
Attractive and repulsive 
hadronic interactions: 

Do we need more states?
Paolo Giuseppe Alba 

—— 
Frankfurt Institute for Advanced Studies

Extreme Hadrons 2017 
Swansea, 12nd-14th September 2017



Outline
• What the HRG can do: lattice vs experiment 

• Importance of the particle list: PDG vs QM 

• Improved HRG: repulsive interactions 

• Attractive and repulsive interactions: Results 

• Conclusions



A sea of QGP

“E naufragar m’è dolce in questo Quark-Gluon Plasma ” 
(and sweetly I sink in this…) 
freely adapted from L’Infinito (the Infinity), by the italian poet Giacomo 
Leopardi.



HRG - a useful tool

Andronic et al., Nucl.Phys. A904-905 (2013) 535c-538c

Lattice Experiment

HOTQCD, Phys.Rev. D90 (2014) 094503 



HRG - a useful tool
Lattice Experiment

P.A. et al., Phys.Lett. B738 (2014) 305-310

Higher-Orders!!!

Borsanyi et al., JHEP 1201 (2012) 138 



HRG - a useful tool
Lattice Experimentfrom yields

from fluctuations

P.A. et al., Phys.Lett. B738 (2014) 305-310Borsanyi et al., JHEP 1201 (2012) 138 



The HRG model
A system of non-interacting resonances can describe 
most of the attractive interactions among hadrons.

Bi = Baryon number

µi = chemical potential

Here particles are assumed to be pointlike, with an 
infinite life-time, masses in vacuum, etc.
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Multiverse of HRG
• Particle list: density of states in the hadronic spectrum 

• Canonical vs Gran-Canonical (ensemble) 

• Kinematic cuts: exp. particle multiplicities    

• Multiple freeze-out scheme: flavour hierarchy     Bellwied et al., Phys.Rev.Lett. 111 (2013)                   
Chatterjee et al., Phys.Lett. B727 (2013)  

• Equilibrium vs non-equilibrium                                 Petran et al., Phys.Rev. C88 (2013) 

• Initial system size fluctuations                                  Skokov et al., Phys.Rev. C88 (2013) 

• Repulsive interactions among hadrons 

• In medium effects: effective masses                            Aarts et al., JHEP 1706 (2017)
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The Quark Model predicts 
a larger number of states 
with respect to the ones 
actually measured. 

PDG ' 600

QM ' 1500

D. Ebert et al., Phys.Rev. D79 (2009) 114029
S. Capstick et al., Phys.Rev. D34 (1986) 2809

P.A. et al., Phys.Rev. D96 (2017) no.3, 034517 

Hadronic spectrum



Above a certain mass 
threshold, only the 

number of total states 
matters for a given 

set of quantum 
numbers.

PDG ' 600

QM ' 1500

D. Ebert et al., Phys.Rev. D79 (2009) 114029
S. Capstick et al., Phys.Rev. D34 (1986) 2809

P.A. et al., Phys.Rev. D96 (2017) no.3, 034517 

Hadronic spectrum



Many particle effect
For most observables the effect of additional particles 
is quite trivial…
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Many particle effect
For most observables the effect of additional particles 
is quite trivial… the important is to have an agreement 
with lattice data in the relevant temperature range (?)
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More strange baryons?
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P.A. et al., Phys.Rev. D96 (2017) no.3, 034517
Bazavov et al., Phys.Rev.Lett. 113 (2014) no.7, 072001



Particular combinations 
of fluctuations give 

selective informations 
on a specific hadronic 

sector.

P.A. et al., Phys.Rev. D96 (2017) no.3, 034517 

N ⇤

⌅ ⌦

Breaking down the spectrum



Extra resonances on yields
The inclusion of higher mass states systematically 
improves the description of particle yields.

ALICE@2.76 TeV, 0-5%

P.A. et al., in preparation



T (MeV) µ
B

(MeV) V (fm 3) �2/N
dof

PDG05 156.2±2.2 5.8±7.2 5224.8±624.8 14.8/9'1.6
PDG14 155.2±2.2 3.8±7 4663.1±590.3 20/9'2.2
PDG17 147.6±1.8 4.9±6.9 6995.8±792.6 14.8/9'1.6
QM 148.3±1.8 6.9±7.2 6182.7±710.4 11.4/9'1.2

T (MeV) µ
B

(MeV) V (fm 3) �2/N
dof

PDG05 160.6±1.9 26.9±9 2208.9±227.1 43.6/8'5.4
PDG14 164.1±2.3 29.6±8.4 1492.1±187.8 14.1/8'1.8
PDG17 156.5±2.0 25.8±7.9 2234.9±268.7 14/8'1.8
QM 157.0±1.9 31.1±8.3 1934.9±232.6 7.4/8'0.9

STAR@200 GeV

ALICE@2.76 TeV

Extra resonances on yields



Rapidity cuts: relevant?
T (MeV) µ

B

(MeV) V (fm 3) �2/N
dof

PDG05 156.2±2.2 5.8±7.2 5224.8±624.8 14.8/9'1.6
PDG14 155.2±2.2 3.8±7 4663.1±590.3 20/9'2.2
PDG17 147.6±1.8 4.9±6.9 6995.8±792.6 14.8/9'1.6
QM 148.3±1.8 6.9±7.2 6182.7±710.4 11.4/9'1.2

ALICE@2.76 TeV

T (MeV) µ
B

(MeV) V (fm 3) �2/N
dof

PDG05 149.3±2.1 5.1±6.7 9578.7±1156.5 22.2/9'2.4
PDG14 147.4±2.1 3.2±6.4 9203.7±1195.8 27.7/9'3.08
PDG17 141.5±1.7 4.4±6.3 12662.9±1450.4 22./9'2.4
QM 142.3±1.7 6.1±6.7 11176.1±1307.7 17.1/9'1.9

Lower Temperature!

Accounting for 
the rapidity cut, 
directly in the 

integral

Larger Volume!

Baryon chemical potential is stable Worse chi^2



In PDG14 there is the sigma 
meson, not in PDG17

The chemistry of particle lists



Phase shift vs HRG

lnZ = lnZ⇡ + fIJ
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Repulsive channels counteract interactive ones. In the case 
of the sigma meson they completely balance each other.

Broniowski et al., Phys.Rev. C92 (2015) no.3, 034905

What is usually 
included in the HRG

The contribution from 
repulsive channel



Kappa

K0(1430)

The same applies partially for other states, BUT we need 
to have experimental data for the corresponding channels.

Phase shift vs HRG

Pok Man Lo et al., Phys.Rev. D92 (2015) no.7, 074003



NN phase shifts have been used to calculate BS 
susceptibilities.

Phase shift vs HRG

P. Huovinen et al., 1708.00879 [hep-ph]



NN phase shifts have been used to calculate BS 
susceptibilities.

Phase shift vs HRG

P. Huovinen et al., 1708.00879 [hep-ph]

These combinations 
are zero in the 

standards HRG!!!!
These effects are 

entirely due to 
hadronic interactions!!!



NN phase shifts have been used to calculate BS 
susceptibilities.

Phase shift vs HRG

P. Huovinen et al., 1708.00879 [hep-ph]

Unfortunately there is a 
large systematic, due 

to the lack of 
experimental data

Possible drawbacks: 
• inelastic scattering? 
• NN = NL = LL =… ? 
• mesonic sector?



EV effects into the HRG
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Repulsive interactions can be easily implemented in the HRG 
by means of hard spheres. This results into a shifted chemical 
potential.

D.H. Rischke et al., Z.Phys. C51 (1991) 485-490
M. Albright et al., Phys.Rev. C90 (2014) no.2, 024915
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Repulsive interactions can be easily implemented in the HRG 
by means of hard spheres. This results into a shifted chemical 
potential.

D.H. Rischke et al., Z.Phys. C51 (1991) 485-490
M. Albright et al., Phys.Rev. C90 (2014) no.2, 024915

inverse : vj / 1/mj

direct : vj / mj

fixed : vj = v 8 j



EV effects into the HRG

p(T, ~µ) =
X

j

pidj (T, µ⇤
j )

Vovchenko et al., Phys.Rev. C95 (2017) no.4, 044904 
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In order to be consistent with the virial expansion of 
pressure, modifications are needed.

p(T, n1, ..., nf ) = T
X

i

ni + T
X

ij

bijninj

bij =
2⇡

3
(ri + rj)

3

ebij =
2biibij
bii + bjj

Virial expansion: 2nd order
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EV: Pure gauge
r (fm) �r (fm) �2

point like 0 0 11.25

fixed 0.69 0.114 0.917

direct 0.518 0.095 1.95

inverse 0.861 0.147 0.45

P.A. et al., Phys.Rev. D95 (2017) no.9, 094511



EV: Pure gauge

P.A. et al., Phys.Rev. D95 (2017) no.9, 094511

r (fm) �r (fm) �2

point like 0 0 54.73

fixed 0.717 0.047 2.07

direct 0.526 0.036 3.12

inverse 0.907 0.062 2.05



EV: Pure gauge

P.A. et al., Phys.Rev. D95 (2017) no.9, 094511

r (fm) �r (fm) �2

point like 0 0 54.73

fixed 0.717 0.047 2.07

direct 0.526 0.036 3.12

inverse 0.907 0.062 2.05

There is cons is tency 
between SU2 and SU3 
glueball masses!!!!



EV: Pure gauge

P.A. et al., Phys.Rev. D95 (2017) no.9, 094511

r (fm) �r (fm) �2

point like 0 0 54.73

fixed 0.717 0.047 2.07

direct 0.526 0.036 3.12

inverse 0.907 0.062 2.05

Would effective masses 
(temperature dependent) 
have the same effect???



observables involved in the calculation of �2:

• thermodynamic: P/T 2, �/T 4;

• light: �4/�2 net-B, �4/�2 net-l, �ud;

• strange: �4/�2 net-S, �us, µS/µB LO, �S
2 .

EV + QM: fit to lattice

PDG05 PDG14 PDG17 QM
�2/N

dof

49.645 10.094 9.331 16.312

Tmin = 110 (MeV)

T
max

= 164 (MeV)

number of lattice points = 111



EV + QM: fit to lattice

�2/N
dof

r
p

(fm) r⇤ (fm)
PDG05 44.3 0.446 ±0.115 0.173 ±0.133
PDG14 5.723 0.389 ±0.101 0.173 ±0.1
PDG17 4.28 0.383 ±0.1 0.217 ±0.066
QM 6.263 0.351 ±0.099 0.274 ±0.044

I perform a fit to the lattice data, allowing light and strange 
particles to have a different behaviour, within the different EV 
schemes formerly showed.

Fixed Fixed



EV + QM: fit to lattice
I perform a fit to the lattice data, allowing light and strange 
particles to have a different behaviour, within the different EV 
schemes formerly showed.

Direct Direct
�2/N

dof

r
p

(fm) r⇤ (fm)
PDG05 45.48 0.394 ±0.093 0.004 ±0.432
PDG14 4.719 0.375 ±0.081 0.016 ±0.508
PDG17 3.595 0.373 ±0.085 0.172 ±0.073
QM 1.714 0.38 ±0.092 0.266 ±0.034



EV + QM: fit to lattice
I perform a fit to the lattice data, allowing light and strange 
particles to have a different behaviour, within the different EV 
schemes formerly showed.

Direct Inverse
�2/N

dof

r
p

(fm) r⇤ (fm)
PDG05 40.632 0.487 ±0.157 0.249 ±0.052
PDG14 3.717 0.404 ±0.099 0.171 ±0.063
PDG17 2.26 0.391 ±0.092 0.192 ±0.051
QM 8.585 0.353 ±0.078 0.201 ±0.043



EV + QM: fit to lattice

�2/N
dof

r
⇡

(fm) r
K

(fm) r
p

(fm) r⇤ (fm)
PDG05 15.632 0.757 ±0.093 0.515 ±0.049 0.656 ±0.114 0.006 ±0.73
PDG14 2.611 0.208 ±0.279 0.221 ±0.059 0.446 ±0.102 0.007 ±0.486
PDG17 1.721 0.161 ±0.399 0.224 ±0.058 0.435 ±0.096 0.113 ±0.221
QM 1.257 0.171 ±0.339 0.214 ±0.063 0.42 ±0.095 0.285 ±0.038

Fixed Fixed Fixed Fixed

The use of multiple parameters does not drastically improve 
the quality of the fit, but underlines an interesting systematic 
difference between PDG lists and the QM one.
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EV + QM: EoS
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EV + QM: light obs.
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EV + QM: yields

STAR@200 GeV

ALICE@2.76 TeV

For both energies are 
used the parameters 
extracted from the fit 
to lattice QCD.

PDG14 QM
id �2/N

dof

=14.1/8'1.8 �2/N
dof

=7.4/8'0.9
T= 164.1±2.3 (MeV) T= 157.0±1.9 (MeV)
µ
B

= 29.6±8.4 (MeV) µ
B

= 31.1±8.3 (MeV)
V= 1492.1±187.8 (fm 3) V= 1934.9±232.6 (fm 3)

2b �2/N
dof

=11.9/8'1.48
T= 156.4±1.75 (MeV)
µ
B

= 30.95±8.6 (MeV)
V= 2744.1±239.5 (fm 3)

PDG14 QM
id �2/N

dof

=20/9'2.2 �2/N
dof

=11.4/9'1.2
T= 155.2±2.2 (MeV) T= 148.3±1.8 (MeV)
µ
B

= 3.8±7 (MeV) µ
B

= 6.9±7.2 (MeV)
V= 4663.1±590.3 (fm 3) V= 6182.7±710.4 (fm 3)

2b �2/N
dof

=12.8/9'1.42
T= 149.4±1.78 (MeV)
µ
B

= 7.6±7.79 (MeV)
V= 7323.8±694.6 (fm 3)



EV + QM: yields
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Conclusions
• The standard implementation of the HRG is unable to 

describe all the observables/data. 

• Missing (strange-)resonances play a relevant role both in 
lattice calculations and thermal fits, but repulsive 
interactions MUST be considered in order to restore the 
agreement with key observables. 

• EV effects are an useful tool in order to parametrize 
effective hadronic interactions 

• There are signatures for smaller strange states, both from 
lattice thermodynamics and particle yields.



Thanks for your 
attention



Flavor hierarchy

Preghenella, Acta Phys.Polon. B43 (2012) 555



EV: crosstersm
This version of the model is consistent with the 2nd order viral 
expansion. The number of free parameters does not change.



EV: crosstersm
This version of the model is consistent with the 2nd order viral 
expansion. The number of free parameters does not change.



EV: particle yields

A detailed balance of 
particle suppression 
removes the so called 
proton anomaly.

P.A. et al. arxiv: hep-ph 1606.06542



With the parameters extracted from ALICE 0-5%, there is an 
overall improvement for all centralities and lower energies.

EV: particle yields

There are no relevant changes 
in the freeze-out parameters.


