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Pressure in the HRG model Taylor expansion of LQCD EoS
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Parity Doubling in Lattice QCD Aarts et al, 2017, 2019

•  nucleon stays nearly unchanged  

•  chiral partner drops mass towards  

• Chiral partners  degenerate at  

• Chiral parents stay massive
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Imprint of chiral symmetry restoration in the baryonic sector
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LQCD results still obtained with heavy  far from continuum limit  mπ



Imprint of chiral symmetry restoration in the baryonic sector 
Aarts et al, 2019

04/13

1

1.2

1.4

1.6

N(−)

N(+)

Σ(−)

Σ(+)

0 0.2 0.4 0.6 0.8

T/T
c

1

1.2

1.4

m
(T

)/
m

+
(T

0
)

Λ(−)

Λ(+)

0 0.2 0.4 0.6 0.8 1

Ξ(−)

Ξ(+)

S=0 S=−1

S=−1
S=−2

octet (spin 1/2)

1

1.2

1.4

1.6

∆(−)

∆(+)

Σ
∗
(−)

Σ
∗
(+)

0 0.2 0.4 0.6 0.8

T/T
c

1

1.2

1.4

m
(T

)/
m

+
(T

0
)

Ξ
∗
(−)

Ξ
∗
(+)

0 0.2 0.4 0.6 0.8 1

Ω(−)

Ω(+)

S=0 S=−1

S=−2 S=−3

decuplet (spin 3/2)



In-Medium Hadron Resonance Gas
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Fig. 2. Temperature dependence of the strange baryons with negative parity.

!"

!"#!

!"#"

!"## !"#$ !"#% !!

)*+

"&
'(')

&*""!+
,-./01

,23
4*..5)6!)7+

4*..5)6!)7+!0-..6).6/
4*..5)6!)&+

4*..5)6!)&+!0-..6).6/
4*..5)6!)0+

4*..5)6!)0+!0-..6).6/
8-/69

8-/69!:;)<+

!"

!"#""

!"#"=

!"#"0

!"## !"#$ !"#% !!

)1+

!!&/

'(')

&*""!+
,-./01

,23
4*..5)6!)7+

4*..5)6!)7+!0-..6).6/
4*..5)6!)&+

4*..5)6!)&+!0-..6).6/
4*..5)6!)0+

4*..5)6!)0+!0-..6).6/
8-/69

8-/69!:;)<+

!"

!"#"+

!"#!

!"#!+

!"## !"#$ !"#% !!

))+

2
!!&:

'(')

&*""!+
3*.4)5""!#

,23
4*..5)6!)7+

4*..5)6!)7+!0-..6).6/
4*..5)6!)&+

4*..5)6!)&+!0-..6).6/
4*..5)6!)0+

4*..5)6!)0+!0-..6).6/
8-/69

8-/69!:;)<+

Fig. 3. Fluctuations and correlations from the HRG model with and without the mass shifts. From left to right, (a) Baryon number
susceptibility, (b) Baryon-charge correlation, and (c) Baryon-strangeness correlation are shown together with the lattice QCD results
from HotQCD [6, 7] and Budapest-Wuppertal Collaborations [8]. The labels A, B and C for the lattice-inspired scaling correspond to
three sets of assigning the negative-parity states to the candidates on PDG. For more details, see Ref. [4].

In the following, we examine the fluctuations and correlations of the net-baryon with net-charge and net-
strangeness on the basis of the standard HRG, the in-medium HRG and the chiral approach [4]. We shall fo-
cus on χB

2 , χBQ
11 , and χBS

11 at µB = µQ = µS = 0. Since mesons do not contribute to those susceptibilities, they
are good measures of in-medium effects in the baryonic sector. We neglect an intrinsic chemical-potential
dependence in the baryon masses in the present calculations, which is well justified at small chemical po-
tential.

The χB
2 , χBQ

11 , and −χBS
11 are shown in Fig. 3. The in-medium HRG apparently overshoots individual

susceptibilities because of the strong decrease in the masses. One sees a moderate enhancement in all
the three assignments, Lattice (A) (B) and (C) (details in Ref. [4]), and it becomes stronger when M(Tc) is
corrected, since the correction further reduces the masses near Tc. The results from the chiral effective model
follows the same trend, but the amount of the enhancement is much smaller than the tanh-parameterization,
because of the much weaker mass shifts particularly in the hyperon sectors.

In Fig. 4, we display the χBQ
11 /χ

B
2 and −χBQ

11 /χ
BS
11 together with corresponding lattice results. The results

with Lattice (A) and (B) follows the trend seen in the HotQCD data. As shown in Fig. 3, however, the
individual susceptibilities cannot be reproduced by the in-medium HRG. The coincidence comes from the

C. Sasaki et al. / Nuclear Physics A 982 (2019) 219–222 221

Susceptibilities are sensitive probes of chiral dynamics

χB
2 =

∂2P/T4

∂(μB/T)2
=

1
VT3

CB
2

Fluctuations with chiral in-medium baryon masses 

Too large fluctuations

Correlations between parity partners

Sasaki et al, 2019



⟨δNBδNB⟩ = ⟨(δN+)2⟩+⟨(δN−)2⟩ + 2⟨δN+δN−⟩

For multiplicity NB = N++N−

χαβ
2 =

d2P/T4

d(μα/T)d(μβ /T)⟨δNαδNβ⟩ = VT3χαβ
n

χB
2 = χ++

2 +χ−−
2 + 2χ+−

2

•What are the individual contributions of  parity partners  and ? 

•What is the strength and sign of the correlation ? 

•Is net-proton a good proxy for net-baryon fluctuations?

N+ N−

χ+−
2

Second-order fluctuations of the net-baryon number:

Net-baryon number: ⟨NB⟩ = ⟨N+⟩+⟨N−⟩

χB
2 = χ++

2 +χ−−
2 + 2χ+−

2
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M± =
1
2 ( 4m2

0+a2σ2∓bσ) σ→0 m0

m0

chiral symmetry restoration
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Model a’la DeTar, Kunihiro 1989 ⟶ ℒmass ∼ m0 (ψ̄1γ5ψ2 + ψ̄2γ5ψ1)
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Citation: R.L. Workman et al. (Particle Data Group), Prog.Theor.Exp.Phys. 2022, 083C01 (2022) and 2023 update

N(1535) 1/2− I (JP ) = 1
2 (

1
2
−) Status: ∗∗∗∗

Older and obsolete values are listed and referenced in the 2014 edi-
tion, Chinese Physics C38C38C38C38 070001 (2014).

N(1535) POLE POSITIONN(1535) POLE POSITIONN(1535) POLE POSITIONN(1535) POLE POSITION

REAL PARTREAL PARTREAL PARTREAL PART
VALUE (MeV) DOCUMENT ID TECN COMMENT

1500 to 1520 (≈ 1510) OUR ESTIMATE1500 to 1520 (≈ 1510) OUR ESTIMATE1500 to 1520 (≈ 1510) OUR ESTIMATE1500 to 1520 (≈ 1510) OUR ESTIMATE

1504± 0 ROENCHEN 22 DPWA Multichannel
1496± 4 AFZAL 20 DPWA Multichannel
1500± 4 SOKHOYAN 15A DPWA Multichannel
1509± 4±2 1 SVARC 14 L+P πN → πN
1510±50 CUTKOSKY 80 IPWA πN → πN

• • • We do not use the following data for averages, fits, limits, etc. • • •

1496 HUNT 19 DPWA Multichannel
1499 ROENCHEN 15A DPWA Multichannel
1490 SHKLYAR 13 DPWA Multichannel
1501± 4 ANISOVICH 12A DPWA Multichannel
1521±14 BATINIC 10 DPWA πN → N π, N η
1502 ARNDT 06 DPWA πN → πN, ηN
1525 VRANA 00 DPWA Multichannel
1487 HOEHLER 93 SPED πN → πN

1 Fit to the amplitudes of HOEHLER 79.

−2×IMAGINARY PART−2×IMAGINARY PART−2×IMAGINARY PART−2×IMAGINARY PART
VALUE (MeV) DOCUMENT ID TECN COMMENT

80 to 130 (≈ 110) OUR ESTIMATE80 to 130 (≈ 110) OUR ESTIMATE80 to 130 (≈ 110) OUR ESTIMATE80 to 130 (≈ 110) OUR ESTIMATE

74± 1 ROENCHEN 22 DPWA Multichannel
125± 6 AFZAL 20 DPWA Multichannel
128± 9 SOKHOYAN 15A DPWA Multichannel
118± 9±2 2 SVARC 14 L+P πN → πN
260±80 CUTKOSKY 80 IPWA πN → πN

• • • We do not use the following data for averages, fits, limits, etc. • • •

119 HUNT 19 DPWA Multichannel
104 ROENCHEN 15A DPWA Multichannel
100 SHKLYAR 13 DPWA Multichannel
134±11 ANISOVICH 12A DPWA Multichannel
190±28 BATINIC 10 DPWA πN → N π, N η
95 ARNDT 06 DPWA πN → πN, ηN

102 VRANA 00 DPWA Multichannel

2 Fit to the amplitudes of HOEHLER 79.

https://pdg.lbl.gov Page 1 Created: 5/31/2023 09:09

Citation: R.L. Workman et al. (Particle Data Group), Prog.Theor.Exp.Phys. 2022, 083C01 (2022) and 2023 update

N(1535) 1/2− I (JP ) = 1
2 (

1
2
−) Status: ∗∗∗∗

Older and obsolete values are listed and referenced in the 2014 edi-
tion, Chinese Physics C38C38C38C38 070001 (2014).

N(1535) POLE POSITIONN(1535) POLE POSITIONN(1535) POLE POSITIONN(1535) POLE POSITION

REAL PARTREAL PARTREAL PARTREAL PART
VALUE (MeV) DOCUMENT ID TECN COMMENT

1500 to 1520 (≈ 1510) OUR ESTIMATE1500 to 1520 (≈ 1510) OUR ESTIMATE1500 to 1520 (≈ 1510) OUR ESTIMATE1500 to 1520 (≈ 1510) OUR ESTIMATE

1504± 0 ROENCHEN 22 DPWA Multichannel
1496± 4 AFZAL 20 DPWA Multichannel
1500± 4 SOKHOYAN 15A DPWA Multichannel
1509± 4±2 1 SVARC 14 L+P πN → πN
1510±50 CUTKOSKY 80 IPWA πN → πN

• • • We do not use the following data for averages, fits, limits, etc. • • •

1496 HUNT 19 DPWA Multichannel
1499 ROENCHEN 15A DPWA Multichannel
1490 SHKLYAR 13 DPWA Multichannel
1501± 4 ANISOVICH 12A DPWA Multichannel
1521±14 BATINIC 10 DPWA πN → N π, N η
1502 ARNDT 06 DPWA πN → πN, ηN
1525 VRANA 00 DPWA Multichannel
1487 HOEHLER 93 SPED πN → πN

1 Fit to the amplitudes of HOEHLER 79.

−2×IMAGINARY PART−2×IMAGINARY PART−2×IMAGINARY PART−2×IMAGINARY PART
VALUE (MeV) DOCUMENT ID TECN COMMENT

80 to 130 (≈ 110) OUR ESTIMATE80 to 130 (≈ 110) OUR ESTIMATE80 to 130 (≈ 110) OUR ESTIMATE80 to 130 (≈ 110) OUR ESTIMATE

74± 1 ROENCHEN 22 DPWA Multichannel
125± 6 AFZAL 20 DPWA Multichannel
128± 9 SOKHOYAN 15A DPWA Multichannel
118± 9±2 2 SVARC 14 L+P πN → πN
260±80 CUTKOSKY 80 IPWA πN → πN

• • • We do not use the following data for averages, fits, limits, etc. • • •

119 HUNT 19 DPWA Multichannel
104 ROENCHEN 15A DPWA Multichannel
100 SHKLYAR 13 DPWA Multichannel
134±11 ANISOVICH 12A DPWA Multichannel
190±28 BATINIC 10 DPWA πN → N π, N η
95 ARNDT 06 DPWA πN → πN, ηN

102 VRANA 00 DPWA Multichannel

2 Fit to the amplitudes of HOEHLER 79.

https://pdg.lbl.gov Page 1 Created: 5/31/2023 09:09
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p I (JP ) = 1
2 (

1
2
+) Status: ∗∗∗∗

p MASS (atomic mass units u)p MASS (atomic mass units u)p MASS (atomic mass units u)p MASS (atomic mass units u)

The mass is known more precisely in u (atomic mass units) than in MeV.
See the next data block.

VALUE (u) DOCUMENT ID TECN COMMENT

1.007276466621±0.000000000053 OUR EVALUATION1.007276466621±0.000000000053 OUR EVALUATION1.007276466621±0.000000000053 OUR EVALUATION1.007276466621±0.000000000053 OUR EVALUATION 2018 CODATA

1.007276466574±0.000000000010 1 FINK 21 SPEC Penning trap
1.007276466621±0.000000000053 2 TIESINGA 21 RVUE 2018 CODATA value

• • • We do not use the following data for averages, fits, limits, etc. • • •

1.007276466598±0.000000000033 3 HEISSE 19 SPEC Penning Trap
1.007276466583±0.000000000032 4 HEISSE 17 SPEC See HEISSE 19
1.007276466879±0.000000000091 MOHR 16 RVUE 2014 CODATA value
1.007276466812±0.000000000090 MOHR 12 RVUE 2010 CODATA value
1.00727646677 ±0.00000000010 MOHR 08 RVUE 2006 CODATA value
1.00727646688 ±0.00000000013 MOHR 05 RVUE 2002 CODATA value
1.00727646688 ±0.00000000013 MOHR 99 RVUE 1998 CODATA value
1.007276470 ±0.000000012 COHEN 87 RVUE 1986 CODATA value

1 FINK 21 simultaneously measure the cyclotron frequencies of an H+
2 ion and a deuteron

in a coupled magnetron orbit. The proton mass is extracted using the precise deuteron
mass value.

2The 2018 CODATA combination in TIESINGA 21 includes data from HEISSE 17, but
does not include updates in HEISSE 19, which superseded HEISSE 17. Consequently, we
do not average HEISSE 19 and TIESINGA 21. Updating the 2018 CODATA combination
to use HEISSE 19 would shift the central value for the proton mass upwards by less than
half a standard deviation. Therefore, we take the 2018 CODATA result in TIESINGA 21
as the recommended value for the proton mass.

3The value is an update of HEISSE 17; the result is shifted by 1.5×10−11 u, corresponding
to 0.45 σ due to the corrected motional temperatures of the particles. The statistical
and total systematic uncertainties are given as 16 and 29 in the last two digits.

4The statistical and systematic errors are 15 and 29 in the last two places of the value.
Superseded by HEISSE 19.

p MASS (MeV)p MASS (MeV)p MASS (MeV)p MASS (MeV)

The mass is known more precisely in u (atomic mass units) than in MeV.

The conversion is: 1 u = 931.494 102 42(28) MeV/c2 (2018 CODATA
value, TIESINGA 21).

VALUE (MeV) DOCUMENT ID TECN COMMENT

938.27208816±0.00000029 OUR EVALUATION938.27208816±0.00000029 OUR EVALUATION938.27208816±0.00000029 OUR EVALUATION938.27208816±0.00000029 OUR EVALUATION 2018 CODATA

938.27208812±0.00000029 1 FINK 21 SPEC Penning trap
938.27208816±0.00000029 TIESINGA 21 RVUE 2018 CODATA value

• • • We do not use the following data for averages, fits, limits, etc. • • •

938.2720813 ±0.0000058 MOHR 16 RVUE 2014 CODATA value
938.272046 ±0.000021 MOHR 12 RVUE 2010 CODATA value
938.272013 ±0.000023 MOHR 08 RVUE 2006 CODATA value

https://pdg.lbl.gov Page 1 Created: 5/31/2023 09:12
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Fluctuations of chiral partners near crossover at μB = 0

µB = 0 MeV
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•  more negative with repulsive interactions
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Net-baryon number fluctuations sensitive to an interplay between repulsive interactions and chiral in-medium baryon masses
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χB
2 = χ++

2 +χ−−
2 + 2χ+−

2

Fluctuations at liquid-gas and chiral transitions
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Increasing  T

Liquid-Gas Chiral
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T = 150 MeV

µB [GeV]

�++
2

���
2

��+�
2
�B
2

0

0.2

0.4

0.6

0.8

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

peaks getting closer

• Qualitative difference of  and χ++
2 χ−−

2 • Stronger signal left in χB
2



T = 30 MeV
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Summary
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Thank You

Negative correlations between baryonic chiral partners

 may not reflect  at the chiral phase boundaryχproton
2 χB

2

Interesting to calculate , ,  in other non-perturbative approachesχ++
2 χ−−

2 χ+−
2



Cumulants vs Susceptibilities

Cn ≡ VT3 dnP/T4

d (μB/T)n
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Cn = VT3χB
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Chiral Criticality in Parity Doubling Model
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µB = 0 MeV
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T = 30 MeV
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T = 30 MeV
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Liquid-Gas crossover 

Chiral crossover
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Influence of the strength of the repulsive interactions

µB = 0 MeV

T [GeV]
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•Clear suppression of fluctuations with 
an increasing repulsive vector interactions 

•Increase of fluctuations due to in-medium chiral  
masses is reduced via negative correlations 

•With particular repulsion strength, fluctuations 
are pushed down to HRG results with vacuum masses



Fluctuations of chiral partners near crossover at μB = 0

µB = 0 MeV
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•Overall fluctuations dominated by net-nucleon at  

•Contributions of  relevant only in the vicinity of  

•Correlations of  and  provide negative contribution  
and set in only near 
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Idealized behavior of the correlator  no repulsive forces⟶
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• Very different properties of positive and negative parity partners fluctuation ratios  
• Essentially different from the fluctuations of net  baryon number  
• Proton number  baryon number fluctuation ratios 
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