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Figure 51.5: World data on the total cross section of e+e− → hadrons and the ratio R(s) = σ(e+e− → hadrons, s)/σ(e+e− → µ+µ−, s).
σ(e+e− → hadrons, s) is the experimental cross section corrected for initial state radiation and electron-positron vertex loops, σ(e+e− →
µ+µ−, s) = 4πα2(s)/3s. Data errors are total below 2 GeV and statistical above 2 GeV. The curves are an educative guide: the broken one
(green) is a naive quark-parton model prediction, and the solid one (red) is 3-loop pQCD prediction (see “Quantum Chromodynamics” section of
this Review, Eq. (9.7) or, for more details, K. G. Chetyrkin et al., Nucl. Phys. B586, 56 (2000) (Erratum ibid. B634, 413 (2002)). Breit-Wigner
parameterizations of J/ψ, ψ(2S), and Υ(nS), n = 1, 2, 3, 4 are also shown. The full list of references to the original data and the details of
the R ratio extraction from them can be found in [arXiv:hep-ph/0312114]. Corresponding computer-readable data files are available at
http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS (Protvino) and HEPDATA (Durham) Groups, August 2015. Corrections
by P. Janot (CERN) and M. Schmitt (Northwestern U.))
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Figure 37.22: Total and elastic cross sections for K−p and K−d (total only), and K−n collisions as a function of laboratory beam momentum
and total center-of-mass energy. Corresponding computer-readable data files may be found at http://pdg.lbl.gov/xsect/contents.html
(Courtesy of the COMPAS Group, IHEP, Protvino, Russia, August 1999.)

THE ROLE OF BARYON RESONANCES IN 
HOT HADRONIC MATTER

Jose L. Goity

Hampton University and Jefferson Lab



• Missing hyperons 

• The hot Hadron Resonance Gas

• HRG and LQCD

• HRG and heavy ion collisions

• Hyperon effects in the HRG

• Remarks and conclusions

OutlineOutline
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resonances:

Fred Myhrer
Simon Capstick
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PDG

#Σ = #Ξ = #N +#∆ 26; 12; 49

#Ω = #∆ 4; 22

#Λ = #N +#singlets 18; 29

SU(3)

Missing states in PDG 

Important aspects of excited hyperon physics
• Test the existence of complete SU(3) multiplets

• Study SU(3) breaking effects in excited baryons

• Test the indications that excited baryons form SU(6)xO(3) multiplets

• Important source of information to test the 1/Nc expansion of QCD in 
baryons

• Possible role of hyperons in high energy heavy ion collisions

All listed

SU(3): # Y= 3(# N+ # ∆)+singlets
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Present status of 
hyperons from PDG

1/Nc baryon mass formulas

for 56-plets � = 0, 2 : 24 excited hyperons

for 70-plet � = 1 : 23 excited hyperons



Hot hadronic matter: 
Ideal Hadron Resonance Gas -- IHRG

dof: meson-, baryon- and antibaryon- stable states and resonances
only light quarks here

EoS

pn(T, µ) =
(−1)1+B(n)d(n)

(2π)3
T

�
d3p log

�
1 + (−1)1+B(n) exp

�
−

�
p2 +m2

n − µ

T

��

B(n) = Baryon number, d(n) = (2Jn + 1)(2In + 1)

In chemical equilibrium: µs, µB

for all hadrons use the relativistic EoS



Meson I S L J P 0.001 Mass�GeV� nΠDecay
Π�140� 1 0 0 0 �1 0.14 1

f0�500� 0 0 0 0 1 0.5 2

Η�548� 0 0 0 0 �1 0.548 1

Ω�782� 0 1 0 1 �1 0.782 3

Ρ�770� 1 1 0 1 �1 0.77 2

Ηp�958� 0 0 0 0 �1 0.958 1

f0�980� 0 0 0 0 1 0.98 2

a0�980� 1 0 0 0 1 0.98 2

Φ�1020� 0 1 0 1 �1 1.02 2

h1�1170� 0 1 1 1 1 1.17 3

b1�1235� 1 0 1 1 1 1.235 4

a1�1260� 1 1 1 1 1 1.26 3

a2�1320� 1 1 1 2 1 1.32 3.

f2�1270� 0 1 1 2 1 1.27 2

f1�1285� 0 1 1 1 1 1.285 4

Η�1295� 0 0 0 0 �1 1.295 3

Π�1300� 1 0 0 0 �1 1.3 3

a2�1320� 1 1 1 2 1 1.32 3

f0�1370� 0 1 1 0 1 1.37 4

h1�1380� 0 0 1 1 1 1.38 3.

Π1�1400� 1 1 0 1 �1 1.4 2

Η�1405� 0 0 0 0 �1 1.405 2

f1�1420� 0 0 1 1 1 1.42 3

Ω�1420� 0 1 0 1 �1 1.42 3

f2�1430� 0 2 1 2 1 1.43 2.

a0�1450� 1 1 1 0 1 1.45 2

Ρ�1450� 1 1 0 1 �1 1.465 2

Η�1475� 0 0 0 0 �1 1.475 3

f0�1500� 0 0 1 0 1 1.5 3

f2p�1525� 0 1 1 2 1 1.525 2

f1�1510� 0 0 1 1 1 1.51 3.

f2�1565� 0 1 1 2 1 1.565 2

Ρ�1570� 1 1 0 1 �1 1.57 3

h1�1595� 0 0 1 1 1 1.595 3.

Π1�1600� 1 1 0 1 �1 1.6 3

f2�1640� 0 1 1 2 1 1.64 2

Η2�1645� 0 1 0 2 �1 1.645 3.

Ω�1650� 0 1 2 1 �1 1.65 3

Ω3�1670� 0 1 2 3 �1 1.67 3

Π2�1670� 1 0 2 2 �1 1.67 3.

Φ�1680� 0 1 0 1 �1 1.68 3

Ρ3�1690� 1 1 2 3 �1 1.69 4

Ρ�1700� 1 1 2 1 �1 1.7 4

a2�1700� 1 1 1 2 1 1.7 3

f0�1710� 0 1 1 0 1 1.71 2

Η�1760� 0 0 0 0 �1 1.76 3

Π�1800� 1 0 0 0 �1 1.8 3

f2�1810� 0 1 1 2 1 1.81 2

a1�1420� 1 0 1 1 1 1.42 3

Φ3�1850� 0 1 2 3 �1 1.85 2

Η2�1870� 0 0 2 2 �1 1.87 3.

Π2�1880� 1 0 2 2 �1 1.88 3.

Ρ�1900� 1 1 0 1 �1 1.9 2

f2�1910� 0 1 1 2 1 1.91 3

a0�1950� 1 1 1 0 1 1.95 2

f2�1950� 0 1 1 2 1 1.95 2

Ρ3�1990� 1 1 2 3 �1 1.99 2

f2�2010� 0 1 1 2 1 2.01 2

f0�2020� 0 1 1 0 1 2.02 3

Meson I S L J P 0.001 Mass�GeV� nΠdecay

K 1

2
0 0 0 �1 0.495 1

K�800� 1

2
1 1 0 1 0.8 2

K�892� 1

2
1 0 1 �1 0.892 2

K1�1270� 1

2
0 1 1 1 1.27 3

K1�1400� 1

2
0 1 1 1 1.4 3

K�1410� 1

2
1 1 1 1 1.41 3

K0�1430� 1

2
1 1 0 1 1.41 2

K2�1430� 1

2
1 1 2 1 1.43 2

K�1460� 1

2
0 0 0 �1 1.46 3

K2�1580� 1

2
0 2 2 �1 1.58 3

K�1650� 1

2
0 1 1 1 1.65 3

K�1680� 1

2
1 0 1 �1 1.68 2

K2�1770� 1

2
0 2 2 �1 1.77 3

K3�1780� 1

2
1 2 3 �1 1.78 3

K2�1820� 1

2
1 2 2 �1 1.82 3

K�1830� 1

2
0 0 0 �1 1.83 3

K0�1950� 1

2
1 1 0 1 1.95 2

K2�1980� 1

2
1 1 2 1 1.98 2

K4�2045� 1

2
1 3 4 1 2.045 2

Mesons
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Number of dof: 469



Baryons: states up to ~2.7 GeV

SU(6)×O(3) Multiplets

[56, � = 0] ground state

[56, � = 0, 2, 4]

[70, � = 1, 2, 3]
Number of dof: 1946

many missing states: in SU(3) multiplets and also spin-flavor 
multiplets (QM & LQCD)

use a simple mass formulas fitted to known states
to provide masses for the missing states



M56,GS(S = 1/2,S) = m0 −
1

2
cHF − cSS

M56,GS(S = 3/2,S) = m0 +
1

2
cHF − cSS

M56(S = 1/2,S) = m0 −
1

6
cHF − cSS

M56(S = 1/2,S) = m0 +
1

6
cHF − cSS

M70(S = I,S) = m0 +
1

3
cHF

�
5

3
S(S + 1)− 7

4

�
− cSS

M70(S = I − 1,S) = m0 +
1

3
cHF

�
S(S + 2)− 3

4

�
− cSS

M70(S = I + 1,S) = m0 +
1

3
cHF

�
S2 − 7

4

�
− cSS

Λ1
70 = m0 −

1

2
cHF + cS

JLG & N.Matagne
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mass formulas: neglect spin-orbit splittings

... or use QM
talks by Manley, Myhrer, Capstick



IHRG and LQCD

R. A. Soltz et al.
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A. Bazavov et al

LQCD Thermodynamics with Physical Quark Masses 12

The two results also differ in the treatment of the continuum extrapolation and the estimate of systematic errors.

The Wuppertal-Budapest continuum extrapolations are performed on lattices with Nτ=6, 8, and 10 with Nτ=12

included for three values of the temperature. Above 350 MeV, only the Nτ=6 and 8 were used. The continuum

extrapolation is performed on spline fits to the data, and the extrapolation is quadratic in the lattice spacing.

Continuum extrapolations for the HISQ/tree action were performed on lattices with Nτ=8, 10, and 12 using

simultaneous quadratic fit to splines in which the spline knot locations were included in the overall minimization

procedure. The uncertainties were estimated by fitting 20k samples in which the lattice calculations were allowed

to vary within normal errors. The match to the hadron resonance gas was achieved by sampling the HRG value at

130 MeV allowing for 10% variation in the value and fixed slope at that point. Both collaborations have produced

parameterizations of their EoS calculations for insertion into hydrodynamics models of heavy ion collisions.

( -3p)/T
4

p/T
4

s/4T
3
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130 170 210 250 290 330 370

T [MeV]

stout HISQ

FIG. 10: Continuum extrapolation of the interaction measure, energy density and pressure for the HISQ/tree and stout

actions (left), and the corresponding speed of sound for HISQ/tree and stout compared to the Hadron Resonance Gas at low

temperatures.

Final results for the stout and HISQ/tree action trace anomaly, energy density, and pressure are shown in the left

panel of Figure 10. The right panel shows the square of the speed of sound and a comparison to the HRG calculation

at low temperature. The equation of state is an essential input for accurate modeling of heavy ion collisions with

hydrodynamic simulations. The equation of state is used to convert the initial Glauber or glasma density profile to an

initial temperature or entropy profile [52]. Thereafter only the speed of sound enters into the hydrodynamic calculation.

Before lattice calculations were able to provide smooth parameterizations to the modeling community, an over-reliance

on simple formulas, such as the bag model equation of state with first order phase transition added to the challenge

of correctly modeling the space-time distributions at freeze-out, as measured by femtoscopic correlations [53, 54]. It

was only through the simultaneous adoption of a lattice-inspired EoS and second order viscous terms that provided

the modeling community with the tools needed to successfully model the evolution of a heavy ion collision [55].

The question at this time is whether current uncertainties are sufficient for current and future modeling needs, or

whether additional refinements are needed (at significant computational expense). The answer to this question is not

yet rigorously known, and depends upon current multiparameter sensitivity studies that are just beginning [56–58] .

The prevailing consensus is that current uncertainties in the lattice EoS are sufficient and that further refinements will

not greatly elucidate the dominant uncertainty in the understanding and parameterization of the initial conditions.

A more rigorous determination of the uncertainties needed in the lattice EoS is expected within the next few years.

D. Fluctuations, Freeze-out, and Finite Baryon Density

As noted, lattice QCD studies have firmly established that at high temperatures and zero baryon chemical potential

normal hadronic matter turns into a QGP through a smooth, but rapid crossover. However, based on various

theoretical studies it is generally believed that at large baryon densities and small temperatures the transition from

hadronic to QGP matter takes place via a first order phase transition. The conjectured point in the temperature–

baryon chemical potential phase diagram of QCD, at which this first order transition line meets the crossover region is

known as the QCD critical (end) point [59, 60]. The QCD critical point is a unique point in the QCD phase diagram
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talks by Ratti, Ruiz Arriola



Hot hadronic matter in heavy ion collisions

 off chemical equilibrium

τch ∼ 1

σann ρ vth

Inelastic collision rates are low and

hadron gas is off chemical equilibrium

τch can be very large > 10�s fm
Bebie et al; Shuryak; JLG; Koch et al;...

NN̄ → nπ is not that slow and should be taken into account

Rapp & Shuryak

stable hadrons develop effective chemical potentials

resonances have chemical potentials given by:

µR∗ =
�

h

dhR∗µh



Chemical potentials
for IHRG off chemical equilibrium one assigns chemical potentials to all hadrons

ππ ↔ ππ

πK ↔ πK

ππ ↔ KK̄

ππ ↔ ρ

etc

µπ = µK = µη =
µρ

2
=

µω

3
= · · · = µM

MB ↔ M �B� µN = µΣ = µΞ = · · · = µB

MB ↔ B∗ µB∗ = µB + µM

detailed balance

assume dominance of 2-body

resonance decay as approximation

baryon annihilation

BB̄ ↔ nM µB =
n̄

2
µM

approximation of SU(3) symmetry
}



µM = 100MeV µB = 250 MeV
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Simple model of fireball expansion for assessing 
the possible role of hyperon resonances

• adiabatic expansion

• several scenarios: 

1) BB̄ ↔ nM in equilibrium

n̄ nB + nM

s
= const

2) BB̄ ↔ nM off equilibrium
nB

s
= const, and

nM

s
= const

3) 2) + KK̄ ↔ ππ off equilibrium
nK

s
= const,

nπ

s
= const, etc

I discuss simplest case 1) (real life is more like 3))

Bebie,Gerber,JLG & Leutwyler



Freeze out

at freeze out all resonances decay and change

the chemical potentials of the stable hadrons
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µB = 2.5µM

onset of pion condensation

effective chemical potentials at freeze out



pion and nucleon effective chemical potential 
at freeze out

onset of pion condensation

µB = 2.5 µM

no Y ∗�sY ∗�s included

µ̄M

!"!! !"!# !"!$ !"!% !"!& !"'!

!"!&

!"!(

!"'!

!"''

!"'#

!"')

! !!!""'%! *+,#

!
!!
#$

#

!"!! !"!# !"!$ !"!% !"!& !"'!
!"!!

!"!(

!"'!

!"'(

!"#!

!"#(

!")!

! !!!""'%! *+,#

"
!!
#$

#

µ̄M µ̄N

presence of Y ∗
’s tend to reduce

the effective FO chemical potentials

TFO = {90, 100, 110, 120} MeV
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TFO = {90, 100, 110, 120} MeV ALICE Pb-Pb 2.76 TeV

one more indication of early freeze out of strangeness
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Remarks

• Effects of excited  Y*’s in HRG are not easy to pin down: they make small 
changes to thermodynamic ratios 

• Small chance to determine the effects of  Y*s from LQCD calculations of 
thermodynamic observables: effects are small in that case, although 
effects of all resonances together are very important.

• HRG off chemical equilibrium may be necessary, but effects of  Y*s may 
be smaller than inherent theoretical uncertainties of the models used to 
describe the evolution and FO of the hadronic fireball.  e.g.,:  different 
scenarios of evolution to freeze out; Van der Waals volume corrections to 
IHRG, which are likely to be significant; hydrodynamics; etc.

• Early freeze out of strangeness, with expected depletion of  Y*s in the 
HRG through their decay may affect strange particle yields at FO.  Ratios 
of yields seem rather insensitive in the simple model presented.

• What is (are) the best observable(s) to search for effects due to Y*’s ?


