S-MATRIX APPROACH TO
HADRON GAS



« QCD equation of state
e S-matrix approach to broad resonances

» extension to N-body



QCD EQUATION OF STATE



HADRON RESONANCE GAS
MODEL

physical hadronic states
quantities representation




QCD spectrum

HADRON RESON
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physical
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e Ground states T, K, P, wn o

» Resonance formation dominates thermodynamics

« Resonances treated as point-like particles
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« studying the system
by linear response
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Initial state

Energy Stopping
Hard Collisions

Hydrodynamic
Evolution
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QCD Phase Diagram

QGP:
quarks and gluons
are deconfined.

Hadronic phase:
quarks are confined
and massive.
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QCD Phase Diagram

Quark-
Gluon-
QGP: Plasma
quarks and gluons
are deconfined. :
o
Q) ~—~
o [
|i) f/‘eeze\\\\
Qe *
Hadronic phase: Hadron-Gas
quarks are confined ; vacuum  nuclear matter
and massive. A  neut

Density




e Hadron contents in individual sectors

-> the case of missing strange baryons

» Question the assumption of HRG treatment for
resonances: non-interacting and point-like.
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unconfirmed light resonances in the strange sector

K5(800) IUP) = o)

OMITTED FROM SUMMARY TABLE

Needs confirmation. See the mini-review on scalar mesons under
fy(500) (see the index for the page number).
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« The K meson hasthe right mass range.

e Butitalso has a broad width!

whial s THE EFFECT OF RESONANCE 5
WIDTH ON THERMODYNAMICS?
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+ repulsive forces

consistent treatment of both
attractive and repulsive forces




g.s.

g.s.

+ repulsive forces

consistent treatment of both
attractive and repulsive forces




FORMULATION
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forsmall X — qa (near threshold)
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particle in a box

¥ ~ sin(k\% ) O =




particle in a box

W ~ sin(k\%z) @) n%

in the presence of a scattering potential

Y ~ sin(kx + 0(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




PHASE SHIFT AND DENSITY OF
STATES

sum rule

(Levinson’s theorem)
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Alternative way to obtain the Beth-Uhlenbeck result!



ILLUSTRATION: S-MATRIX FOR
RELATIVISTIC RESONANCES
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FORMULATION

from theory

or
from experiment

thermodynamics eff. spectral function

free gas + interaction



dynamical statistical (thermal weight)
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Pl PI SCATTERING
(S-WAVE)
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CHIRAL SYMMETRY



CHIRAL SYMMETRY

« Chiral partners

O <> T K K

» NJL model offers a good description for low mass
spectrum

me ~ 2M,

T
m2 ~ ——(qdq)




CHIRAL SYMMETRY

« but fails to explain the threshold.

0 — qq insteadof O — 7T

?? ;
lack of confinement ?? to be cured by pion /

other loop corrections ??

. Pnave scattering length
constrained by PCAC | Weinberg




CHIRAL SYMMETRY

» Linear sigma model
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CHIRAL SYMMETRY

e Linear sigma model
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e Width => particle can decay =>
existence of an imaginary part in the self energy
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e Width comes from interactions.

e illustration:
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WIDTH AND PHASE SHIFT
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 Field theory knows about the kinematics and
phase space

« Width arises from interaction

« Angular momentum dependence o k%1



Green'’s function (QFT)

Scattering theory
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CHIRAL SYMMETRY

* NJL description

direct term

box diagram

negative scattering
length -> B.G.?
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e A resonance is MORE than a MASS and a WIDTH

Mass m = 775.26 4+ 0.25 MeV
Full width I = 149.1 + 0.8 MeV
[ ce = 7.04 £+ 0.06 keV
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S—matrix
BW
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0 = —ImIrln G;l

physical interpretation:

contribution from
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the low Pr-spectrum




dn/ppdpq (GeV"2 fmf3)

155 MeV -

=
_F
Hh
B
O
=
IS
IS
H
I

— S-matrix -

.- e 0\ = ====-- zero width

H. Pasi, PML, M. Marczenko,

K. Morita, K. Redlich and C. Sasaki

Phys.Lett. B769 (2017) 509-512
| | | | | |

0 0.1 0.2 0.3 0.4 0.5 0.6 0.
pr (GeV)



dn/ppdpy (GeV™? fm~3)

0.35

0.25

H
Il

155 MeV

S—matrix
BW
zero width




ALICE 0-10% 1Tt
S—-matrix
zero width

c\llf'\
>
Q0
2
P>
O
3
Q,
O
3
Q,
~
=
O
=
<
F

0.6

pr (GeV)

ARSIV TEANAMSVR S VRN ANVUMSANRRNIVE Y WA RN PR AR

H. Pasi, PML, M. Marczenko,
K. Morita, K. Redlichand C. Sasaki
Phys.Lett. B769 (2017) 509-512




n (fm3)

0.

0.

0.

0.

.12

.1

08

06

04

02

sources of 7

thermal

135 140

145

150

Tf (MeV)

155

160 165




P. Danielewicz and S. Prattg
Phys.Rev. Cb53 (19906) 249—266§

g:s.

N
e

g.s.

Billiard-ball



PG Bl [Bie shplena s e Reelbitela s G Seiselal) alin jene@oeheerc Lo



O
<

(uetpex) s3yTys oseyd x fIp

.4

.2

1.0 1.8

.4

1

M (GeV)



__ _ [ [ [
i
L . )
i
I I 1
] l 1
I l 1
0 — — M M L
I CONNCANNCANNCOINGD
_ N Ny A A A
i
i
|
L | )
1
|
|
T — B
\
\
\
)\
L \ )
\
N
~
N
"’
L ~ <. )
N
| | | | _ _ |
O O O O o o = o o
|

(uetpex) s3yTys oseyd x fIp

1.8

. 0

1

M (GeV)



HRG
S—-matrix
LOCD

Ny = 0!
N = 8

X (BQ) /T2

.04

.03

.02

.01




77627351

( i\/l e 772 el (0r+0dr11)

% Im (trIn S)

3 %Im (In det [S])

— Of + OF]-

’i\/l e 772 el (6r+d171)
210717

wIN system

WN%(

— . —
1] N 1]

)



S11 phase shifts (radian)

I
=




N-BODY SCATTERING



« EOS for dense system
-> need higher coefficients of
quantum cluster / virial expansion
(three-body forces, etc.)

« Explore the influence of N-body scatterings on heavy ion
collision observables:
pT-spectra, flow etc.

 phenomenology
-> model S-matrix element instead...



Feynman amplitude

e generalized phase shift /
) : :

On(M) = §Im ln(l—l—/dqui/\/l)
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dpn =

phase space approach



QN(M):%Im ln(l—l—/dngi/\/l)

e structureless scattering Dimension: ~ F2N—4
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TRIANGLE DIAGRAM







1 L
to lowest order Q(s) = 5 Im /dgbg i Mtriangle

=> only need to deal with on-shell condition

K, = ks

analytic result:

e 1—=z
‘AL ,0.5. ()2 ke
MR 8) = g Q"1
1

7

4m72T.
V- %



1 : : :
Q(S) ~ 5 Tm /d¢3 thrlangle 7
Limits:
5 1
s — 9Im: A(s) ~ o 8 s
)\3
2 £
53> 9m QL) & g
)\3
4096 7°
4m?

where &p =

==
—2z In |-
L= 2|
[ 50)2
4 —




Q(s)

1074

107> ¢t

107° t

1078

1.5 2 2.

sgrt(s) (GeV)



BOX DIAGRAM




Explicit calculation

d*l
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Q(S) ~ %Im /d¢4 ,L-MbOX,O.S. :
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SUNSET DIAGRAM




» change in density of state / time delay
due to interaction

do
5o
dE

e S-matrix approach to thermodynamics

» Extend to N-body with phase space expansion



» Exotics, cusp effects ...

e For dense(r) medium
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INTRODUCTION TO FUNCTIONAL
METHOD AND SCHWINGER DYSON
EQUATIONS

ON THE BOARD...
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