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Thermal particle production in HIC

Strongly interacting hadronic matter considered as
thermal medium in chemical equilibrium

resonance production dominates the
Interactions In hadronic reactions

clustering of hadrons and particle
antiparticle pair creations is included

all information about interactions is hidden
inthe mass spectrum 7 (m*) d (m?)

m/T

describes the number of hadrons and
resonances in the mass interval 0 (M 2)

7(m?) ~ me

2



Statistical operator in HIC

- 2V, p ﬂ
|nzGC(T,y)=jd4p T(p ) P

(27)°
©  The statistical sum with the PDG discrete mass spectrum
VT 2 S
InZ(T, ,u) Z de T Ids S Kz(f)FB‘W(mi,s)
72- iehadrons T
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particle yield thermal density BR thermal density of resonances
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© Only 2-parameters needed to fix all particle yield ratios



Excellent data of ALICE Collaboration for particle yields

ALICE Collaboration
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ALICE Time Projection Chamber (TPC), Time of Flight Detector (TOF), High Momentum Particle
Identification Detector (HMPID) together with the Transition Radiation Detector (TRD) and the
Inner Tracking System (ITS) provide information on the flavour composition of the collision fireball,
vector meson resonances, as well as charm and beauty production through the measurement of
leptonic observables.




Thermal origin of particle yields with respect to HRG

Rolf Hagedorn => the Hadron Resonace Gas (HRG):
“uncorrelated” gas of hadrons and resonances
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A. Andronic, Peter Braun-Munzinger, & Johanna Stachel, et al.

Particle yields with no resonance decay

contributions at the LHC:
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Measured yields are reproduced with HRG at T =156 MeV




Thermal equilibrium at the LHC with respect to Hagedorn’s
thermodynamic potential

A. Andronic, Peter Braun-Munzinger, & Johanna Stachel, et al.
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Chemical Freeze out and QCD Phase Boundary

= 160

Chemical freeze out defines a lower
bound for the QCD phase boundary

A. Andronic, P. Braun-Munzinger, K.R. & J. Stachel
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The QCD phase boundary
coincides with chemical freeze out
conditions obtained from HIC data
analyzed with the HRG model

QCD Matter at chiral cross over

ro, %
HIC&HRG <=  LQCD

The HRG should describe the QCD
thermodynamics in the hadronic
phase




Combine data of HotQCD and Budapest-Wuppertal Coll.

Total thermodynamic pressure
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Consistent description of the equation of
state up to the chiral crossover by the HRG

P. M. Lo arXiv:1507.06398

Baryon number fluctuations
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http://arxiv.org/abs/arXiv:1507.06398

HRG with repulsive interactions - hard core
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LQCD excludes hard-core repulsive interactions
between hadrons with I, >2 fm



Missing resonances in the strangeness sector
A. Bazavov, et al. Phys. Rev. Lett. 113 (2014)

2 2
2 —
Xss =0 Ploug Xos =0 P10Opg0u
Strange mesonic sector Strangeness fluctuations
0.7 | T T 1 | | —, 0.2 T T T — | | I
HotQCD s | HotQCD m== |
Wuppertal M Wuppertal M=
0.6 I PDG = = = PDG = = =
05 L 0.15 -
TT) 0.4 i
™ 0.1 F -
X 03} R
0.2 . 0.05 | -
ﬂ']. B - e J g | ’|-|I'
=" : ol - :
0 1 1 1 [ 1 1 1 0 -= = 1 [ 1 1 1
0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18 0.19 0.2 0.110.120.130.14 0.150.16 0.17 0.18 0.19 0.2
T [GeV] T [GeV]

Go beyond PDG and include resonances in the Hagedorn’s
continuum mass spectrum: A. Majumder & B. Muller, Phys. Rev. Lett. (2010)
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Leading missing resonance contribution to strangeness
fluctuations
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The strange scalar meson channel, with the
unconfirmed kappa, K° (800) resonance is a prime
candidate. m = 0. 682 GeV I(JF) = z(0T),




S-MATRIX APPROACH

R. Dashen, S. K. Ma and H. J. Bernstein,
Phys. Rev. 187, 345 (1969)
W. Weinhold, & B. Friman Consider interacting pions and kaons gas in thermal

Phys. Lett. B 433, 236 (1998). equilibrium at temperature T
Due to KT scattering resonances are formed

¥ | =1/2, s -wave : K(800), KO*(1430) [JP = 0+ ]
T 7t T | =1/2, p -wave : K*(892), K*(1410), K*(1680) [JP =1-]
K T K 7 In the S-matrix approach the thermodynamic pressure
P K 11 in the low density approximation
K
id id int
K P(T)=P"+P +P_

Thermodynamic pressure of an ideal gas:
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S-MATRIX APPROACH: INTERACTIG PART

The leading order corrections , determined by the two-body
scattering phase shift, which is equivalent to the second virial coefficient

Pint = j M & (MYP: (M)
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Pressure of an ideal gas of resonaces with an invariant mass M
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Experimental phase shift in P-wave channel
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Experimental phase shift in S channel
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Non-resonance contribution- negative phase
shift in S-wave channel
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S-matrix approach to strangeness fluctuations
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In the S-matrix approach essential reduction of the
contribution of S-wave kappa relative to naive BW
approach




S-matrix approach to strangeness fluctuations
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In the S-matrix approach the contribution of S-wave
kappa resonances to strangeness susceptibilities is small




Pion spectra in hydro calculations

10° | .
: —— PCE150 ]

I ALICE
101 | | | | | | |

00 02 04 06 08 1.0 1.2 14
pr|GeV]

©H. Niemi

e viscous hydro

e initial state:
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PCE150:
fit to =, K, p yields
no fit to spectrum

Continuous problem with
low P, pion spectra in
hydro - calculations




Pion spectra in hydro calculations

Pion p7 spectrum at LHC
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Resonances are treated as point-like objects !!!!




S-matrix approach:

Pion spectra

e 77 scattering, P-wave, i.e. p res

04 Tt
180 ————————— -— 035 f Beth-Uhlenbeck :
160 | Frooat & Petersen T3
140 ® 025
. 120 ¢ g ;
® 100 | s 02
§ & 015F
“ 60} g 01
a0 0.05 |
20 1 0 L T —
0 04 ' IEIIBI ' 'D'B' — 1 — 1'2 0 01 02 D.3p (0(.:9\!)0.5 06 07 08
e — 1 Large increase of soft
" =VE, [ dM,— B(M i i i _
% T ﬂ/ p 5= B(M)) pions obtained in the S
I, E+ p matrix approach
P P "
X 2 DaPCM [E; dEy, B, (27)3 fo(E(M)),T), 21



i) Pion production from an expanding fireball

Pions from blast wave
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Pions from <(600) decay
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Large contribution from point-like sigma to soft
pion spectra: Negligible In the S-matrix approach
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ii) Pion production from an expanding fireball

Pions from blast wave
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Hagedorn’s spectrum: parameters from the PDG data

P. M. Lo arXiv:1507.06398
m discrete mass spectrum

p(m) = Z did(m — m;)

m [ he same information can be
stored in the cumulant

N(m) = Z di#(m — mj)

such that p = ON/Om

We use the following form for the
mass spectrum and fit parameters

to PDG A em/ TH
p(m) = e

(m? + mg

T, =0.18 GeV common for all
p(m) = Z dis(m — m;) + 0(m — my)p™(m) mesons and baryons in different
G.S. sectors of quantum numbers




Hagedorn’s continuum mass spectrum
contribution to strangeness fluctuations

[ —

0.8 Wuppertal 1

fit b PO ———

fit to LOCD ——

0.5 PDG — — -
-'E_‘l'.'l.l

[

= 0.3

|
|
|

b ﬂ | - | |
0.11 0.13 0.15 0.17 0.19 0.11 0.13 0.15 0.17 0.19

T [GeV) T [GeVv]

Satisfactory description of LGT with asymptotic states
from Hagedorn’s spectrum fitted to PDG

To find optimal results: extract p" (M) from LGT and
compare with PDG that includes expected new states,




Missing resonances in the PDG:

N(m)
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In the strange baryon sector the optimal mass spectrum
extracted from LGT Is consistent with that expected and

unconfirmed states in the PDG
In the strange meson sector one expects new resonances with
the mass M< 2 GeV



Conclusions

(O The Hadron Resonance Gas (HRG) provide a very fair

description of particle production yields in HIC from SIS up
to LHC

O The HRG is also a good approximation of the QCD
partition function in the hadronic phase

@ However, a more accurate description of the
Interaction contributions in HRG is needed, and
can be done by using empirical scattering phase
shifts within S-matrix approach, and accounting for

missing resonances in the Hagedorn mass
spectrum



