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L introduction

L Hadron Resonance Gas

EFFECTIVE EQUATION OF STATE

l
relevant degrees of freedom hadrons and their resonances
+ +
interactions point-like and independent species
|

HADRON RESONANCE GAS MODEL
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L introduction

L Hadron Resonance Gas

Idea of Hadron Resonance Gas

m Resonance production dominates the interactions
m Information about the interactions — medium composition

nZ~ > InzM+ > Inzf, p(m)= > did(m—m)

i€Emes i€bar i€had

Pressure (Boltzmann approximation)

fii = Bifig + Sifis + QIMQ7 fi = M/T
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L introduction

L Hadron Resonance Gas

Fluctuations in Hadron Resonance Gas

27 order correlations — generalized susceptibilities

Generalized susceptibilities

0%P

Xy = 577> Xy =B5Q
Xxy 3uxﬁ,uy y
R _ di m; m; 5
XBB = Z 2 ﬁK2 <T> B; baryons
~ d,' m2 mj
{ps = z,: p ?’2K2 (T) SiB; strange baryons
. m2 .
Xss = Z :12 % 2 (T_’) 52 strange hadrons
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LHRG vs LQCD - Missing strange resonances

HRG vs Lattice QCD
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LHRG vs LQCD - Missing strange resonances

HRG vs Lattice QCD

baryon-strangeness correlations
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LHRG vs LQCD - Missing strange resonances

Missing strangeness

n IS xBB — match LQCD results
m YBs — Missing resonances in the strange-baryonic sector

B Xss —— Mmissing resonances in the strange sector

!

Known states are not sufficient

A. Bazavov et al, Phys. Rev. Lett. 113, 072001 (2014)

1
Goal:

Identify the possible origins of the discrepancies in the
strange-hadronic sector of the HRG model
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LHRG vs LQCD - Missing strange resonances

|—Iight resonances: Kg‘ (800) meson & S-matrix approach

Low-mass resonances — Kj(800) a.k.a. x meson
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B k is a broad resonance with m ~ 682 MeV, I ~ 550 MeV
m zero-width approximation IS NOT an accurate description

m one needs a consistent treatment of all interaction effects
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LHRG vs LQCD - Missing strange resonances

|—Iight resonances: KO* (800) meson & S-matrix approach

Relevant phase shift — K7 S-wave, | = % channel

" ‘ m The total phase shift
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LHRG vs LQCD - Missing strange resonances

I—Iight resonances: Kg (800) meson & S-matrix approach

S-matrix approach

R. Dashen et al, Phys. Rev. 187, 345 (1969) E. Beth and G. Uhlenbeck, Physica 4, 915 (1937).

Thermodynamic potential and pressure

Q= Q0+ O+ U, P=—y

TdM [ d3p .
Qe 2TV | — [ —LEB(m In[1— e~ (E+is)
' / 27 /(271')3 ( )721 n[ € }
Mih -

Relation to the phase shift W. Weinhold et al, Phys. Lett. B 433, 236 (1998)
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LHRG vs LQCD - Missing strange resonances

|—Iight resonances: Kg‘ (800) meson & S-matrix approach

Result — enhancement of ygg
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LHRG vs LQCD - Missing strange resonances

|—Iight resonances: Kg‘ (800) meson & S-matrix approach

The effect of | = % K scattering
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LHRG vs LQCD - Missing strange resonances

I—heavy resonances: Hagedorn mass spectrum

Contribution from heavy (unobserved?) resonances

Hagedorn mass spectrum R. Hagedorn, Nuovo Cim. Suppl. 3, 147 (1965)

A em/ Th

(m? 4+ m3)**

Our key assumptions:
m 7y > T, for the observables to be consistent with LQCD:;

m the same Ty ~ 180 MeV in all sectors;

Two possible sources:
m Heavy resonances beyond current experimental reach;

m resonances excluded from PDG:
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LHRG vs LQCD - Missing strange resonances

|—heavy resonances: Hagedorn mass spectrum

Fit to PDG cumulants
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LHRG vs LQCD - Missing strange resonances

|—heavy resonances: Hagedorn mass spectrum

Heavy resonanes capture the difference only for high T

baryon-strangeness correlations net-strangeness fluctuations
0.2 T T 0.7 T T T
HotQCD HotQCD mwmmm
Wuppertal s Wuppertal mmmmm
fit to PDG A 0.6 I fit to PDG ——
PDG = = = PDG = = =
0.15 4 os | |
4
~ ’ ~ 0.4} i
’ - .
% 0.1 ‘ b n
< ‘. 2 03} i
4
0.05 - T’ 1 021 i
G . T 0.1 / i
o ‘ ‘ ‘ ‘ o ‘ : ‘ ‘
0.11 0.13 0.15 0.17 0.19 0.11 0.13 0.15 0.17 0.19
T [GeV] T [GeV]

S. Borsényi et al (Budapest-Wuppertal coll.), JHEP 1201, 138 (2012); Phys. Lett. B, 730 (2014)

A. Bazavov et al (HotQCD coll.), Phys. Rev. D 86, 0534509 (2012); Phys. Rev. D 90, 094503 (2014)
17/23



Additional strange resonances from lattice QCD

LHRG vs LQCD - Missing strange resonances

I—heavy resonances: Hagedorn mass spectrum

Implication of observables on medium composition
Only ¥Bs and {sg to constrain four spectra

IS|=1 |S|=2 |S|=3 |S|=1
PB  PB  PB 5 PMm
m we can only constrains their linear combination!

m more data needed to constrain individual sectors, e.g. kurtosis;

B {Bs is dominated by |S| = 1 sector (Boltzmann suppresion);

m Ygs is dominated by mesons (Boltzmann suppresion);

Assumption:
m missing strength comes solely from |S| = 1 sector;
m S| = 2,3 sectors — fit to PDG;
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LHRG vs LQCD - Missing strange resonances
|—heavy resonances: Hagedorn mass spectrum

Results — mass spectrum
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LHRG vs LQCD - Missing strange resonances

|—heavy resonances: Hagedorn mass spectrum

Results — mass spectrum
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LHRG vs LQCD - Missing strange resonances

|—heavy resonances: Hagedorn mass spectrum

Magnitude of the interaction strength in the strange sector

0.5

PDG+unconf. =+ =" R
LQCD —— .
e i
7
‘/‘
‘/
Pisi=1,8
TTC Pis|=1,m
0.1 L L L
0.14 0.15 0.16 0.17
T [GeV]

T
PDG - - -

0.18

0.08 : : T
PDG - - - -
PDG+unconf, —-—- R4 .
0.07 F o
Kd ‘
R
0.06 RO 1
S0
R4 . ‘
0.05 . ¢ 1
R
Rd . i
0.04 | Fo° 1
.
e
0.03F .27 Pisj=28 |
- TTC Pisi=1,m
0.02 : : L
0.14 0.15 0.16 0.17 0.18
T[Gev]
0.006 : T T ;
PDG - - - RO
PDG+unconf. =-=- Bl
e
0.005 [ e .
o
KA
0.004 - L 1
P
.,;
L4
0.003 & .
4‘.{
o
0002 .~ Pis|=3,8 1
/J 'P—'
q Te ISI=1,M
0.001 . . L
0.14 0.15 0.16 0.17 0.18

T [GeV]



Additional strange resonances from lattice QCD

LHRG vs LQCD - Missing strange resonances

|—heavy resonances: Hagedorn mass spectrum

Results — observables

baryon-strangeness correlations

net-strangeness fluctuations
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L Conclusions

Conclusions

We addressed the problem of missing strange resonances utilizing
the HRG model
m HRG is not a good approximation for broad resonances

m S-matrix approach shows consistently importance of the width
and non-resonant background;
m x meson alone is insufficient to fix the discrepancy in Yss.

m Substantial contribution from intermediate states to the
fluctuations near T,

m Spectra for strange baryons are consistent with unconfirmed
states in the PDG;

m Spectrum for mesons exceeds that of the PDG — new extra
states?
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LThe Very Last Slide

The End
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LBackup slides
Hagedorn mass spectrum
COhtinUOUS mass SpeCtrum R. Hagedorn, Nuovo Cim. Suppl. 3, 147 (1965)

Aem/TH

= e
(m? + m(2))5/4

"

Previous fits — different T, for mesons and baryons:

m TM =197 MeV
[ TE = 141 MeV < T, ~ 155 MeV = disfavored by LQCD

W. Broniowski et al, Phys. Lett. B 490, 223 (2000), Phys. Rev. D 70, 117503 (2004)

Our key assumptions:
m 7y > T. for the observables to be consistent with LQCD:;

m the same T4 ~ 180 MeV in all sectors;
24 /23
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L Backup slides

Results — mass spectrum

strange baryons strange mesons
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LBa\ckup slides

Different functional form — similar conclusions

Functional form
m pH(m) = Ae™/B

N(m)
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