S-MATRIX APPROACH TO
THERMODYNAMICS OF HADRONS
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S-MATRIX FORMULATION OF
STATISTICAL MECHANICS
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Thermodynamics & Scattering
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S-MATRIX FORMULATION OF
STATISTICAL MECHANICS
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- Separation of thermo & dynamics,
unlike imaginary time FTFT

- Shift of burden: S-matrix elements

- Model Independence w scattering data

- Consistent way to include resonances + non-resonant effects
- Poles, Roots & Riemann sheets; Coupled-channel effects
- In-medium effects



thermo-statistical dynamical
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thermo-statistical dynamical
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LHC conditions
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HOW TO RELATE PHASE SHIFTS
TO THERMODYNAMICS?
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REPULSION
AND
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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W. Weinhold & B. Friman, Phys. Lett. B 433, 236 (1998).
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to rho or not to rho?

PHYSICS OF B that's OUT of the question!

resonance’s picture:
B(E) =A,(E)+ AA

scattering picture:
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S =-1 HYPERONS
COUPLED CHANNEL SYSTEM



JPAC, PRD Q3 034 G0 A0 LG

Coupled Channels partial wave calculator for KN scattering
by the Joint Physics Analysis Center (JPAC)

Version: September 1, 2015

Authors:

Cesar Fernandez-Ramirez (Jlefferson Lah)

Igor V. Danilkin (Jefferson Lab)

Vincent Mathieu (Indiana University)

Adam P. Szczepaniak (Indiana University and Jefferson Lab)

Citation: Fernandez-Ramirez et al., arxiv:1510.07065 [hep-ph]

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

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 responsability.
3 - This code is dlstrlbuted in the hope that it will be useful,

MERCHANTABILITY or FITNESS.FDR & PARTICULAR PURPOSE-
4 — No PhD students or postdocs were severely damaged during the development
 of this project.
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« K-N system requires a coupled channel analysis

|KN>7 ‘7‘-2>7 ‘T‘-A>7 ‘77/\>7 ) 6 C 16 basis states
1 | Compute det S for each
Q(M) = 5 Im (tr In S) sqrt(s) for each channel
1 ISOSpIn conserving
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S-matrix VS HRG

Will still go up!
Andronic et. al. NPA1010 (2021) 122176

ALICE proton yield
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COUPLED-CHANNEL DYNAMICS



» 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

I EeNeAaT=R T ite R DS A D e A AT =N AN T e e AT AT SR re T
Kaminski, Lesniak, Loiseau, EPJC 9 (1999)
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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?
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Continuity of Phase Change
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eff. spectral func. (Gev~1)
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eff. spectral func. (Gev~1)
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LATTICE COMPUTATIONS ON
PHASE SHIFT

deuteron physics?

m, = 391 MeV

m, = 236 MeV
! -

0.05 0.07 0.09 0.11 0.13
q** / GeV?

R. A. Briceno, J. J. Dudek and R. D. Young, arXiv:1706.06223 [hep-lat].
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S-Matrix Theory of Strong Interactions

JULY, 1962

without Elementary Particles’!

Grovrney I, Cuew
Department of Physies and Lawrence Radiation Laboratory, University of California, Berkeley, California

1. INTRODUCTION

I DSOREETREHORhRORY | v belicl s that

major breakthrough has occurred and that within a
relatively short period we are going to achieve a depth
of understanding of strong interactions that a few
years ago I, at least, did not expect to see within my
lifetime. I know that few of you will be convineed by
the arguments given here, but I would be masking my
feelings if I were to employ a conventionally cautious
attitude in this talk. I am bursting with excitement,
as are a number of other theorists in this game,

-_,_..__...,

but some are
more equal than
the others?

PARTICLES AS S-MATRIX POLES;
HADRON DEMOCRACY °*

satisfy unitarity. There is no “reason” for any others.

The second assumption may turn out to be closely

tell me that this is a fetish, that field theory is an
equally suitable language, but to me the basic strong-
interaction concepts, simple and beautiful in & pure
S-matrix approach, are weird, if not impossible, for
field theory. It must be said, nevertheless, that my
own awareness of these concepts was largely achieved
through close collaboration with three great experts
in field theory, M. L. Goldberger, Francis Low, and
Stanley Mandelstam. Each of them has played a
major role in the development of the strong inter-
action theory that I desecribe,! even though the lan-
guage of my description may be repugnant to them.
Murray Gell-Mann, also, although he has not actu-
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Chew at his California home on July 1

Born June 5, 1924
Washington, D.C., United States
Died April 12, 2019 (aged 94)

Berkeley, California, United States
Nationality American
Alma mater University of Chicago

Known for S-matrix theory, bootstrap theory,
strong interactions, Chew—
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IN-MEDIUM EFFECTS



VACUUM PHYSICS?

Quantum statistical mechanics of gases in terms of
dynamical filling fractions and scattering amplitudes

André LeClair

Newman Laboratory, Comell University, Ithaca, NY, USA
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It helps to realize that at least in principle it is possible to decouple the zero temperature
of the zero temperature eigenstates of the Hamilfonian H.In practice this is rather difficult

and one resorts to perturbative methods such as the Matsubara method, which unfortunately
entangles the zero temperature dynamics from the quantum statistical mechanics. However,
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Pion spectral function
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Proton spectral function
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A SMALL UPDATE
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