�

BS
11 ,�BS

31 ,�BS
22 ,�BS

13

MS
i

� Re-confirmation of our previous findings [PRL 111,082301]: onset of 
melting of open strange hadrons consistent with chiral crossover 

Evidence for more strange hadrons

• Different linear combinations of 

are used to project onto partial 
pressure of strange baryons (       ) 
and mesons (       ) in the hadronic 
phase, e.g.

BS
i

�BS
11



 
pHRG

T 4

!

S 6=0

= MS=1 + BS=1 + BS=2 + BS=3

�S
2 = (�1)2MS=1 + (�1)2BS=1 + (�2)2BS=2 + (�3)2BS=3

�BS
11 = (�1)BS=1 + (�2)BS=2 + (�3)BS=3
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Separation of strangeness sectors

)

...

The pressure obtains contributions from 4 different  strangeness sectors:

pHRG

T 4
= f0(T ) + fM(T ) cosh(�µ̂S) + fB,1(T ) cosh(µ̂B � µS)

+fB,2(T ) cosh(µ̂B � 2µ̂S) + fB,3(T ) cosh(µ̂B � 3µ̂S)



MS=1

BS=1

BS=2

BS=3
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Separation of strangeness sectors
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1
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0
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y3

y4
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CCA

v1, v2

x1�
BS
11 + x2�

BS
31 + x3�

S
2 + x4�

BS
22 + x5�

BS
13 + x6�

S
4

Idea: separate strangeness sectors by making use of all diagonal strangeness 
fluctuations and baryon-strangeness correlations up to the 4th order

solve:

General Projection to a Strangeness Sector

Christian Schmidt

The most general combination of all diagonal and o↵-diagonal fluctuations
operators up to the 4th order is given by

A1 · �BS
11 + A2 · �BS

31 + A3 · �S
2 + A4 · �BS

22 + A5 · �BS
13 A6 · �S

4 . (1)

It will project to a particular combination of the strange meson sector (M)
and various strange baryon contributions (BS=1

, B

S=2
, B

S=3), denoted as

�1 ·M + �2 · BS=1 + �3 · BS=2 + �4 · BS=3
. (2)

Based on the strangeness content of the fluctuation operators we can find a
linear mapping F : R6 ! R4 that can be expressed by a matrix Fij 2 R(6⇥4),
i.e. we can write

FijAj = �i , with F =

0

BB@

0 0 1 0 0 1
�1 �1 1 1 �1 1
�2 �2 4 4 �8 16
�3 �3 9 9 �27 81

1

CCA (3)

As one can easily see, F has Rank(F ) = 4, and its kernelK is a 2-dimensional
vector space (dim(K) = 6 � Rank(F)). Solving the homogenous system
Fijxj = 0 we find two vectors v1, v2 that span the kernel K, we have

v

t
1 = (1, 0,�1/6, 2, 1, 1/6) (4)

v

t
2 = (0, 1,�1/6, 2, 1, 1/6) (5)

K = {x 2 R6 : x = av1 + bv2 with a, b 2 R} (6)

In Order to project onto a specific strangeness sector we have to solve the
inhomogenous system FijAj = �j, with �

t = (1, 0, 0, 0), (0, 1, 0, 0), (0, 0, 1, 0)
and (0, 0, 0, 1), respectively. In general the solution set S of the inhomogenous
system can be constructed by a translation vector b plus the solution of the
homogenous system (the kernel K), i.e. S = b + K. For the four cases of
interest one can, e.g., define the translation vectors as

M : b

t = (0, 0, 1,�1, 0, 0) (7)

B

S=1 : b

t = (0, 0,�1/2, 7/2, 5/2, 1/2) (8)

B

S=2 : b

t = (0, 0, 1/4,�1,�1,�1/4) (9)

B

S=3 : b

t = (0, 0,�1/18, 1/6, 1/6, 1/18) (10)

Rank=4

� dim (Kernel)=2,  spanned by 

The importance of multi-strange baryons at temperatures close to the pseudo-
critical temperature is evident in the ratio of quadratic to quartic strangeness fluc-
tuations, χS

4 /χ
S
2 . This ratio would be unity, as it is the case for net baryon number

fluctuations, if only the |S| = 1 meson and baryon sectors would contribute to the
fluctuations. We show this ratio in Fig. 1. It is apparent that deviations from
HRG model calculations become large for temperatures T>∼160 MeV. At lower tem-
peratures HRG model calculations agree with QCD results within 20%. It also is
apparent that the strangeness two and three sectors have large contribution to this
ratio, leading to a 60% increase over unity at T " 160 MeV. This may also have an
impact on properties of strangeness fluctuations at higher temperatures.

Within the HRG model it is quite easy to analyze the contribution of different
strangeness sectors to bulk thermodynamics as well as cumulants of net strangeness
fluctuations or correlations between net strangeness and net baryon number fluc-
tuations. Within the Boltzmann approximation mixed baryonic susceptibilities for
which the number of derivatives with respect to µB differs only by an even number
are identical, e.g. χBS

1m ≡ χBS
3m or χBS

2m ≡ χBS
4m . Cumulants involving higher derivatives

with respect to µS, on the other hand, receive larger contributions from multiple-
strange hadrons. Deviations from HRG model calculations for specific strangeness
sectors may be analyzed by considering specific combinations of mixed suscepti-
bilities that would, in a medium of uncorrelated hadrons, project onto specific
strangeness sectors.

Taking into account all mixed susceptibilities up to fourth order that involve at
least one derivative with respect to the strangeness chemical potential and thus are
sensitive to strangeness fluctuations, we have six independent observables (χS

2 , χS
4 ,

χBS
13 , χBS

22 , χBS
31 ) at hand that we can use to analyze fluctuations and correlations

in different strangeness sectors of the HRG. Using these six observables it is easy to
construct observables that project onto different strangeness sectors of the HRG. We
will consider here a set of observables that give, in the low temperature regime, the
contribution of strange mesons and strange baryons with strangeness |S| = 1, 2 and
3 to the (2+1)-flavor QCD partition function. They all depend on 2 free parameters,

M(c1, c2) = χS
2 − χBS

22 + c1v1 + c2v2 (6)

B1(c1, c2) =
1

2

(

χS
4 − χS

2 + 5χBS
13 + 7χBS

22

)

+ c1v1 + c2v2 (7)

B2(c1, c2) = −
1

4

(

χS
4 − χS

2 + 4χBS
13 + 4χBS

22

)

+ c1v1 + c2v2 (8)

B3(c1, c2) =
1

18

(

χS
4 − χS

2 + 3χBS
13 + 3χBS

22

)

+ c1v1 + c2v2 (9)

with

v1 = χBS
31 − χBS

11 (10)

v2 =
1

3
(χS

2 − χS
4 )− 2χBS

13 − 4χBS
22 − 2χBS

31 (11)

4
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Figure 2: The difference between the correlations of net strangeness fluctuations
with different powers of net baryon number fluctuations (left). The right hand
figure shows the difference of quadratic and quartic baryon number fluctuations.
The particular differences shown should vanish in the low temperature phase, if this
can be described by a superposition of uncorrelated hadrons, which only have baryon
number B = 0 or ±1. This is the case in the hadron resonance gas model. Lines at
high temperature show the ideal gas value (free) and the O(g4) perturbative result
using one-loop hard thermal loop resummation (HTL).

The observables v1 and v2 are combinations of several strangeness cumulants
and correlations with net baryon number. They vanish for an uncorrelated gas of
hadrons as it is described my the HRG model. They are thus a good indicators for
the validity of the HRG model at low temperature. Both observables vanish in a
HRG and approach the same large, non-zero ideal gas value in the high temperature
limit, i.e., ∆BS

free = 1/3 − 2/9π2. In fact, they also have identical perturbative
corrections at O(g2).

The observables v1 and v2 carry information about the strange hadron sector
that is similar to the difference of quadratic and quartic cumulants of net baryon
number fluctuations,

∆B = χB
2 − χB

4 . (12)

This difference also vanishes in a HRG and, in fact, has the same high temperature
behavior as v1.

In Fig. 2(left) we show v1 and v2 and compare this with ∆B which is shown in the
right hand part of this figure. It is evident from these two figures that in the light
quark as well as strange quark sector deviations from the HRG model set in abruptly
in the crossover region around the pseudo-critical temperature Tpc = 154(9) MeV
[24]. Details of the temperature dependence in the high temperature phase differ
for the correlations of baryon number with light and strange quark numbers, re-
spectively. However, clearly strange baryons and non strange baryons experience
similarly strong modifications right at the crossover transition temperature. This

5

� indicator for the validity of the HRG

• strange baryons carry baryon number 1 
• partial pressure from strange particles is 

hadronic  

• all baryons carry baryon number 1 

T . 160 MeV

T & 160 MeV
• at                            we find reasonable agreement with the HRG (within 20%)
• at                            deviations from HRG become large

Separation of strangeness sectors
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solving 4 inhomogenous systems

� the solutions are translations of the kernel 

Separation of strangeness sectors

MS=1(c1, c2) = �S
2 � �BS

22 + c1v1 + c2v2 (1)

BS=1(c1, c2) =
1

2

�
�S
4 � �S

2 + 5�BS
13 + 7�BS

22

�
+ c1v1 + c2v2 (2)

BS=2(c1, c2) = �1

4

�
�S
4 � �S

2 + 4�BS
13 + 4�BS

22

�
+ c1v1 + c2v2 (3)

BS=3(c1, c2) =
1

18

�
�S
4 � �S

2 + 3�BS
13 + 3�BS

22

�
+ c1v1 + c2v2 (4)



BS=3/MS=1
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Separation of strangeness sectors
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78% of the partial pressure of 
strange baryons are from BS=1

20% of the partial pressure of 
strange baryons are from BS=2

2% of the partial pressure of 
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melting of all open strange baryons
start at the chiral crossover
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QM-HRG for the charm sector

6

Probing  hadron spectrum using QCD thermodynamicsProbing  hadron spectrum using QCD thermodynamics

P̂tot = ∑
all hadrons

P̂h

all PDG states + ???

LQCD

Padmanath et.al.: arXiv:1311.4806 [hep-lat]

Quark Model

Ebert et. al.: Eur. Phys. J. C66, 197 (2010);
                    Phys. Rev. D84, 014025 (2011)

8

charm sector

strange sector

significant contributions of these 
unseen states to the ratios of 
partial pressures of baryon to 
meson near the QCD crossover 

partial pressure of 
baryon → B; meson → M

LQCD: operators to identify separate 
Thermodynamic contributions of 
strange/charm baryons/mesons
for uncorrelated hadron gas

Probing  hadron spectrum using QCD thermodynamicsProbing  hadron spectrum using QCD thermodynamics

similar results with LQCD
spectra

Nτ: 8     6
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BC/(χ4
C-χ13
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Figure 4: Thermodynamic contributions of all charmed baryons, RBC
13 (top), all charged

charmed baryons, RQC
13 (middle) and all strange charmed baryons, RSC

13 (bottom) relative
to that of all charmed mesons (see Eq. (10)). The dashed lines (PDG-HRG) are predictions
for an uncorrelated hadron gas using only the PDG states. The solid lines (QM-HRG) are
similar HRG predictions including also the states predicted by the quark model of Ref.
[18, 17]. The dotted lines (QM-HRG-3) are the same QM predictions, but only including
states having masses < 3 GeV. The shaded region shows the QCD crossover region as in
Fig. 2. The horizontal lines on the right hand side denote the infinite temperature non-
interacting charm quark gas limits for the respective quantities. The lattice QCD data
have been obtained on lattices of size 323 · 8 (filled symbols) and 243 · 6 (open symbols).

ment with a HRG constructed from open charm meson and baryon spectra
calculated in a relativistic quark model [17, 18]. The difference in PDG-HRG
and QM-HRG model calculations mainly arises from the baryon sector (see
Fig. 1). The observables shown in Fig. 4 thus provide first-principles evidence
for a substantial contribution of experimentally so far unobserved charmed

14

χ22
BC/χ13

BC

χ31
BS/χ11

BS

χ31
BQ/χ11

BQ

0.0

0.2

0.4

0.6

0.8

1.0

140 160 180 200 220 240 260 280

T [MeV]

un-corr.
hadrons

Figure 3: Ratios of baryon-electric charge(BQ), baryon-strangeness(BS) and baryon-
charm(BC) correlations calculated on lattices of size 323 · 8. In the case of BQ and
BS correlations we show results from the (2+1)-flavor calculations where B and Q do
not contain any charm contribution. These data are taken from Ref. [10, 33] The shaded
region shows the chiral crossover region as in Fig. 2.

also consider the partial pressure of all open charm mesons MC = χC
4 − χBC

13

as motivated in Eq. 9. Using these observables we construct ratios with cu-
mulants, which in a HRG receive contributions only from different charmed
baryon sectors in the numerator,

RBC
13 =

χBC
13

MC
, RQC

13 =
χBQC
112

MQC
, RSC

13 = −
χBSC
112

MSC
. (10)

In a HRG, the first ratio just gives the ratio of charmed baryon and meson
pressure,

(

RBC
13

)

HRG
= BC/MC . In the two other cases, the numerator is a

weighted sum of partial charmed baryon pressures in charge sectors |X| = 1
and |X| = 2 with X = Q and S, respectively. These ratios are shown in
Fig. 4.

HRG model predictions for these ratios strongly depend on the rela-
tive abundance of the charmed baryons over open charm mesons. Shown
in Fig. 4 are results obtained from the PDG-HRG calculation (dashed lines)
and the QM-HRG (solid lines). Clearly in the temperature range of the QCD
crossover transition, the lattice QCD data for these ratios are much above
the PDG-HRG model results. In all the cases, the deviation from the PDG-
HRG at T = 160 MeV is 40% or larger. As discussed in Sec. 2, this may not
be too surprising as only a few charmed baryons have so far been listed in
the particle data tables. The lattice QCD results instead show good agree-

13

charmed baryons
to charmed mesons

charged charm baryons
to charmed mesons

strange charm baryons
to charmed mesons

� melting of open
charm hadrons
start at chiral 
crossover

� evidence for 
more charmed 
hadrons
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Freeze-out conditions in HIC

coming back to ...

Now determined from relative yields of open strange 
hadrons.



(µS/µB)(T ) = s1(T ) + s3(T )µ̂2
B + O(µ̂4

B)

✓
µS

µB

◆

LO

⌘ s1(T ) = �
�BS

11

�S
2

�
�QS

11

�S
2

µQ

µB

nQ/nB = 0.4

µQ > 0
T, µB
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Implications for freeze-out conditions 3
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FIG. 2. Top: BS-correlations normalized to the second cumu-
lant of net strangeness fluctuations. Results are from (2+1)-
flavor lattice QCD calculations performed with a strange to
light quark mass ratio, m

s

/m
l

= 20 (squares) and m
s

/m
l

=
27 (diamonds). The band depicts the improved estimate for
the continuum result facilitated by the high statistics N

⌧

= 6
and 8 data. Bottom: Ratios of baryonic (BS

i

) to mesonic
(MS

i

) ‘pressure observables’ defined in Eq. 3. The dotted and
solid line show results from PDG-HRG and QM-HRG model
calculations, respectively. The shaded region denotes the con-
tinuum extrapolated chiral crossover temperature at physical
light quark mass values, T

c

= (154± 9) MeV [9].

ral extents N⌧ = 6 and 8, which are in agreement with139

the earlier results, together with an improved estimate140

for the continuum result based on the enlarged statis-141

tics for these lattices. In the crossover region and also142

at lower temperatures in the hadronic regime the lattice143

QCD results for ��BS
11 /�S

2 are significantly larger than144

the PDG-HRG model predictions.145

In the validity range of HRG models the BS-correlation146

�BS
11 is a weighted sum of partial pressures of strange147

baryons, while the quadratic strangeness fluctuations �S
2148

are dominated by the contribution from strange mesons.149

The larger value of ��BS
11 /�S

2 found in lattice QCD calcu-150

lations compared to PDG-HRG model calculations thus151

reflects the stronger increase of PS,QM
B /PS,PDG

B com-152

pared to PS,QM
M /PS,PDG

M (see Fig. 1). As a consequence153

the QM-HRG model provides a better description of154

QCD thermodynamics in the hadronic phase. This can155

be more directly verified by considering the ratio of two156

observables, which in a HRG model give PS
M and PS

B , re-157

spectively. There is a large set of ‘pressure-observables’158

that can be constructed for this purpose by using second159

and fourth order cumulants of strangeness fluctuations160

and correlations with net baryon number [11]. They will161

all give identical results in a gas of uncorrelated hadrons,162

but di↵er otherwise. In particular, they can yield widely163

di↵erent results in a free quark gas. We use two linearly164
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FIG. 3. The leading order result for the ratio of strangeness
and baryon chemical potentials versus temperature. Data and
HRG model results are for a strangeness neutral thermal sys-
tem having a ratio of net electric charge to net baryon number
density N

Q

/N
B

= 0.4. The dashed line shows the QM-HRG
result for vanishing electric charge chemical potential. All
other curves and labels are same as in Fig. 2.

independent ‘pressure-observables’ for the open strange165

meson (MS
1 ,M

S
2 ) and baryon (BS

1 , B
S
2 ) pressure, respec-166

tively,167

MS
1 = �S

2 � �BS
22 ,

MS
2 =

1

12

�
�S
4 + 11�S

2

�
+

1

2

�
�BS
11 + �BS

13

�
,

BS
1 = �1

6
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11�BS

11 + 6�BS
22 + �BS

13

�
,

BS
2 =

1

12

�
�S
4 � �S

2

�� 1

3

�
4�BS

11 � �BS
13

�
. (3)

Three independent ratios BS
i /M

S
j are shown in168

Fig. 2 (bottom). They start to coincide in the crossover169

region giving identical results only below T . 155 MeV.170

This re-confirms that a description of QCD thermody-171

namics in terms of an uncorrelated gas of hadrons is valid172

till the chiral crossover temperature Tc. Below Tc the in-173

formation one extracts from BS
i /M

S
j agrees with that of174

��BS
11 /�S

2 . In the hadronic regime the ratios calculated175

in lattice QCD are significantly larger than calculated176

in the PDG-HRG model. QM-HRG model calculations177

are in good agreement with lattice QCD. These results178

provide evidence for the existence of additional strange179

baryons and their thermodynamic importance below the180

QCD crossover.181

Implications for strangeness freeze-out.— Since the182

initial nuclei in a heavy ion collision are strangeness183

free, the HRG at the chemical freeze-out must also be184

strangeness neutral. Obviously, for such a strangeness185

neutral medium all the three thermal parameters T , µB186

and µS are not independent; the strangeness chemical po-187

tential can be expressed as a function of T and µB . While188

µS(T, µB) is unique in QCD, for a HRG it clearly depends189

on the relative abundances of the open strange baryons190

and mesons. For fixed T and µB a strangeness neu-191

tral HRG having a larger relative abundance of strange192

baryons over strange mesons naturally leads to a larger193
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FIG. 2. Top: BS-correlations normalized to the second cumu-
lant of net strangeness fluctuations. Results are from (2+1)-
flavor lattice QCD calculations performed with a strange to
light quark mass ratio, m

s

/m
l

= 20 (squares) and m
s

/m
l

=
27 (diamonds). The band depicts the improved estimate for
the continuum result facilitated by the high statistics N

⌧

= 6
and 8 data. Bottom: Ratios of baryonic (BS

i

) to mesonic
(MS

i

) ‘pressure observables’ defined in Eq. 3. The dotted and
solid line show results from PDG-HRG and QM-HRG model
calculations, respectively. The shaded region denotes the con-
tinuum extrapolated chiral crossover temperature at physical
light quark mass values, T

c

= (154± 9) MeV [9].

ral extents N⌧ = 6 and 8, which are in agreement with139

the earlier results, together with an improved estimate140

for the continuum result based on the enlarged statis-141

tics for these lattices. In the crossover region and also142

at lower temperatures in the hadronic regime the lattice143

QCD results for ��BS
11 /�S

2 are significantly larger than144

the PDG-HRG model predictions.145

In the validity range of HRG models the BS-correlation146

�BS
11 is a weighted sum of partial pressures of strange147

baryons, while the quadratic strangeness fluctuations �S
2148

are dominated by the contribution from strange mesons.149

The larger value of ��BS
11 /�S

2 found in lattice QCD calcu-150

lations compared to PDG-HRG model calculations thus151

reflects the stronger increase of PS,QM
B /PS,PDG

B com-152

pared to PS,QM
M /PS,PDG

M (see Fig. 1). As a consequence153

the QM-HRG model provides a better description of154

QCD thermodynamics in the hadronic phase. This can155

be more directly verified by considering the ratio of two156

observables, which in a HRG model give PS
M and PS

B , re-157

spectively. There is a large set of ‘pressure-observables’158

that can be constructed for this purpose by using second159

and fourth order cumulants of strangeness fluctuations160

and correlations with net baryon number [11]. They will161

all give identical results in a gas of uncorrelated hadrons,162

but di↵er otherwise. In particular, they can yield widely163

di↵erent results in a free quark gas. We use two linearly164
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FIG. 3. The leading order result for the ratio of strangeness
and baryon chemical potentials versus temperature. Data and
HRG model results are for a strangeness neutral thermal sys-
tem having a ratio of net electric charge to net baryon number
density N

Q

/N
B

= 0.4. The dashed line shows the QM-HRG
result for vanishing electric charge chemical potential. All
other curves and labels are same as in Fig. 2.
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Three independent ratios BS
i /M
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Fig. 2 (bottom). They start to coincide in the crossover169

region giving identical results only below T . 155 MeV.170
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in lattice QCD are significantly larger than calculated176

in the PDG-HRG model. QM-HRG model calculations177

are in good agreement with lattice QCD. These results178

provide evidence for the existence of additional strange179

baryons and their thermodynamic importance below the180

QCD crossover.181
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initial nuclei in a heavy ion collision are strangeness183

free, the HRG at the chemical freeze-out must also be184

strangeness neutral. Obviously, for such a strangeness185

neutral medium all the three thermal parameters T , µB186

and µS are not independent; the strangeness chemical po-187

tential can be expressed as a function of T and µB . While188
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4

value of µS .194

Calculations of µS(T, µB) in a strangeness neutral195

HRG are straightforward. For QCD this can be ob-196

tained from lattice QCD computations of µS/µB us-197

ing next-to-leading order Taylor expansion of the net198

strangeness density [3, 25]. The ratio µS/µB = s1(T ) +199

s3(T )(µB/T )2 + O(µ4
B) is closely related to the ratio200

�BS
11 /�S

2 shown in Fig. 2. At leading order it only re-201

ceives a small correction from non-zero electric charge202

chemical potential, µQ/µB ,203
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The next to leading order correction s3(T )(µB/T )2 [3]204

is small for µB . 200 MeV. We show the leading order205

result in Fig. 3. At a given temperature, the strangeness206

neutrality constraint gives rise to a larger value, consis-207

tent with lattice QCD results, of µS/µB for the QM-HRG208

compared to the PDG-HRG.209

The relative yields of strange anti-baryons (H̄S) to210

baryons (HS) at freeze-out are controlled by the freeze-211

out parameters (T f , µf
B , µ

f
S) [28],212

RH ⌘ H̄S

HS
= e�2(µf

B/T f )(1�(µf
S/µf

B)|S|) . (5)

While this relation does not explicitly depend on the con-213

tent and spectra of hadrons in a HRG, the presence of214

additional strange hadrons implicitly enters through the215

strangeness neutrality constraint. As discussed before,216

for di↵erent HRG models at fixed T and µB strangeness217

neutrality leads to di↵erent values of µS/µB . Once218

µf
B/T

f and µf
S/µ

f
B are fixed through experimental yields219

of strange hadrons, it is obvious from Fig. 3 that a given220

value of µf
S/µ

f
B is realized at a larger temperature in the221

PDG-HRG than in the QM-HRG.222

Ratios of the freeze-out parameters µf
B/T

f and µf
S/µ

f
B223

can be obtained by fitting the experimentally measured224

values of the strange baryon ratios R⇤ = ⇤̄/⇤, R⌅ =225

⌅+/⌅� and R⌦ = ⌦+/⌦� to Eq. 5. Fits of these226

strange anti-baryon to baryon yields to Eq. 5 result in227

(µf
S/µ

f
B , µ

f
B/T

f ) = (0.213(10), 1.213(30)) for the NA57228

results at
p
s = 17.3 GeV [26] and (0.254(7), 0.697(20))229

for the STAR preliminary results at
p
s = 39 GeV [27].230

In Fig. 4 we show comparisons of these (µf
S/µ

f
B , µ

f
B/T

f )231

values with the lattice QCD, QM-HRG and PDG-HRG232

predictions for µS/µB at µB/T = µf
B/T

f . By varying the233

temperature ranges one can match the predicted values234

of µS/µB to µf
S/µ

f
B and, thus, determine the freeze-out235

temperatures T f . As expected from Fig. 3, the QM-HRG236

predictions are in good agreement with lattice QCD re-237

sults and lead to almost identical values for T f . The238

PDG-HRG based analysis, however, result in freeze-out239

temperatures for strange baryons that are larger by about240

5-8 MeV.241
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FIG. 4. Extracted values of (µf

S

/µf

B

,µf

B

/T f ) from fits to
multiple strange hadrons yields (see text) are compared to
µ
S

/µ
B

predictions, obtained by imposing strangeness neu-
trality, from lattice QCD calculations (shaded bands) as well
as from QM-HRG (solid lines) and PDG-HRG (dotted lines)
models. The predictions are shown for µ

B

/T = µf

B

/T f . For
each case the temperature ranges are chosen such that the
predicted values reproduce µf

S

/µf

B

.

Conclusions.— By comparing lattice QCD results for242

various observables of strangeness fluctuations and cor-243

relations with predictions from PDG-HRG and QM-244

HRG models we have provided evidences that addi-245

tional, experimentally unobserved strange hadrons be-246

come thermodynamically relevant in the vicinity of the247

QCD crossover. We have also shown that the thermo-248

dynamic relevance of these additional strange hadrons249

modifies the yields of the ground state strange hadrons250

in heavy ion collisions. This lead to significant reduc-251

tions in the chemical freeze-out temperature of strange252

hadrons. Compared to the PDG-HRG the QM-HRG pro-253

vides a more accurate description of the thermodynamics254

of strange hadrons and should be used for the determi-255

nations of the freeze-out parameters at larger values of256

the baryon chemical potential beyond the validity of the257

present lattice QCD calculations.258

Finally, we note that the observation regarding the259

thermodynamic relevance of additional strange hadrons260

hints that an improved HRG model including further, un-261

observed light quark hadrons may resolve of the current262

discrepancy between lattice QCD results for the trace263

anomaly and the results obtained within the PDG-HRG264

model.265
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FIG. 2. Top: BS-correlations normalized to the second cumu-
lant of net strangeness fluctuations. Results are from (2+1)-
flavor lattice QCD calculations performed with a strange to
light quark mass ratio, m

s

/m
l

= 20 (squares) and m
s

/m
l

=
27 (diamonds). The band depicts the improved estimate for
the continuum result facilitated by the high statistics N

⌧

= 6
and 8 data. Bottom: Ratios of baryonic (BS

i

) to mesonic
(MS

i

) ‘pressure observables’ defined in Eq. 3. The dotted and
solid line show results from PDG-HRG and QM-HRG model
calculations, respectively. The shaded region denotes the con-
tinuum extrapolated chiral crossover temperature at physical
light quark mass values, T

c

= (154± 9) MeV [9].

ral extents N⌧ = 6 and 8, which are in agreement with139

the earlier results, together with an improved estimate140

for the continuum result based on the enlarged statis-141

tics for these lattices. In the crossover region and also142

at lower temperatures in the hadronic regime the lattice143

QCD results for ��BS
11 /�S

2 are significantly larger than144

the PDG-HRG model predictions.145

In the validity range of HRG models the BS-correlation146

�BS
11 is a weighted sum of partial pressures of strange147

baryons, while the quadratic strangeness fluctuations �S
2148

are dominated by the contribution from strange mesons.149

The larger value of ��BS
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2 found in lattice QCD calcu-150

lations compared to PDG-HRG model calculations thus151

reflects the stronger increase of PS,QM
B /PS,PDG

B com-152

pared to PS,QM
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M (see Fig. 1). As a consequence153

the QM-HRG model provides a better description of154

QCD thermodynamics in the hadronic phase. This can155

be more directly verified by considering the ratio of two156

observables, which in a HRG model give PS
M and PS

B , re-157

spectively. There is a large set of ‘pressure-observables’158

that can be constructed for this purpose by using second159

and fourth order cumulants of strangeness fluctuations160

and correlations with net baryon number [11]. They will161

all give identical results in a gas of uncorrelated hadrons,162
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and baryon chemical potentials versus temperature. Data and
HRG model results are for a strangeness neutral thermal sys-
tem having a ratio of net electric charge to net baryon number
density N

Q

/N
B

= 0.4. The dashed line shows the QM-HRG
result for vanishing electric charge chemical potential. All
other curves and labels are same as in Fig. 2.

independent ‘pressure-observables’ for the open strange165

meson (MS
1 ,M

S
2 ) and baryon (BS

1 , B
S
2 ) pressure, respec-166

tively,167

MS
1 = �S

2 � �BS
22 ,

MS
2 =

1

12

�
�S
4 + 11�S

2

�
+

1

2

�
�BS
11 + �BS

13

�
,

BS
1 = �1

6

�
11�BS

11 + 6�BS
22 + �BS

13

�
,

BS
2 =

1

12

�
�S
4 � �S

2

�� 1

3

�
4�BS

11 � �BS
13

�
. (3)

Three independent ratios BS
i /M

S
j are shown in168

Fig. 2 (bottom). They start to coincide in the crossover169

region giving identical results only below T . 155 MeV.170

This re-confirms that a description of QCD thermody-171

namics in terms of an uncorrelated gas of hadrons is valid172

till the chiral crossover temperature Tc. Below Tc the in-173

formation one extracts from BS
i /M

S
j agrees with that of174

��BS
11 /�S

2 . In the hadronic regime the ratios calculated175

in lattice QCD are significantly larger than calculated176

in the PDG-HRG model. QM-HRG model calculations177

are in good agreement with lattice QCD. These results178

provide evidence for the existence of additional strange179

baryons and their thermodynamic importance below the180

QCD crossover.181

Implications for strangeness freeze-out.— Since the182

initial nuclei in a heavy ion collision are strangeness183

free, the HRG at the chemical freeze-out must also be184

strangeness neutral. Obviously, for such a strangeness185

neutral medium all the three thermal parameters T , µB186

and µS are not independent; the strangeness chemical po-187

tential can be expressed as a function of T and µB . While188

µS(T, µB) is unique in QCD, for a HRG it clearly depends189

on the relative abundances of the open strange baryons190

and mesons. For fixed T and µB a strangeness neu-191

tral HRG having a larger relative abundance of strange192

baryons over strange mesons naturally leads to a larger193
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Summary and Conclusions

• ratios of fluctuations of conserved charges can be used to determine the 
freeze-out parameter in HIC 

• partial pressure of strange baryons from QM-HRG and PDG-HRG differ by 
about 30% at T=170 MeV (even more for charmed baryons)

• in the crossover region the QM-HRG provides a more accurate description 
of (lattice) QCD w.r.t. the conventionally used PDG-HRG

� additional strange/charm baryons are thermodynamically relevant in 
the crossover region

� evidence for additional, experimentally not yet observed, strange/
charm baryons 

• presence of additional strange hadrons get imprinted in the yields of ground 
state strange hadrons 
� significant reductions of freeze-out temperature of (5-8) MeV if 

determined from relative yields of strange hadron (           )


