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Abstract We investigate the medium modifications in mass
and decay width of ¢ meson in the presence of an external
magnetic field. The in-medium mass of ¢ meson has been cal-
culated using the decay process ¢ — K K at one-loop level.
The medium modifications are introduced by using a chi-
ral SU(3) model employing a mean-field effective approach.
Due to the introduction of the magnetic field, masses of
charged K+ and K ~ increases with advancing magnetic field
values. A negligible change in the value of neutral K and K°
has been observed for varying magnetic fields. Due to electro-
magnetic interactions with charged K and K mesons, there is
a gradual augmentation in the effective mass of ¢ meson. The
probability of the mentioned decay process ceases to be zero
for low density and strangeness fraction values at higher mag-
netic field values. Investigating the decay width and effective
mass of ¢ meson under the influence of an external mag-
netic field is relevant to understanding the hadronic matter
properties under extreme conditions achievable at heavy-ion
collision experiments.

1 Introduction

Investigating the thermodynamic properties of hadrons in
the asymmetric strange matter at finite density and tempera-
ture values is of significant importance in strong interaction
physics, particularly in exploring the quark-gluon plasma
(QGP) [1-11]. Experimental facilities such as the Rela-
tivistic Heavy Ion Collider (RHIC) [12,13] at Brookhaven
National Laboratory (BNL) and the Large Hadron Collider
(LHC) at CERN [14,15], the European Organization for
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Nuclear Research, are pioneers in exploring the different
regimes of quantum chromodynamics (QCD) phase diagram.
Future experiments such as the Facility for Antiproton and
Ion Research (FAIR) [16,17] and the Nuclotron-based Ion
Collider facility (NICA) [18] are poised to make notable
advancements by systematically exploring the hot and dense
matter. When asymmetric atomic nuclei collide at high ener-
gies, they cause the formation of QGP, which is followed by a
rapid expansion of the resulting fireball due to the extremely
high pressures and temperatures involved [19-21]. As the
fireball of QGP expands and cools, it undergoes a phase
transition known as hadronization, where quarks and gluons
recombine to form nucleons (protons and neutrons), hyper-
ons (particles containing strange quarks), and mesons (par-
ticles consisting of quark-antiquark pairs) [22-24]. Study-
ing the properties of hadronic matter produced in heavy ion
collisions (HICs) helps to deepen the understanding of fun-
damental aspects of QCD, such as confinement and chiral
symmetry breaking. It sheds light on the evolution of the
early universe, where similar conditions are believed to have
prevailed shortly after the Big Bang [25,26].

Various theoretical frameworks have been constructed to
comprehend the characteristics of hadrons within the non-
perturbative domain. The primary findings from lattice QCD
simulations have suggested a smooth crossover transition
from the confined hadronic phase to the deconfined quark-
gluon plasma at low or zero chemical potential with increas-
ing temperature value [27-29]. For higher chemical potential
values, the partition function involves complex phase factors
due to the fermionic nature of quarks, leading to oscillatory
terms that can cancel each other when performing numeri-
cal simulations, resulting in increased computational costs
and lower efficiency [30,31]. As a result, lattice QCD at
high chemical potentials becomes computationally demand-
ing and less reliable, limiting its applicability in studying
QCD matter at extreme conditions. Addressing the fermion
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sign problem in lattice QCD simulations at finite chemical
potential involves strategies such as performing simulations
at imaginary chemical potentials and analytically continuing
the results, using Taylor expansion techniques, employing
reweighting methods, and exploring alternative formulations
like dual representations of QCD [32,33]. To explore the
QCD phase diagram beyond the lattice QCD regime, several
phenomenological models and approaches like hadron reso-
nance gas (HRG) model [34], Nambu—Jona—Lasinio (NJL)
model [35], linear-sigma model (LSM) [36], quark-meson
(QM) model [37], quark meson coupling (QMC) model [38],
Dyson—Schwinger equation approach [39] and the coupled-
channel approach [40] based on fundamental QCD princi-
ples have been developed to investigate the characteristics of
hadrons. To study the deconfinement transition along with the
chiral symmetry restoration, NJL is extended to PNJL [41],
LSM to PLSM [42], and QM model to PQM [43] by the
inclusion of Polyakov loop potential [44]. Theoretical stud-
ies have expanded their focus to consider various factors,
such as the influence of external magnetic fields [45-47],
the implications of finite system sizes [48—50], the explo-
ration of non-extensive properties, including long-distance
correlations [51,52], and investigating the effects of elec-
trical fields on the thermodynamics of strongly interacting
matter [53,54].

The relation between medium modifications of masses and
chiral symmetry restoration is complex and has been a sig-
nificant topic of study for around two decades, theoretically
and experimentally. These approaches attempt to describe the
behavior of baryons and mesons in dense and hot environ-
ments and their implications for observable quantities, such
as the equation of state. Due to the challenges in definitively
understanding the behavior of the p meson at finite density
and its relationship to chiral symmetry [55,56], the focus
has shifted towards mesons with narrower widths, such as
¢ meson [35,57-65]. This is attributed to the fact that vec-
tor mesons are particularly advantageous for experimental
investigations of in-medium effects because they can decay
into dileptons [66—72], which are insensitive to the strong
interactions and hence less influenced by the surrounding
nuclear medium than hadronic decay products. The quark
content of K mesons, involving combinations of u, d, and s
quarks, provides insights into the mechanisms of mass gener-
ation and investigating CP violation, which partly addresses
the universe’s matter—antimatter asymmetry. The presence
of strange quarks in the QGP results in enhanced production
of strange hadrons, including kaons, providing a unique win-
dow into the medium’s characteristics. By analyzing the ratio
of strange to non-strange hadrons, such as the K /m ratio,
researchers can discern deviations from expected patterns,
signaling the presence of QGP and the onset of deconfine-
ment [73,74]. The strong interaction between ¢ (s5) mesons
and u, d quarks arises from loop contribution of K K pairs,
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highlighting the importance of the in-medium characteristics
of kaons and antikaons [75-80]. The ¢ meson primarily facil-
itates the annihilation process of K K into a dilepton, which
provides valuable insights into understanding the behavior of
the ¢ meson within dense hadronic medium [81-84]. Inves-
tigating the mass and width of the ¢ meson in nuclear mat-
ter using an effective Lagrangian approach within the QMC
model, a downward mass shift of ¢ meson was observed with
broadened decay width [35,85,86]. In the framework of chi-
ral perturbation theory, incorporating the medium-induced
change in kaon mass and including loop corrections has
been shown to significantly impact the properties of ¢ meson
within dense matter, particularly evident when the kaon mass
diminishes [67]. The production of ¢ mesons has been exam-
ined experimentally by studying the invariant mass spec-
tra of dimuon through the collision of protons/sulfur pro-
jectiles at 200 GeV/nucleon with tungsten/uranium targets
by HELIOS-3 Collaboration and the NA38 Collaboration
at CERN/SPS [87,88]. Findings from the KEK-E325 col-
laboration indicated a notable decrease in the mass of the ¢
meson, amounting to approximately 3.4%. Additionally, they
observed an in-medium decay width of around 14.5 MeV
under conditions of saturation nuclear matter density by ana-
lyzing the invariant mass spectra of e e~ pairs generated by
p+ A collisions [59]. Thus, the interplay between theory and
experiment elucidates intricate details of ¢ meson’s proper-
ties, such as production, propagation, and decay width, deep-
ening our comprehension of QGP, CP-violation, and chiral
symmetry breaking.

A finite magnetic field has been anticipated to be present
in the early universe conditions [89], magnetars [90], and
during HICs in particle accelerators at LHC and RHIC
[91,92]. Understanding the phase diagram of QCD under
finite magnetic field strengths and non-zero chemical poten-
tials is crucial in these contexts. The magnitude of mag-
netic fields varies widely across different scenarios, rang-
ing from estimates as high as eB around 200m2 in the
early universe [89,93,94] to values around ISm% at the LHC
[95,96]. Also, it has been demonstrated that holography sets
a limit on the maximum intensity of magnetic fields, reach-
ing approximately 3.6 x 10'® gauss at the temperature of
hadronization [97]. The QCD phase diagram has been stud-
ied in the NJL/PNJL model by considering the magnetic
field-dependent coupling constant [98]. External magnetic
fields significantly influence the interaction of valence and
sea quarks in quark matter [99-101]. A system possessing a
nonzero chirality responds to a magnetic field by inducing
a current aligned with the field, named the “chiral magnetic
effect” (CME). Experimental investigation of the CME can
be conducted through HICs, where its observation would
directly confirm the presence and importance of gluon con-
figurations with non-trivial topology [13,102]. For very high
magnetic fields and the lowest Landau level approximation,
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it has been noted that the presence of a strong magnetic field
leads to a modification of the shear viscosity to entropy ratio
for neutral hadrons, owing to their interactions with charged
particles [103,104]. In the study of mixing effects in vec-
tor and neutral pseudoscalar mesons in the two-flavored NJL
model in the Landau gauge, a considerable reduction in mass
of the lightest states has been reported [105]. Furthermore,
introducing external parallel electric and magnetic fields in
the NJL quark model has influenced the critical temperature
of chiral symmetry restoration [54]. Additionally, the inves-
tigation of in-medium normalized masses of axial vector,
pseudoscalar, and scalar meson states in magnetized quark
matter through the determination of quark condensates and
deconfinement order parameters in a mean-field approxima-
tion provides further insights into the complex dynamics
of meson systems [106]. Using the mean-field approxima-
tion method, the study in Ref. [107] observed a significant
rise in the effective mass of K© mesons as baryonic density
increased. Meanwhile, the decay width of ¢ meson changes
dramatically with magnetic field strength, particularly lead-
ing to the obstruction of the K™ K~ decay channel beyond a
certain critical magnetic field strength.

Lattice QCD simulations have reported a decrease in crit-
ical temperature as the magnetic field strength increases,
termed as “inverse magnetic catalysis” [101]. This effect has
also been observed in phenomenological investigations that
account for contributions from a magnetized Dirac sea [108].
The investigation of the Walecka model incorporating a mag-
netized Dirac sea of nucleons with finite anomalous magnetic
moments has shown inverse magnetic catalysis [109]. Addi-
tionally, the chiral SU(3) model has been utilized to examine
properties of D mesons, charmonium, and spectral properties
of vector mesons, incorporating contributions from a mag-
netized Dirac sea [110,111]. Our current manuscript does
not incorporate these contributions for ¢ meson properties.
Investigating the in-medium properties of mesons in a finite
external magnetic field holds significant importance in ana-
lyzing the behavior of hadronic matter in different physical
scenarios.

In the current work, we present findings concerning the
mass and decay width of the ¢ meson within asymmetric
strange hadronic matter in the presence of an external mag-
netic field. This is achieved by considering the influence of
medium-induced masses for kaons using the chiral SU(3)
model framework. The masses of K and K mesons are cal-
culated at varying densities and temperatures in the strange
hadronic matter to determine further the medium-modified
mass and decay width of ¢ meson. The chiral SU(3) model
has been extensively used to study various aspects of hadron
physics, including the properties of mesons and baryons in
vacuum and medium, as well as their interactions in different
environments such as nuclear matter or hot and dense quark-
gluon plasma [112—115]. In the study of charged K * mesons

in magnetized nuclear matter, it has been observed that there
are additional positive shifts in their mass when subjected
to a magnetic field originating from the lowest Landau level
[116]. Studying the dynamics of kaons and antikaons in more
realistic conditions like HICs, including hyperons, introduces
an additional degree of freedom associated with strangeness,
helping constrain the EOS. Also, the extension to a finite
magnetic field, which has been predicted in extreme temper-
ature and density conditions, gives a more precise prediction
of the behavior of ¢ meson in such environments.

The structure of this paper is organized as follows: In
Sect.2.1, we have provided a brief overview of the method-
ology employed to derive the in-medium scalar and vector
fields within magnetized hadronic matter. The introduction
of the magnetic field in the model and its impact on charged
and uncharged baryons have been described in Sect. 2.2.
Section2.3 is dedicated to compute the in-medium masses
of kaons and antikaons through the interactions facilitated
by the chiral model fields, thus calculating the effective mass
and decay width of the ¢ meson. Section 3 presents a detailed
discussion of the quantitative results derived from our inves-
tigations. Finally, we have encapsulated our findings and con-
tributions in Sect. 4, offering a comprehensive conclusion to
our study.

2 Methodology

In the present work, the chiral SU(3) model is used to investi-
gate the impact of the external magnetic field on the masses of
kaons and antikaons. The isospin asymmetry and strangeness
fraction influence both scalar and vector fields. Additionally,
we employ a self-consistent Lagrangian approach to compute
the mass and decay width of the ¢ meson. In the upcoming
sections, we will provide a concise overview of the formal-
ism employed to derive the scalar and vector fields in the
presence of a magnetic field.

2.1 The hadronic chiral SU(3) model

The hadronic chiral model is based on broken scale invari-
ance and non-linear realization of chiral symmetry and is
employed to investigate hadron-hadron interactions [117,
118]. This model considers a mean-field approximation, a
non-perturbative relativistic method that offers an approx-
imate solution to the nuclear many-body problem. Within
this approximation, all meson fields are treated as classical
fields, with only vector (V) and scalar (S) fields contributing
to the Lagrangian term of the baryon-meson interactions due
to the zero expectation value of other mesons [117]. In partic-
ular, p and § fields account for isospin asymmetry within the
hadronic medium, whereas the strange scalar meson field,
¢, and strange vector field, ¢, are introduced in the model

@ Springer
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to account for the strangeness in the medium. Furthermore,
introducing the dilaton field x allows us to express the scale
symmetry-breaking property of QCD, resulting in a non-
vanishing trace of the energy-momentum tensor [115,119].
This comprehensive framework provides a foundation for
exploring chiral hadronic matter under various conditions,
providing insight into the scale symmetry, chiral dynam-
ics, and isospin asymmetry at finite density and temperature
[120,121]. The total mean-field Lagrangian density of the
model is represented as

[/chiral = Lxin + Z EBM + Lvec + LO + Eesb' (1
M=S,V

The first term in the above equation denotes the kinetic energy
term that can be expressed as [122—124]

- 1
Liin = iTrBy“D“B-i—ETr Dy SD* S+Tr (uy Sut* S+Sutu,, S)
1 1 1
+ 3Te DY DMY + 3Dy Dy = ST (Vi V)

- iTr (A AMY).
(2)

Here, B represents the multiplet of baryon fields, S stands
for the scalar meson multiplet, ¥ denotes the pseudoscalar
singlet, y is the scalar-isocalar dilaton field, V,,, = D,V —
D, V,, is the vector meson field tensor and A, = D, A, —
D, A, is the axialvector field tensor. In the above equa-
tion, the covariant derivative of fields 7 = B, S, Y, A, V,
is defined as D, F = 0,F + i [FM, f], where '), =
— 4+ [ 8, — duTu+ udyu’ — 3 uu’]. Here u is the uni-
tary transformation operator, represented as u = exp
[ﬁrr“k“ys] and u,, = —5 [u'9,u — ud,u’]. The second
term in Eq. (2) represents the kinetic energy term for the
scalar mesons whereas the third term is for the pseudoscalar
mesons. The pseudoscalar singlet field, Y, does not depend on
the octet and thus has its kinetic term (fourth term in Eq. (2)).
Last three terms are the kinetic terms for dilaton field y, the
vector and axial vector mesons, respectively [122].

The second term of Eq. (1) accounts for the interactions
of baryons with scalar and vector mesons. Considering the
general meson field (M = S, V), this term is defined as
[122,123]

Loy = —v2g{ (am[BOBM1r
1

Tr(BOB)TrM.
7 ( )Tr

3

Due to the interaction with scalar fields, the effective mass
of baryons gets modified as m;“ = —g5i0 — &ril — 13;8si0,
where i denotes the baryons, p, n, A, £°, =, £, 20, and

+ (1 —ay) [BOBM1p) — gV’
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E~. Similarly, as a consequence of the interplay between
vector mesons ( , p, ¢) and baryons, the effective chemical
potential of a single particle is defined by u} = p; — gwiw —
73i 8 pi P — 84i®- The symbol t3; represents the quantum num-
ber corresponding to the third component of isospin for a
given particle, and g4, g¢i» 85i» Swi> &pi and gg; gives the
coupling strength of baryons with scalar and vector mesons,
respectively.

The term Ly in Eq. (1) represents the interactions of
vector mesons. In scale-invariant form, which implies the
mass degeneracy of meson nonet, it is written as

1 2
£=sm} %Tr(VMV”) + 2g4Tr(V, V2. (4)
0

The first term in the above equation is made scale invariant
by multiplying it with appropriate powers of dilaton field, x.
Explicitly, in terms of vector mesons w, p and ¢, the above
equation is written as

1 X2
Lyec = = (mia)2 + mf),o2 + mé¢2> =
2 X0

tg4 (a)4 + 6022 + p* + 2¢4) . (5)

The self interactions of the scalar mesons is governed by
SU (3)y symmetry in the non linear realization of the chiral
symmetry [123]. However, there are only three existing inde-
pendent invariants given as I1 = Tr(S), I, = Tr(S?), I =
det(S). These invariants act as building blocks for all meson-
meson interaction terms. The term Ly in Eq. (1) regulates
the phenomena associated with spontaneous chiral symme-
try breaking and is written in terms of /1, I and I3 as

1
Lo = —zkox” Lo+ ki (1) + kol + 2k Is. ©)

The spontaneous breaking results in the generation of hadron
masses and the emergence of Nambu—Goldstone bosons
[125]. To preserve scale invariance, in addition to scalar
meson quartic self-interaction terms in Ly, scale breaking
terms are added, which are strategically scaled by glueball
field y [117]. Thus we obtain,

Lo= _%kOX2 (02+§2+52) + ki (02+§2+82)2

ot & 202 4
ky| —+ — +30%8
+2(2+2+U +§>
1 4
+k3x(oz—az)g—k4x4——x4ln—x4
4 X0

d 4 (UZ—SZ)C <X>3
Zy4 ~ /2 = , 7
37 n(( a3%o X0 @



Eur. Phys. J. C (2024) 84:1028

Page 50f 19 1028

Here, the last two terms account for scale-breaking poten-
tial in the model. In QCD, the trace of the energy—momentum
tensor is not zero due to quantum effects, even in the mass-
less limit. To emulate the trace anomaly of QCD, expressed
as

Bocp
2g

o = FCL ga Grr. @®)

Schechter [126] introduced the dilaton field originally
within an effective Lagrangian framework at the tree level. In
the above equation, G, is the gluon field strength tensor, and
B(g) is the QCD beta function. The logarithmic terms have
two primary effects: it breaks scale invariance, leading to
the relationship G[f ~ x%, and it induces a non-zero vacuum
expectation value for the dilaton field, which in turn causes
spontaneous chiral symmetry breaking [117]. By comparing
the trace anomaly in QCD with that in the effective theory,
the x field can be identified with the gluon condensate as

o1 = <ﬁ§§D waGg”> o (1 —d)x™. )

The explicit chiral symmetry breaking is incorporated in
the total Lagrangian by the term Lgg,. The amalgamation
of both spontaneous and explicit chiral symmetry-breaking
components is crucial to comprehensively understand the
mass spectrum and dynamics of hadrons within the QCD
framework [127-129]. Mathematically, explicit symmetry
breaking term is expressed as

2
Lesh = — (%) [mifﬂw (ﬁm%(fk—\%mifn) c} :
(10)

Using the effective Lagrangian of the chiral model, the
thermodynamic potential (£2) of the hadronic system can be
expressed in terms of partition function (Z) and temperature
(T) as [123,130]

QT,V,u)=-Th Z, (11)

which gives

QT V,u) T |
v T n)p Xi:”l

X /d3p {ln (l + e_ﬂ[Ei*(p)_“ﬂ>
+In (1 + e—ﬂ[E?‘@Huﬂ)}

- »Cvec - »CO - »Cesb - Vvac’ (12)

with Ef(k) = /p>+ mfz is the effective single particle
energy and y; is the spin degeneracy factor. To obtain the
vanishing value of vacuum energy, the potential energy (Vyac)
is subtracted from the thermodynamic potential density.

2.2 Charged and uncharged baryons in the magnetic field

The total effective Lagrangian defined in Eq. (1) of the chiral
model is modified to include an additional term contributing
to the effects of an external magnetic field and is given by
[131]

Liotal = Lehiral + £mags (13)

where

_ 1 _ 1
['mag = _‘/fiQiVﬂAMWi_ZKiMNwiUMVFuvwi_ZFIWF/W-
(14)

Here, v; represents the wave function of the ith baryon,
and the second term corresponds to the tensorial interaction
involving the electromagnetic field tensor, denoted as Fy,,.
This term specifically characterizes the anomalous magnetic
moment (AMM) and incorporates the parameter p, which
signifies the nuclear magneton. Since a uniform magnetic
field is considered along the z-axis, the vector potential can
be expressed as A* = (0, 0, Bx, 0). As a result, the Lorentz
force comes into the picture, leading to quantized discrete
Landau energy levels for charged particles moving in the
field. Due to the interaction of baryons with the magnetic
field, the momentum is divided into parallel ( pfl) and per-
pendicular ( p’i) components. Thus, the integral in Eq. (12)
is modified as

i B o i
[or- AT [

Also, the effective single-particle energy of charged
baryons is altered in the magnetic field as [131, 132]

- N\ 2
EL,S = (pfl) +rﬁ,-2, where,
m; = ( m¥? +2v|q;|B — SpLNKiB> . (16)

In the above equation, the spin projection of the baryons
in the direction of the magnetic field is given by s = +1,
and «; represents the anomalous magnetic moment of the
baryons. Charged baryons with charge ¢;, upon interaction
with the magnetic field, undergo precessional motion within
the transverse plane, described in terms of quantized Landau
levels, v = n + % — 45 —0,1,2,.... In the case of

lgp] 2 K
uncharged baryons, the transverse momentum is not defined

@ Springer
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by the Landau levels, and the effective energy is defined as

. \2 , 2
Eg = \/<Pi|) + ( m? + (pl)2 - SMNKiB> - (17

By substituting the values of effective single-particle energy
of charged and uncharged baryons in Eq. (12), as well as
using the integral in Eq. (15) and minimizing the total ther-
modynamic potential density with respect to scalar and vector
fields, the equation of motion under the influence of magnetic
field is obtained for which the vector and scalar densities of
charged baryons are identified as [133]

v lailB -,-
Pi =502 Z dp” Fovs = Tpws
(s=—1)

+ Zf apj (fp.us = f,,w)] (18)

and

Vr(r:arl
o |611|Bm |: /' dpn
i
(PH)2 + (m; )2

SUnki B

‘/m;kz + 2v|gi|B
(s=—1)

Vmax / de|
+ -
(P2 + ()2

x|1-

i Fi
( pvs T fp,v,s)

v=1

SUnkiB
) |1 2EVET
1/m:-‘2+2v|q,‘|B
x(pvs+f,’m)} (19)

In the above equation, v,,,y represents the maximum value
of the Landau level [47]. Similarly, for uncharged baryons,
we have

'Oi 27.[2 Z / J_dpJ_/ dpﬁ (f[i;,s - f_‘;‘;,s) . (20)

s==*1
and
1 o0 SUNKi B
=532 / plidpy |1 —
=R i+ (ph)
* d im_;k i 7i 21
X 0 p” Ei D,S + fp,_y . ( )
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InEqs. (18)t0 (1), f} s, f} . f5.s and f} ( denotes the
Fermi distribution functions at finite temperature for particles
and antiparticles, pertaining to both charged and uncharged
baryons [131].

2.3 In-medium mass of kaons, ¢ and decay width of ¢
meson

The interactions within the chiral SU(3) model influence the
in-medium masses of kaons and antikaons [84,85]. These
interactions are described by the vector fields (w, p, and ¢)
along with scalar fields (o, ¢, and §) and collectively con-
tribute to the medium modification of energies for K and
KZ), and K = (K‘fo)
denote the isospin doublets of kaons and antikaons. Con-
sequently, deriving dispersion relations for these particles
necessitates accounting for isospin asymmetry stemming
from the vector-isovector p field and the scalar-isovector §
field. The Lagrangian density describing the interactions of
kaons with baryons in the strange asymmetric matter is given
by [134-136]

K mesons. Here, K = (K

L’KB:—I—|:(2p)/ pHy*n—S-y*ST 4+ Tyttt
4fK

_2E-yrE~ — EopH EO)
x (K_(E)MKJF) — (B,LK_)KJ’)
+ (ﬁy“p +2aytn + 2yH e

SRSt E-yRE — 280k EO)

x (150((9“1(0) - (aMIEO)KO)]
2
+ m[(s +V2C +8)(KTKT)

+ (0 + 2 — (KK

1
- —[(0 + V20 4 8)(3,KH) (04K ™)

fx
+ (0 +2¢ — 5)(3MK°)(3MK'0)}

di 0, shs+ 1 5050
+ F(pp +in+ AOA? + S+t 4+ 20%
+ XS +EE + 229
X (0 K@K ™) + (9,K°) (0" K))

d> 5 1
+ —[(pp +ZA0AY 4+ —30x0 4 iyt

212 6 2
+E-B + 290, K1) (0"K")
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4S-3 + B-E + B )(a,l 0)(3*‘1(())]
(22)

The first term in the above Lagrangian represents the vector
interaction, commonly known as the Weinberg-Tomozawa
term, and is derived from the kinetic part of the Lagrangian.
The subsequent two terms emerge from explicit symmetry
breaking, and the kinetic terms associated with pseudoscalars
within the chiral effective Lagrangian [77]. The fourth and
fifth terms are known as range terms that illustrate the interac-
tion of mesons and baryons within the chiral effective model.
The parameters d and d, were determined from the empirical
values of the K N scattering lengths forthe / = 0and / = 1
channels as 2.56/mg and 0.73/m g, respectively [137,138].
By using the Fourier transformation of the equation of motion
obtained using the K B interaction Lagrangian in Eq. (22),
the dispersion relation of kaons and antikaons is written as
[139]

—? + 4+ mE . — T*(w, k) =0, (23)

K(K)

where IT* represents the medium-modified self-energy of
kaons and antikaons [134]. For kaons, it is expressed as

- 1
Mk (o, k) = Ti2 [
K

— (3(pg- + pgo) £ (pg- — p‘éo))]w
+ ﬁ(o’ +V2¢ £ 8

2fk
+ [— fi(a/+«/§§/ia/)

2f (p,,+pn+p ORI

+ pf 50 + )Osz'f +,0S':7 +,0s'.:~0)

0+ 0% £ (0° ) — %) + p 50

d
4fK(

5 N N N s N
T30 a0t s +p g ) £ (0T sr = 0750)

+2p°5- +2p° :0):| (@ —k?), (24)

where the =+ signifies the self-energy for K+ and K respec-
tively. In the aforementioned expression, the terms o', ¢/,
and &’ represent the deviations of the field expectation values
from their respective vacuum expectation values. Similarly,

the in-medium self-energy for antikaons is written as

M (@, [K)=—3 [3(Pp+pn)i(p,, oY) £ 2(py —py-)

4fk

- (3(02_ + pgo) £ (pg- — pgo))]w

f (0 +20 £68)

+ [— — (0" + V20 £8)
Sk

dy
2f —5 oyt oy +p po+ 0 5+
TP 50+ 05— +p'a- + 020
d 5 s
(@t P =+ s
K
5, s s s s
+ 5,0 AHE s+ ) £ (P s+ —p )
+2p%5- +2p550)}(w2 — i), (25)

with & symbol depicting K~ and KO respectively. The terms
mg and mg in the above equations represent the vacuum
mass value of kaon and antikaon. By solving Eq. (23) at
|1€| = 0, the in-medium masses of kaons and antikaons
(which is known as pole mass) are obtained in the asymmetric
strange matter under the influence of the external magnetic

3(,0p~|—pn) + (,op op) £ 2(p5 —py-) field. However, due to the presence of the external magnetic

field, the effective mass of the charged K+ and K~ gets
additionally modified due to Landau quantization as [116]

mL = J(m%.)? + g B (26)

The contribution from the lowest Landau level (LLL)
is considered for the calculation of masses of kaons and
antikaons in the medium, as given by Eq. (26). In the current
study, the effect of magnetic field on kaons and antikaons
effective masses has been studied by considering the effect
of anomalous magnetic moment (AMM) of the hadrons. In
Ref. [108], the effects of the anomalous magnetic moment
(AMM) of protons and neutrons were considered, and the
required number of Landau levels contributing at different
values of |eB| at pp were analyzed. It was found that at |e B|
, the maximum Landau level contributions were v, =
2 and vf,lfgjc’” = 1, corresponding to the spin-up and spin-down
projections of protons along the field axis. As the magnetic
field increased to |e B| = Zm%, the contributing levels reduced
to vy, = 0 and v99¥" = 1. For magnetic fields stronger than
leB| > 2m72, ,only the v =0Landau level contributed. The sys-
tematic reduction in the number of contributing Landau levels

with increasing magnetic field strength supports the validity

—lm
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of the LLL approximation at both finite density and vacuum.
This widely-used approach exploits the separation between
the LLL and higher Landau levels (HLLs) by neglecting the
contributions from all higher levels, considering only those
from the LLL, as in Refs. [140-144].

By solving the dispersion relation given by Eq. (23), we
calculate the in-medium masses of kaons and antikaons at
Zero momentum (l; = 0), for finite density and temperature
of the medium. The study of screening mass, which corre-
sponds to condition w = 0, is also important for studies at
finite temperature [145]. In Ref. [146], it is demonstrated that
the screening mass of kaons remains constant as a function
of temperature for T < 150 MeV and increases monotoni-
cally at higher temperatures. For w = 0, the dispersion rela-
tion in Eq. (23) simplifies to, K2+ mé(k) — I1*(0, Ig) =0.
The screening mass Mcreening 1S related to the static limit
of the dispersion relation and can be determined by solving

Sereening = My gy — 0.k = imscreening) [147]. This
shows that the screening mass is derived from the modi-
fied dispersion relation in the static limit, indicating how the
effective mass of the kaon in a medium influences the spatial
decay of its interactions. The spatial behavior of kaons in the
medium is an important aspect and can be studied in future
work. This will allow us to study screening effects explicitly
and provide a more detailed understanding of the medium’s
impact on both the temporal and spatial directions.

To study the properties of ¢ meson in finite magnetic field,
the in-medium masses of kaons are utilized to evaluate the
self-energy of the ¢ meson concerning the decay process
¢ —> K K at the one-loop level [67,85,148]. The interaction

Lagrangian for this process is defined as
Lyxi =igsd" [K@,.K) — 0, K)K], 27)

where g4 is the coupling constant. The interactions repre-
sented by ¢p¢ K K are neglected in the current study due to a
trivial contribution to medium masses and decay width [85].
The scalar part of the medium modified self-energy in the
rest frame of ¢ meson, which is derived from the one loop
diagram, is formulated as [84,85]

i (p) :—§g2/ﬁ620 @Dga—p),  ©8)
¢ 3% ] @yt TR ’
where the kaon propagator is given by
2 %2 . -1
Di(q) = (4 = mi +ie) 29)
and antikaon propagator as
2 2\

Delq—p) = (g —p? —my +ic) . (30)

@ Springer

In the above equation, the four-momentum vector for ¢
meson is written as p = (p? = m;;, 6) where, m;‘, signifies
the in-medium ¢ meson mass. The m} and m} in Egs. (29)
and (30), depicts the mass average of the kaon doublet, (K +,
K O) and antikaon doublet, (K —, K 0), respectively. The value
of coupling constant g, comes out to be 4.539, derived from
the observed width of the ¢ meson in a vacuum. This coupling
constant alongside the vacuum mass of the ¢ meson, which
is considered to be 1019.461 MeV, is used to determine the
bare mass of the ¢ meson [149]. The real part of Eq. (28) is
solved to obtain the in-medium mass of ¢p meson as

2 2 2
my = (m) + 90500, (31)

where mg is the bare mass of the ¢ meson. While solving the
Eq. (31), the integral within the real part of the self-energy
for the ¢ meson is divergent. Hence, to prevent encounter-
ing singularities, we regularize the integral by employing
a phenomenological form factor by incorporating a cutoff
parameter, A, [150]. After regularization, we obtain

4 A d3q
snn;;:——gq%P/O 1 54

3 (27)3
A2+ m (Ef +E%)
AZ+4EY | EXEL((Ef + EL?2—m3)

(32)

The cutoff parameter in the above equation is calculated by
comparing the root mean square radii, which are calculated
using two distinct form factors, resulting in an expression
for A, in relation to oscillator constants, 8p and By. This
method has been used to determine A, in the studies of J/ W
and D mesons [150,151]. The decay width of ¢ meson is
determined from the imaginary part of the self-energy and
given by the expression as [81]

g,%, 1 2
2
X ye— ((m:;5 — k4 me))
o

3/2
Xy = (mig =m)H) " (33)

Thus, using the in-medium masses of kaons and antikaons
derived from the self-energy expression in Egs. (24) and (25),
the effective mass and decay width of ¢ is calculated in the
presence of an external magnetic field. Note that to calcu-
late the decay width of ¢ mesons in the present calculations
we considered the contributions through the medium mod-
ified masses only. At finite temperatures, particles acquire
a thermal width because of increased interactions with the
surrounding medium, including scattering processes. Mod-
els like chiral perturbation theory [152], linear sigma model
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[153], one-boson-exchange model [154], and QCD sum rules
[155] demonstrate that particles such as pions and nucle-
ons develop a thermal width that increases with temperature,
indicating a higher interaction rate in hot and dense environ-
ments. The effect of thermal width becomes dominant for p
and a1(1260) meson essentially for 7/7, > 0.7, where T,
is the critical temperature for deconfinement [153,155]. The
collision broadening of ¢ mesons with the baryons of the
medium has been studied in [156] and leads to broadening
of I'y by ~ 10 MeV at 170 MeV. In Ref. [157], contribution
to decay width of ¢ mesons due to collision broadening by
p mesons is investigated. The impact of collision rates of
¢ mesons with p, K and K* mesons has also been studied
in Ref. [158]. Impact of such interactions on the total decay
width will be considered in the future work.

3 Results and discussion

In this section, the results obtained for medium modification
of K, K, and ¢ meson masses in the asymmetric strange
magnetized hadronic matter have been discussed in detail.
The change in the mass of kaons and antikaons arises due to
their interactions with the baryon octet. The charged K ™ and
K~ mesons undergo an additional mass modification due to
an external magnetic field, whereas the neutral K 0 and K©
have comparatively negligible changes due to magnetic field.
To derive this mass modification of K and K in the presence
of a magnetic field, the scalar and vector fields are solved
from equations of motion obtained by minimizing the ther-
modynamic potential density. The effective mass and decay
width of ¢ meson have been calculated from in-medium mass
modification of kaons and antikaons.

In the present work, the parameters kg, kp, and k4 gov-
erning the scalar self-interactions of the fields o, ¢, and x
are fitted by minimizing the thermodynamic potential den-
sity in the vacuum, accurately representing the spontaneous
breaking of chiral symmetry. The parameter k; is set to
match the vacuum mass of the o meson, while k3 is cal-

ibrated to reproduce the mass splitting between the 1 and
n’ mesons [122]. Additionally, the scalar coupling constants
are adjusted within the model to obtain the vacuum masses
of the baryon octet, and vector coupling constants are fit
to reproduce nuclear saturation properties, binding energy,
compressibility and symmetry energy [122]. The parameter
d, which is related to scalar scale breaking, is determined
from the one-loop QCD beta function. The vacuum value
of xo is chosen to ensure zero pressure at nuclear saturation
density, whereas o and ¢ are fitted to the decay constants
of the 7 and K mesons, respectively. The model parame-
ters in the current work are given in Table 1. The isospin
asymmetry of the medium accounting for unequal densities
of isospin multiplets is represented in terms of parameter, 1,
=— &%3;/)}’ where, pp, is the total baryonic density. To con-
sider the relative abundance of strange baryons within the
hadronic system under investigation, it is characterized by
the strangeness fraction parameter denoted as f; = %,
where s; is the strangeness number of the i™ particle.

In Figs. 1, 2 and 3, the variation of K and K masses have
been shown as a function of varying magnetic field at bary-
onic densities, pp = 0, pp and 2pp and temperature values,
T =0, 100 and 150 MeV, respectively. The value of bary-
onic density is set to low values to consider the conditions
of heavy-ion collisions like LHC and RHIC, where the mag-
netic field is anticipated in low-density regimes [96]. The
in-medium masses have been depicted for f; =0 and 0.3 and
isospin asymmetry parameter, I, = 0 and 0.3. The effective
masses of kaons and antikaons are determined from the dis-
persion relation in Eq. (23), incorporating additional positive
shifts for the charged mesons as defined in Eq. (26). These
shifts result from the direct interaction of these mesons with
the magnetic field through minimal coupling. The vectorial
Weinberg—Tomozawa term, the first term in self-energy of
kaons and antikaons in Egs. (24) and (25) induces a rise in
mass for kaons and a drop in the mass for antikaons as a
function of density at zero magnetic field strength. In this
scenario, the second term, referred to as the scalar exchange
term, is attractive for both kaons and antikaons. The last three

Table 1 Parameters used in the

present work ko ki ka ks kg oo (MeV) So (MeV)
2.53 1.35 —4.77 —2.77 —0.21 —933 — 106.763
8o X0 po (fm™?) SoN &N 8N BN
0 409.76 0.15 10.6 —0.46 2.48 13.32
8pN 8oA 8cA 8sA 84 d 8ox
5.48 7.52 5.80 0 79.81 0.064 6.13
8&s 8sx Sz (MeV) Sk (MeV) 8oE 1430 8s&
5.80 6.79 93.3 122.143 3.78 9.14 2.36
my (MeV)  mx MeV)  my (MeV)
139 498 939
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Fig. 1 The masses of K and K I,=03
have been plotted as a function 700 700 T T T T
of magnetic field for baryonic () =7
densities, pg = 0, pg and 2pg at 650 650 //4,‘/'/_’/,/-/"—' 1
temperature, 7' = 0. Plots have > =
- S 600 600 | T
been shown for varying values > s
pf strgngeness fraction, f, and L 550 sso b ///'/{/,_v ~
isospin asymmetry parameter, I, * = Pt
500 500 f 27
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””” pe=pofs=0 -~ pp=py,f;=03
— pp=0

terms in the self-energy account for range effects. The first
term is repulsive, whereas the second and third range terms
(designated as d; and d») are attractive for both kaons and
antikaons.

In isospin-symmetric matter represented by I, = 0, the
value of the scalar-isovector meson field, §, and vectorisovec-
tor meson field, p, remains zero for the vanishing value of
the magnetic field. Thus, the isospin doublet pairs, K+ and

@ Springer

K9 K~ and K°, have equal masses for all densities and tem-
peratures. But in asymmetric matter, the masses of isospin
doublets undergo changes due to the non-zero contribution
of § fields. For eB = 0, T = 0 and I, = 0.3, K+ mass
decreases by 0.36% whereas K° mass increases by 0.43%
in non-strange medium at saturation density. Due to the non-
zero value of § and p fields for finite 1,, the effective mass of
the K+ meson derived from Eq. (24) is predominantly influ-
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Fig. 2 The masses of K and K I,=03
have been plotted as a function 700 700 T T T T
of magnetic field for baryonic () _ =
L5 =
densities, pg = 0, pg and 2pg at _ 650 650 =TT T
temperature, 7' = 100 MeV. > T
Q600 600 | =
Plots have been shown for b= T
varying values of strangeness \I; 550 s50 | T -
fraction, fs, and isospin ‘= o
asymmetry parameter, I, 500 500 b -
450 L 450 L
0 2 4 6 8 10 0 2 4 6 8 10
540 540
< (d)
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> 520 f_ 520
Q - —
S o
S e 2
L i I
g 500 f 500
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0 2 4 6 8 10 0 2 4 6 8 10
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2 2
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—— pp=0

enced by the scalar and vector densities of baryons with a pos-
itive 73 value. Conversely, the self-energy of the K meson is
primarily dictated by the densities of baryons with a negative
73 value in Eq. (24). Consequently, the Weinberg—Tomozawa
term tends to be more repulsive for K° mesons, thus sup-
pressing the attractive contributions from the d» range term.
In case of K isospin doublet, as the isospin asymmetry
is increased from O to 0.3, the effective mass of K~ (KY)

increases (decreases) by 2.29%(2.09%). Note that the oppo-
site behavior of K+ and K~ meson masses for increased
isospin asymmetry is because of Weinberg Tomozawa term
which contribute with opposite sign for K and K mesons (see
the sign of first term in Eqs. (24) and (25)). Thus, the mass
of K decreases while that of K~ increases for an increase
in the isospin asymmetry I, at given density and magnetic
field.
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Fig. 3 The masses of K and K I,=03
have been plotted as a function 700 700 T T T T
of magnetic field for baryonic () ]
densities, pp = 0, po and 2pg at 650 650 /’,;_,_.4%"
temperature, 7' = 150 MeV. > /,%,’f-’i Tt
L 600 600 _=El 1
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Transitioning from a nonstrange to a strange medium, the
mass of the K+ and K© meson experiences a decrement. This
trend arises because the range term d; becomes more nega-
tive in transitioning to a strange medium while the d, term
becomes less negative. As a result, the attractive nature of the
dj term prevails over the range terms, leading to an overall
decrease in the masses of both KT and K° mesons within
the strange medium as a function of density. Whereas due
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to the attractive contribution of vectorial term, the masses
of K~ and K increase in the strange matter as the den-
sity value increases for a given magnetic field value. In the
case of the finite magnetic field, the mass of charged kaons
(KT and K ) is modified due to their direct interaction with
the magnetic field, whereas, for electrically neutral mesons
(K and K©), there is no corresponding mass modification
for pp = 0. The interaction of the nucleons and hyperons
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with the magnetic field leads to a nonzero value for the §
field for all density values, indicating that isospin symmetry
is broken despite 1,=0. The masses of the K and K are
impacted due to the change in density, the strangeness frac-
tion, and the asymmetry of the system. At nuclear saturation
density, the masses of K * and K~ have been shown to rise
by 32% and 39% when eB/mjo is changed from 0 to 10 in
nuclear non-strange symmetric matter. The authors in Ref.
[116] have reported an increment of 25% and 32% in the
masses of KT and K~ for similar conditions in analysis of
nuclear matter in the framework of the chiral hadronic model
when eB/m% varies from 2 to 8. The masses of K and K
show very little change with the rise in temperature value for
a given density value. With the increase in the temperature
value, there is an increase in masses of K and K, but this
is more evident at high-density values [84]. Using the quark
meson coupling model in nonstrange symmetric nuclear mat-

the mass of kaons decreases as a function of baryonic density.
An increase in masses of kaons and decrease in masses of
antikaons as a function of density has been observed in Ref.
[81] by employing a relativistic transport model approach.
As discussed earlier, the values of parameters d; and d»
appearing in Eq. (22) are determined using the kaon-nucleon
scattering length. If the value of d| and d, are increased by
10% in the non-strange isospin symmetric matter, there is a
decrease in effective mass of K*, K%, K~ and K° by 0.9%,
1.2%, 0.7% and 1.0%, respectively, at saturation density for
eB = 5m2 and temperature T = 0. On the contrary, for a
decrement of 10% in values of d; and d;, there is an increase
in the effective mass of K+ by 1.0%, K° by 1.3%, K~ by
0.8% and K° by 1.1%.

Utilizing the in-medium masses of kaons and antikaons,
it is possible to compute the in-medium optical potgntial

for finite momentum conditions by using UI*{ ( k)(a), k) =

ter at zero temperature, the authors in Ref. [85] observed that > > . . >
P ’ [85] wk) — k2 + m’;(k)z. In this expression, w (k) represents
Fig. 4 The mass of ¢ meson I,=0 ,=03
has been plotted as a function of 1060 1060 . . .
magnetic field for baryonic m (b) \ihﬁv,
densities, pp = 0, pg and 2pp at P
temperature, 7 = 0, 100 and 1040 | //4,11.—-’»""/' )
150 MeV. Plots have been T —
. o —
shown for varying values of Pt —
strangeness fraction, f;, and 1020 | 7= -
. ; ’ Pt —~
isospin asymmetry parameter, I, = -
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Table 2 The above table shows the values of the in-medium mass of ¢ meson (mass and 7 are expressed in the units of MeV)

fs  eB/m2 =0 eB/m2 =5 eB/m2 =10
1,=0 1,=0.3 1,=0 1,=0.3 1,=0 1,=0.3
£0 2p0 £0 2p0 00 2p0 00 2p0 00 2p0 £0 2p0
T=0 0 10145 1004.6  1014.6  1011.1  1033.3 10243 1033.6 1033.3 1045.6 10393 10458 1054.3
0.3 10128 1001.1  1013.2 1002.1 10322 1021.0 10324 10222 10448 10369 10449 1038.1
T=100 0 10159 1008.6 1016.0 1008.8 10344 10279 10345 10284 10463 1041.6 1046.4 1042.1
0.3 10143 1005.2 10142 10053 1033.1 10244 1033.1 1024.7 10454 1039.3 10454 1039.6
T=150 0 10153 1008.3 1015.0 1007.8 1033.8 1027.3 1033.4 10265 1045.0 1038.9 10444 1037.3
0.3 10145 1006.3 10144 10062 1033.3 10254 1033.1 10252 10449 1038.0 10444 1036.9
Fig. 5 The decay width of ¢ =0 [,=03
have been plotted as a function 25 25 T T
of magnetic field for baryonic (a) [r=ovev] (b) [r=ovev]
densities, pp =0, po and 2pg at 20 N 1 20 1
temperature, 7 = 0, 100 and 150 9 15 \‘ N 15 \\\
MeV. Plots have been shown for § N \\\\
varying values of strangeness & 107 \\\ 10°r SO
fraction, f;, and isospin e s AN - SO 5N SO
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the energy of the kaon or antikaon at momentum k.In regimes
of extremely low densities, where the impulse approximation
holds U ~ —4mag yp, the optical potential for antikaons
will exhibit a positive value due to the repulsive nature
of the scattering length at the KN threshold [159]. Initial
efforts to derive the antikaon-nucleus potential from exam-
ining kaonic-atom data indicated notably potent attractive
potentials, ranging from — 150 to — 200 MeV at the nuclear
saturation density, po [160]. The coupled-channel approach
yields attractive potentials of range — 50 to — 80 MeV at
po for antikaons by incorporating medium effects via Pauli
blocking and the self-consistent treatment of the antikaon’s
self-energy, a necessary aspect for explaining kaonic atom
data [161,162]. However, the present study and other theo-
retical approaches to the in-medium characteristics of kaons
and antikaons have relied on the mean-field approach. This
method has also been utilized to explore the properties of
K and K at high values of pp, as demonstrated in previous
works [84,85,139,163]. A slightly attractive potential for K+
meson for densities lower than 2.5p¢ has been predicted in
the mean-field quark meson coupling model in Ref. [164].
Such investigations are relevant to the high baryonic density
conditions that may be generated in the forthcoming com-
pressed baryonic matter (CBM) experiment at the Facility
for Antiproton and Ion Research (FAIR) in Darmstadt.

In our previous non-magnetic investigation of ¢ meson,
the mass and decay width dependence on varying regular-
ization parameter values has been studied in detail [84]. It
has been reported that there is a decrease in the value of
decay width with a change in A, from 1 to 4 GeV. In Fig. 4,
the effective mass of ¢ meson has been shown as a func-
tion of magnetic field for different temperature and density
values for regularization parameter, A, = 3 GeV. The mass
modification of ¢ meson in the hadronic medium with vary-
ing magnetic field and temperature values are derived from
in-medium masses of K and K and have been tabulated in
Table 2 for different input parameter values. With an increase
in the magnetic field, due to a constant increase in masses of
K+ and K ~, and negligible change in masses of K° and K,
as a result, there is a continuous rise in the mass of ¢ meson
for all values of I, and f;. For low values of the density,
there is a very negligible change in the masses of K and K
with increasing temperature, and hence, the m:; changes from
1014 MeV at T =0to 1015 MeV at T = 150 MeV for pp =
po in case of non-strange symmetric matter at zero magnetic
field strength.

From Table 2 we observe that, for a give baryon density
pPB, at low temperature, the in-medium masses of ¢ mesons
decreases slightly as a function of isospin asymmetry of
the medium, whereas, at high T, there is observed to be a
slight increase. This behaviour can be understood in terms
of isospin dependence of scalar fields o and ¢ within the
chiral SU(3) model. In the chiral SU(3) model, to calculate

the in-medium properties of different mesons and baryons,
one first solve the coupled system of equations for the scalar
fields o, ¢ and § and vector field w, p and ¢. The behaviour
of in-medium masses of mesons is closely related to the val-
ues of scalar fields o and ¢. For given isospin asymmetry of
the medium, the magnitude of scalar fields decreases with an
increase in the baryon density of the medium. On the other-
hand, for given density and at low temperature, an increase
the isospin asymmetry of the medium causes a slight increase
in the magnitude of these scalar fields. However, as the tem-
perature is increased, the impact of isospin asymmetry of the
medium is decreased. This behaviour of scalar fields as a
function of isospin asymmetry is reflected in the in-medium
masses of ¢ mesons. By considering pseudoscalar and vec-
tor mesons mixing (PV mixing), a monotonous rise in the
¢ meson mass for increasing magnetic field values has also
been observed in Ref. [165]. In the study of the mass mod-
ification of light vector mesons by applying the QCD sum
rules approach, a negligible change with the magnetic field
is noticed for ¢ meson [166—168]. However, with the change
in density from pg to 49 at a fixed value of eB /m,zr =4in
isospin asymmetric nuclear matter, a decrease of 0.42% in ¢
meson mass has been reported.

Figure 5 depicts the in-medium partial decay width (F(’;)
as a function of the magnetic field for different temperature
and density values. The decay width has been calculated by
obtaining the imaginary part of the self-energy for the decay
of ¢ meson into K K pair [169]. The in-medium value of
the partial decay width of ¢ meson has been tabulated in
Table 3. As the value of density increases from zero to 29,
there is a rise in the value of the partial decay width of ¢
meson for all values of magnetic field and temperature. As the
magnetic field strength increases, the masses of the charged
kaons, (KT and K 7), also shows an increment. In the decay
process ¢ — KK, it is a fundamental requirement that the
parent ¢ meson must have a mass greater than the combined
masses of the decay products. Consequently, as the masses of
the K and K~ increase with the magnetic field, the available
phase space for the decay process diminishes. This reduction
in phase space leads to a decreased probability of ¢ meson
decay as the magnetic field strength increases, resulting in
a suppression of the decay width under stronger magnetic
fields. This behavior underscores the significant influence of
the medium, particularly the magnetic field, on the decay
dynamics of the ¢ meson.

A comparatively high decay width is observed in a shift
from non-strange to strange medium for all density values in
the magnetic and non-magnetic medium. This is attributed to
the fact that there is a drop in mass of ¢ meson in the strange
medium and increased density. For all values of 1, and f;, the
decay width ceases to be zero with increasing magnetic field
and given value of density and temperature. As explained
before, due to the increase in mass of K and K with increas-
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Table 3 The above table shows

the values of partial decay width fs eB/m3 =0 eB/m7 =5 eB/m3 = 10
of ¢ meson (decay width and T I, =0 1, =03 I, =0 I, =03 I, =0 I, =03
;/r[‘;\‘;’;pressed in the units of po 200  po 2p0 po 2p0  po 2p0 P 200  po 2p0
T=0 0 73 186 72 17.6 0 0.8 0 0.5 0 0 0 0
03 89 231 85 218 0 2.5 0 1.7 0 0 0 0
T=100 O 6.1 13.7 6.0 135 0 0 0 0 0 0 0 0
03 75 176 175 175 0 0.7 0 0.6 0 0 0 0
T=150 O 6.6 140 69 146 0 0 0 0.1 0 0 0 0
03 72 161 73 163 0 0.4 0 0.4 0 0 0 0

ing magnetic field, after a certain value of e B, the collective
masses of K and K is greater than the mass of ¢ meson. As the
value of the mass of products becomes greater than the mass
of the decaying particle, the decay width becomes zero. This
signifies the zero probability of occurrence of such decay
processes at a high magnetic field value. For a given value of
temperature and magnetic field, with the increase in the value
of density and the strangeness of the medium, the mass of ¢
meson decreases. Thus, the decay width increases as a func-
tion of density. Thus, the decay width value becomes zero at
comparatively higher magnetic field values with increasing
density. By employing a chiral mean-field model, comple-
mented by a phenomenological K — ¢ interaction, a similar
trend in the decay-width of ¢ meson with varying magnetic
fields has been studied in Ref. [107]. In heavy-ion collision
experiments, employing the decay width allows for measur-
ing ¢ meson production in pN collisions [170,171]. Com-
paring experimental data with model predictions will provide
insights into the production of ¢ mesons in the strange asym-
metric hadronic matter.

4 Summary

In summary, the medium modification of K and K masses
in asymmetric magnetized strange matter have been uti-
lized to study the in-medium properties of ¢ meson. The
medium modifications are considered by considering the
interactions of scalar and vector fields in the framework of
a mean-field effective chiral SU(3) model. The masses of
kaons and antikaons are calculated by solving the interaction
Lagrangian. These in-medium masses of K and K are further
incorporated in the self-energy of ¢ meson by contemplat-
ing the one-loop level corrections in the decay process ¢
— K K. By using the effective mass of ¢ meson, the partial
decay width of the given process is calculated from the imag-
inary part of the self-energy. The temperature dependence of
the K, K, and ¢ in an external magnetic field is examined
by analyzing the change in scalar and vector fields at varying
density and temperature values. Due to the electromagnetic

@ Springer

interaction and Landau quantization in the presence of an
external magnetic field, a significant linear rise in charged
K™t and K~ masses is observed. Whereas the mass mod-
ifications in uncharged K° and K° mesons are attributed
to changes in density and temperature conditions. Due to
these interactions, ¢ meson mass increases monotonously
with increasing magnetic field. When the effective mass of ¢
meson becomes comparatively less than the decay products
in the defined decay channel, the partial decay width becomes
zero, resulting in F;‘; becoming independent of applied mag-
netic field strength.

Our current investigation focuses on the ¢ self-energy
within the medium, primarily attributing it to the modifi-
cations in the kaon-antikaon loop induced by the medium.
The ¢ meson is critical in resolving the hyperon puzzle in
neutron stars and magnetars [172,173]. Hyperons soften the
hadronic equation of state at medium to high densities, reduc-
ing the maximum mass of neutron stars below observed val-
ues like the two solar mass PSR J1614-2230 [174]. The ¢
meson introduces additional repulsion in hyperon-hyperon
interactions, potentially reconciling theoretical models with
observations. Our findings suggest that the ¢ meson remains
stable under high magnetic fields, confirming its role as a
probe in high-energy hadronization processes. However, fur-
ther exploration into the role of gluonic color forces is imper-
ative to comprehensively understand the binding mechanism
of the ¢ meson to a nucleus [85,175]. The future experiments
at J-PARC E16 Collaboration aim to investigate the potential
existence of a ¢-nucleus bound state and quantify the sys-
tem’s binding energy [176]. This may be achieved by gener-
ating predominantly slow-moving ¢ mesons, where the most
significant nuclear matter influence is anticipated [177]. The
varying potentials experienced by kaons and antikaons hold
particular significance in the context of neutron-rich heavy-
ion beams, especially in experiments such as the Compressed
Baryonic Matter (CBM) experiment at the forthcoming FAIR
project [16] at GSI, Germany, and in proposed experiments
at the Rare Isotope Accelerator (RIA) laboratory in the USA.
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