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
MODEL

physical
quantities




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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QCD Phase Diagram
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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?




S-MATRIX APPROACH



+ repulsive forces

consistent treatment of both
attractive and repulsive forces




g.s.

g.s.

+ repulsive forces

consistent treatment of both
attractive and repulsive forces




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))
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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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ILLUSTRATION: S-MATRIX FOR
RELATIVISTIC RESONANCES



S-channel
L
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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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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




O(I=1 J=1) (degree)

180 | | | | | | | |

160 [ =
140 L Estabrooks & Martin —1

Froggatt & Petersen v
150 L Protopopescu et al. —@ )

this work
100 -
80 -
3
0 ~ ag X

o L s Xq

ag = 0.038 m_”

40

20

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.

M(GeV)



S—-matrix
BW
eBW




S—matrix
BW
eBW




0 = —ImIrln G;l

physical interpretation:

contribution from

0
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the low Pr-spectrum
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Pl PI SCATTERING
(S-WAVE)
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- P. Danielewicz and S. Pratt
Phys.Rev. C53 (1996) 249-266




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 /
) : :
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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
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BOX DIAGRAM




Explicit calculation
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» 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
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APPLICATION
PION + NUCLEON + DELTA SYSTEM



e Aresonance is MORE than a MASS and a WIDTH

(37)

Nl
Nl

Breit-Wigner mass (mixed charges) = 1230 to 1234 (= 1232) MeV
Breit-Wigner full width (mixed charges) = 114 to 120 (= 117) MeV
Re(pole position) = 1209 to 1211 (= 1210) MeV

—2Ilm(pole position) = 98 to 102 (=~ 100) MeV
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« (P -derivable approach
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E 1 physical interpretation:
0 =—ImInG,

contribution from
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Pl K SCATTERING
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