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S-matrix: proton yield composition (%)
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HADRON RESONANCE GAS
&
S-MATRIX FORMULATION



HADRON RESONANCE GAS
MODEL
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physical hadronic states
quantities representation



QCD spectrum

HADRON RESON
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quantities

confinement +
spontaneous chiral symmetry breaking
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» studying the system
by linear response
p=pupB + el + psS
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S-MATRIX APPROACH TO
STATISTICAL MECHANICS
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thermo-statistical dynamical
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thermo-statistical dynamical
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S-MATRIX FORMULATION OF
THERMODYNAMICS

thermo-statistical dynamical

Ny

NN effects convergence?
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DENSITY OF STATES

thermo-statistical dynamical

sum over eigenphases

f \/ &

IN-PbOdy & I

”™ Wi InA_( A A [ oY Fa

COUpPICU=CIIdINTICT ODIOQOICTT —_— [ [ l [' [ l

2
> A

channels




REPUI&SIONS
RESONANCES



particle in a box

W ~ sin(k9z) £ = nfﬂ

in the presence of a scattering potential

W ~ sin(kz + 5(k))

density of states |
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PHASE SHIFT AND DENSITY OF
STATES

Effect of repulsive
interaction:

pushing states from low k
to high k
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PROTON PUZZLE



proton yields
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DOS OF
COUPLED CHANNEL SYSTEM



COUPLED-CHANNEL PROBLEM
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S =-1 HYPERONS
COUPLED CHANNEL SYSTEM



Coupled Channels partial wave calculator for KN scattering
by the Joint Physics Analysis Center (JPAC)
Version: September 1, 2015

Authors:

Cesar Fernandez-Ramirez (Jefferson Lah)

Igor V. Danilkin (Jefferson Lab)

Vincent Mathieu (Indiana University)

Adam P. Szczepaniak (Indiana University and Jefferson Lab)

Citation: Fernandez-Ramirez et al., arxiv:1510.07865 [hep-phl]

First version: Cesar Fernandez-Ramirez (Jefferson Lab)
This versiaon: Cesar Fernandez-Ramirez (Jefferson Lab)

Contact: cefera@gmail.com (Cesar Fernandez-Ramirez)

Disclaimers:

1 - This code follows the 'garbage in, garbage out' philosphy. If your
parameters do not make sense, the output will not make sense either.

2 - You can use, share and modify this code under your own respansability.
3 - This code 1is d1str1buted in the hope that it will be useful,

4 - No PhD students or postdacs were severely damaged during the development
of this project.




-1 - KN,

- 2 = Y,

- 3 = A,

- 4 — nA,

- 5 = 0,
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« K-N system requires a coupled channel analysis

|KN>» o2, [l i 16 basis states
1 .
Q(M) = — Im (tr In S) recipe to extract
2 eigenphases from PWA
1
:5_N—|_57T2_|_57TA_|_-..
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POLES AND ROOTS



HRG AS AN S-MATRIX SCHEME
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» dynamical generation of bound states /
resonances:

f(9280) close to K Kbar threshold
f(500) dynamically generated

e coupling of open channels: pipi, kkbar
with a |qq) state

Locher, Markushin, zZheng, EPJC 4 (1998)
Kaminski, Lesniak, Loiseau, EPJC 9 (1999)

PML PRD 102, 034038 (2020)
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From Hamiltonian to Scattering Matrix
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TESTING THE ROBUSTNESS

Getting

1 ective
Q(E) = 5 ImTr{ln S} Hiective DOS

on
REAL Energy

effective DOS

what is being counted?

can it handle dynamically generated states?



Im(sqrt(s))

O
o
I

O
A
]

O
N
]

O
o
|

I
O
N

]

I
©
A

1

|
O
o

0.2

sheet I

0.4

0.6

2.64

1.98

1.32

------ - 0.66

- 0.00

- —0.66

—1.32

—1.98

—2.64

0.8 1.0 1.2 1.4 1.6 1.8
Re(sqrt(s)) PMI, PRD 102, 034038 (2020)



Im(sqrt(s))

sheet I
0.6 - /

O
A
]

-
-
-
o e =5
-

O
N
]

-
-
-
_____—-—
-
- -

___———_—_————_—
-
-

O
o
|

I I
o o
N N

| |

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

2.64

1.98

1.32

- 0.66

- 0.00

- —0.66

—1.32

—1.98

—2.64



phase shift / (m)
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LATTICE COMPUTATIONS ON
PHASE SHIFT

deuteron physics?

m, = 391 MeV

m, = 236 MeV
! -
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q** / GeV?

R. A. Briceno, J. J. Dudek and R. D. Young, arXiv:1706.06223 [hep-lat].
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Abstract: We calculate momentum-dependent optical potentials (both rcal and imaginary parts) for
mesons propagating in hot hadronic matter. For suficiently dilute matter the results obtained are
essentially medekindependent. and based directly on experimental information about hadronic
scauering amplitudes. Even at the lowest (break-up) temperateres avzilable in high-cncrgy hadronic
collisions, T;=120-150 MeV, these potentials can significantly medify spectra of the cutgoing
hadron, leading to a peak at small p,  Other ahservable consequences of these phenamena are
changes of the line shape of p-, @- and @-mesons, which can be observed m the dileptoa mode.
Fur such mesens, decaying inside the matter, we estimate both the expected shift and broadening
of the peaks.

1. Introduction

Cnc of the main goals of experiments with high-energy nuclear collisions is to
produce and to study superdense matter, in particular, trying to reach conditions
at which the phase transitions into the so-called “quark-gluon plasma™ phasc 1-€)
can take place.

However, one may approach the problem from another side, looking at the QCD
phase transition from the low-temperature cnd. In this paper we study properties
of hot hadronic matter in which volumes per particle are a few cubic fermi, so that
it certainly is made oat of individua! hadrons. So far, physics of such matier has
not been studied much, and we should start this paper with its general motivations.
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