Properties of strange mesons in dense resonance matter
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Introduction

e The theory of strong interactions : QCD

a- (1 1 a a) puv
Lqocp = Z gr (i D, — m¢) qr — ZGL(W)G( )
f=u,d,s,c,b,t

e Asymptotic freedom and low energy confinement

o Current quark mass for v and d 4 —5 MeV ; Nucleon mass :

939 MeV

@ Hadron masses: Chiral P;{
symmetry and related properties k\\{]\%““ﬁ
play significant role o I

Q (GeV)
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Introduction

@ For light quarks ms ~ 0: QCD Lagrangian has chiral symmetry

o
Lo = igy"0uq = iq1y"'0uqL + iGrY"0uqr

ar = %(1+’ys)q qL = 5(1—75)q
@ Invariance under
qr — exp (/9;273) qr, qL — exp </9i;’> qL
lead to SU(2), x SU(2)r
@ Conserved vector and axial-vector current
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Introduction

Introduction

[Q%, Hocp] = [Q5, Hoep] = 0

@ Degenerate spectrum of hadrons with same spin and opposite parity
expected but not observed in nature

m; = 139 MeV (07) @ Nucleon = 939 MeV (
° my =600 MeV (07) o N(1535) = 1535 MeV

)

— NI

@ Chiral symmetry is not the symmetry of ground state and breaks
spontaneously
QCD vacuum populates with qg pairs

< 0[qq|0 ># 0
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Introduction

Why in-medium properties of hadrons?

@ Understanding of QCD phase structure and restoration of chiral

symmetry

@ Lattice QCD: reduction of gg at

high T
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Compact Sta =016 fm

@ Study of deeply bound pionic atoms in Sn nuclei: reduction of qg at finite pg
Ref.: T. Nishi et. al., Nature Physics 19, 788 (2023)
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Why in-medium properties of hadrons?

Impact on experimental observables
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Ref. T. Song et. al., Phys. Rev. C 106 (2022) 024903.
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Introduction

Why in-medium properties of hadrons?

@ Dense matter in compact stars

Strange Quark Star Neutron Star

Surface
o Hydrogen/Helium plasma
o Iron nuclei

Outer Crust
® lons
* Electron gas

Surface
* Degenerate
electron layer,

Inner Crust

e Heavy ions

« Relativistic electron gas
« Superfluid neutrons

Outer Core
* Neutrons, protons
® Electrons, muons

" Inner Core

« Neutrons

« Superconducting protons

o Electrons, muons

o Hyperons (£, A, E)

o Deltas (4)

o Boson (x, K) condensates

* Deconfined (u,d,s) quarks/color-
superconducting quark matter

Core
® Electrons
* ud,s quarks

(color-superconducting)

Ref.: Mod. Phys. Lett. A, 29 (2014) 1430022
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Introduction

Theoretical framework (Non-perturbative methods)

o Lattice QCD: For finite T and near zero pg

@ Other approaches (for finite baryon density)
e MIT Bag model and Quark meson coupling model

e Quark mean field model
Chiral SU(3) hadronic model
o QCD sum rules

Coupled channel approach

e Functional renormalization approach (Beyond mean field)
o NJL and PNJL

QM and PQM
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Chiral SU(3) model

e Calculations of in-medium masses of K and K involve two steps

o Consider dense medium consisting of baryons

° spinf% octet (p, n, A, 0, =70)

e spin—3 decuplet (ATHH0= gl =20 -
e Scalar fields o, and §
o Vector fields w, p and ¢

e Minimize thermodynamic potential and obtain the density and temperature
dependent Scalar and vector fields
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Chiral SU(3) model

o Interaction Lagrangian density for K and K with baryons of medium

@ Solve dispersion relation to obtain in-medium masses
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Chiral SU(3) model

@ Thermodynamic potential

LT[0

+1In (1 + e_ﬁ[E"*(kH”"*])} — Lyec — Lo — Lsg — Vvac

o Effective baryon mass

m; = — (8»io + g¢iC + &sikid) + mjg

o Effective chemical potential
Wi = i — Bwiw — 8oilsip — g4i®
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Chiral SU(3) model

@ For scalar mesons

1
£0=—§k0X2 (a2+52+Q2)—|—k1 (024—524—(2)2

2

1 *od (02—52)C % 3
—k 4 - 4| A el 4| A
Tl X4 e << 03Co X0

@ For vector mesons

ot ot
+ky ( +5 30°%6% + g“) + ksx¢ (0 — 6%)

2
(mlw® + m2p® + m¢°) % + g4 (w* + 6w?p? + p* + 2¢%)
0
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Chiral SU(3) model

@ Explicit symmetry breaking

1
Lsg = ~3 TrAp (uXu + uTXuT) ,

where

1
Ap=—= diag(mfrf,r, mfrfﬂ, 2mf<fK — mfrfﬂ)

V2

o
U= exp (/'P/\@UO) =1+ iP/\[QO’O
x\? 1
Lsg = — <> [mzfﬂa + (\@m2 fu — —m?> fw> }
’ X0 T ki = Ml ) ¢
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Chiral SU(3) model

@ General interaction Lagrangian
00 _o9_o0 o0 _oa_o0_o9_
do 9 05 Ox Ow Op O0p

@ Baryon number density

i) = e BER) — )

@ Baryon scalar density

Arvind (NIT Jalandhar) Hot QCD Matter 2025 September 2025 14 /33



Chiral SU(3) model

Scalar field o

oc(MeV)

o (MeV)

0 1 2 3 4 5 0 1 2 3 4 5
palpo palpo
— T=0MeV (with resonance) T=0MeV (with resonance)
ToI00M (it ) - - TNV v o)
= To1SOVeY (vithesane) - — ToI50 M (it )

Manpreet Kaur and Arvind Kumar, Phys. Rev. D 110, 114054 (2024)
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Chiral SU(3) model

Scalar field o

o (MeV)
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Figure: The o field at various values of A baryon potentials for symmetric
resonance matter.
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Scalar field ¢
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Scalar field &
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K and K meson properties

Kaons and antikaons interactions

@ Interaction Lagrangian density

@ Octet baryons B
Low = iTrBy,D'B
D,B = 9,B + iy, Bl
Mn=—3 [UJ@Mu — auuTu+ uﬁuu‘L — auuuw ,Uu = exp (iP/\@Jo).
@ Decuplet baryons ~
Lpow = —iT'DT,

vl v s rrvnd T s rrvNd T N A
D Tabc =9 7_abc +1 (r )a 7—dbc +1 (r )b Tadc +1 (r )c Tabd
Manpreet Kaur and Arvind Kumar, Phys. Rev. D 110, 114054 Ref.: S. Sarkar et.al., Nucl. Phys. A 750 (2005) 294
(2024) L.S. Geng et.al., Phys.Lett.B 676 (2009) 63
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K and K meson properties

Kaons and antikaons interactions

@ Symmetry breaking term

Lsg = —}TrA (uXu + uTXuT> ,

where A, = % diag(m2fy, m2fy, 2mafic — m2f;).

£mass=gf [(0+v2¢+6) KK~ + (0 +V2( — 6) KK

@ Kinetic term for pseudoscalar mesons
LEn = Tr(uXu' X + Xu,u" X)
P 1 (MK~
chy ==+ [(+ V20 +0) (K0 K)
fx
+ (o4 V2C = 6) (8,K°) (9" KO)|
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K and K meson properties

Kaons and antikaons interactions

@ Meson-baryon interaction at next-to-leading order
d _ _
L5 = S Tr(u,u) [ TH(BB) + TH(TT)]

and
'ngM =d, [Tr(éuuu“B) + Tr(Tuy,u* T)]

2. .
2% 07

dl )
mg mg

@ Dispersion relation from Euler Lagrange equation of motion and its
Fourier transformation

—w?+ k2 + Mie gy — M (w, k]) =0,
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K and K meson properties

Kaons and antikaons interactions

e For KT
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K and K meson properties

Kaons and antikaons interactions

e For K°

m'g (MeV)

Arvind (NIT Jalandhar)
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Kaons and antikaons interactions

e For K~
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K and K meson properties

Kaons and antikaons interactions

e For KO
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¢ mesons properties

¢ mesons interactions

Experimental efforts

@ LEPS collaboration Spring-8 : vA induced reaction
o KEK E325: p — A reaction (12 GeV proton beam)
@ CLAS collab. at Jefferson Lab: A induced reaction
e ANKE-COSY: p — A reaction (2.83 GeV proton beam)

@ HADES: 7 A reaction

ALICE: pp collisions

e J-PARC: : p — A reaction (30 GeV proton beam)
Different observations on mass-shift and width broadening in nuclear medium
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¢ mesons properties

¢ mesons interactions

@ Interaction Lagrangian density
Loki = i8sd" [R(auK) - (OHR)K} :

§

S

TV
T

> >

q-pP

Figure: K K interaction at one loop level.

J.J. Cobos-Martinez et. al, Phys. Lett. B 771 (2017) 113
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¢ mesons properties

¢ mesons interactions

@ Self energy

¥ 8 2 d4q =2
iMg(p) = —385 )i Dk(q)Dg(q —p)-
° %2 0 2 * %2
myy = (mg)” + Rely(my),
Ac 3 2 %2 4
(EK + EE)
EfEx((Ex + ER)? —my)
@ Decay width
2
* go 1 %2 . %2 2 N N2 3/2
b= B ((m3 = (mic + mi)?)(m = (mic = mp)®)) "
28/33
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¢ mesons properties

m7; in resonance and non-resonance matter (at T = 100

MeV)

1,=0.3

1035
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1005

m , (MeV)

Pulpo

PB!Po
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=3 GeV (with resonance)
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GeV (without resonance)
=4 GeV (without resonance)

Manpreet Kaur and Arvind Kumar, Phys. Rev. D 112, 014030 (2025)
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[, of the ¢ meson
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Summary

@ Impact of decuplet baryons on K and ¢ meson properties investigated

@ Interaction between baryons mediated through the scalar and vector
fields
@ Presence of decuplet baryon causes decrease in effective masses of K

mesons at finite temperature and high pg

@ ¢ mesons feel more attractive mass shift in resonance matter

Decay width of ¢ mesons increases
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Thank You
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Kaons and antikaons interactions

°
1 1
Tlll A++ T112 A+7 T122 _ 7AO, T222 _ Ai,,
NG V3
1 1 1
T3 _ 1 st 123 _ L sw0 7223 _ D g
V3 Ve o V3
T133 — LE*O 233 __ 1 :*7 T333 0.
377 V3
°
Low = 43f2 [(3A++7“A++ FOAHFAT ¢ AOAPAD TRy

+EFIEE - TR E T T 30 )
X (K*(auKJ“) - (a#K*)W)
+ (3A_—7“A7 + A_+'WA+ + 2A_07”A0 _ z;+7ﬂz*+ + z;—,yltz**

=i e _ghequzi0 _ 39—_WQ—) (KO(auKO) a (GMKO)KO)}.
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