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¢ meson mass and decay width in strange hadronic matter
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The in-medium mass and decay width of the ¢ meson in hot asymmetric strange hadronic matter is calculated
using an effective Lagrangian approach for the $K K interaction. The in-medium contributions of the KK loop to
the ¢ meson self-energy are computed by the medium modified kaon and antikaon mass, which is evaluated using
the chiral SU(3) model. To deal with the ultraviolet divergence, we regularize the loop integral of self-energy
with a dipole form factor, and present the results for the range of cutoff mass A, = 1-4 GeV. In chiral model
calculations, for strange matter, we find that the mass of kaons and antikaons decreases with the increase in
baryonic density, whereas the finite temperature causes an increase in the mass. We observed that the in-medium
¢ meson mass decreases slowly with baryonic density whereas the decay width increases rapidly. The results in
the present investigation support a result in the literature which indicates a small downward shift in mass and a
large broadening in the decay width. In the asymmetric strange hadronic matter, the study of the ¢ mesons can
be relevant for compressed strange baryonic matter. The experimental observables such as dilepton spectra can
perhaps be extracted from experiments in the future Facility for Antiproton and Ion Research (FAIR) facility at
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I. INTRODUCTION

The study of hadron properties in strange asymmetric mat-
ter at finite temperature is of considerable interest, and leads to
understanding the quark gluon plasma (QGP) phase diagram
in strong interaction physics [1-9]. Experimentally, heavy
ion-collisions (HICs) play an important role in the study of
hot and dense matter in the region of nonperturbative QCD.
In HICs, when two asymmetric nuclei collide, the fireball
containing QGP comes into existence. Within a very short
interval, the fireball expands and converts into an ensemble of
particles which consists of nucleons, hyperons, and mesons,
collectively known as hadronic matter [10]. In a hadronic
medium, the baryons and mesons are the degrees of free-
dom, therefore only nonperturbative physics can be applied
here. Furthermore, due to the presence of strange particles in
the medium, it is very important to include the strangeness
fraction while studying the properties of mesons in hadronic
matter. We see significant progress toward understanding the
properties of strange dense matter at moderate temperature
with the construction of future experiments such as CBM at
the GSI Facility for Antiproton and Ion Research (FAIR),

“rajesh.sism@gmail.com
fiitd.arvind @ gmail.com

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI. Funded
by SCOAP.

2469-9985/2020/102(4)/045206(13)

045206-1

the Nuclotron-based Ion Collider Facility (NICA) at Dubna,
Russia, and J-PARC in Japan [10,11].

The in-medium study of light vector mesons (p, o,
and ¢) includes interest in theoretical and experimental re-
search [12-21] because of their role in exploring dilepton
production in HICs. Dilepton production is considered a
promising observable because of its weak interaction with
baryons and mesons [21-27]. We are motivated to study the
properties of the ¢ meson, particularly because of (i) the
strong interaction with nucleons and u/d quarks [19,28-30]
and (ii) the interaction of ¢ mesons with strange baryons and
mesons. In the literature, using QCD van der Waals forces, the
¢ meson is used to test the multi-gluon exchange theory [31]
and has implications for understanding dark matter [32-34].
There is also a possibility of ¢-mesic nuclei formation due
to the negative mass shift in nuclear matter [19,35-38]. The
strong interaction of ¢ mesons with u/d quarks occurs due to
the interplay with KK pairs, therefore, the in-medium prop-
erties of the kaon and antikaon play a crucial role. Kaplan
and Nelson initiated the study of in-medium properties of
kaons and antikaons [39]. They observed the negative mass
shift of antikaons in the neutron star medium and suggested
the possibility of antikaon condensation. The downward mass
shift comes from the strong attractive interaction of the an-
tikaons with nucleons. Due to this attractive interaction, the
effective energy of the mesons becomes low by transform-
ing in the attractive scalar field. The annihilation of KK
into a dilepton mainly proceeds through the ¢ meson, which
helps us to understand the properties of the ¢ meson in
the dense hadronic medium [21-27]. Due to the relevance
of K and K isospin doublets in heavy-ion collisions, many
theoretical [8,40-50] and experimental [51-54] investigations
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have been made. The free space antikaon-nucleon scattering
amplitudes are obtained from the covariant unitarized chiral
coupled-channel approaches, which include the method of
partial waves systematically [46,49,55-58]. The evaluation
of the kaon self-energy from this mechanism explains the
K~ meson interaction in hadronic matter. At nuclear satura-
tion density, an attractive potential of about 40 to 60 MeV
is obtained from these calculations. Furthermore, using the
chiral SU(3) model, the properties of kaons and antikaons are
studied in isospin asymmetric nuclear matter at finite temper-
ature [59], and in strange matter at zero temperature [8].

The in-medium theoretical observations of the ¢ meson
mass and the decay width have been studied extensively in
the literature. Several authors have speculated on the small
downward mass shift and broadening in the decay width of the
¢ meson [19,21,28,60-63]. By considering the contributions
of the kaon-antikaon loop to the self-energy, Ko et al. used the
chiral perturbation theory to calculate the density-dependent
kaon mass and found that at nuclear saturation density, oo,
the ¢ meson mass decreases very little (at most 2%), and the
width has the value ~25 MeV [21]. Also, the observation of
substantial broadening of the decay width has been made [21].
In Ref. [60], at pg, Klingl et al. reported the downward ¢
-meson mass shift (<1%) and the broadened decay width of
45 MeV. Using the QCD sum rule approach with the lin-
ear density approximation, Hatsuda and Lee computed the
in-medium ¢ mass, and predicted a small decrease at the
nuclear saturation density [61,62]. The large broadenings of
the ¢ decay width of about 30 MeV in Ref. [28] and 22
MeV in [63] were anticipated. Recently, in Ref. [19], Cobos-
Martinez et al. reported the downward mass shift of 25 MeV
and the large broadening width of 32.8 MeV at the nuclear
saturation density. Experimentally, the large broadening of
the in-medium decay width has been investigated [64—67]. At
the nuclear saturation density, the KEK-E325 Collaboration
computed a decrement in mass (3.4%) and an increase in the
in-medium decay width (*~14.5 MeV) of the ¢ meson [64]. In
Ref. [65] SPring8 reported a large value of N cross section
in the medium, which results in the decay width of 35 MeV
and is consistent with the experimental data [66,67]. Further
experimental efforts are needed to understand the ¢ meson in
the medium.

In the present article, we report the results of the in-
medium ¢ meson mass and decay width in hot asymmetric
strange hadronic matter by taking into account the medium
induced kaon and antikaon masses. The in-medium K and K
properties are incorporated by a chiral effective Lagrangian
using the chiral SU(3) model [8,68]. We calculate the in-
medium masses of K and K mesons at finite temperatures
in strange hadronic matter and the decay width of ¢ me-
son. The chiral model is a nonperturbative hadron based
model to describe the in-medium properties of hadronic
matter [5-7,59,69-79]. It has also been applied to study
the effect of a magnetic field on the in-medium properties
of quarkonia [10,74] and open charm mesons [68,79]. To
study the KK loop contributions in the ¢ meson decay, we
use the effective Lagrangian of the ¢KK interactions
and solve the loop integral by using regularization tech-
niques [19,80]. In the current work, we include the contri-

butions from the K and K loop by utilizing the in-medium
masses my., ml*@, my_,and m}o. These in-medium masses are
different from those in works such as Refs. [19,35], where the
K contribution to the KK loop was suppressed by equalizing
the mass via the relation mg=my.

The layout of the present paper is as follows: In Sec. IT A,
we concisely discuss the methodology to obtain the in-
medium scalar and vector fields in hyperonic matter. In the
Sec. II B, we calculate the induced mass of the kaon and
antikaon via the interactions of the chiral model fields. The
theoretical approach to calculate the in-medium mass and de-
cay width of the ¢ meson is discussed in Sec. IIC. In Sec. III,
quantitative results of the present findings are discussed, and,
to summarize, we conclude our work in Sec. IV.

II. METHODOLOGY

We use the chiral SU(3) model to study the impact of
isospin asymmetry and strangeness fraction on the scalar and
vector fields. Further, the ¢-meson mass and decay width are
calculated from the self-consistent Lagrangian approach. In
the forthcoming subsections, we briefly describe the formal-
ism used to obtain the results.

A. The hadronic chiral SU(3) model

The chiral SU(3) model comprises fundamental QCD
features such as the trace anomaly and nonlinear realiza-
tion of the chiral symmetry [10,68,69,81-84]. In this model,
the meson-baryon interactions are explained through the ex-
change of the scalar and vector fields. o is a nonstrange
scalar-isoscalar field and corresponds to the scalar meson
09(500). This meson is composed of light « and d quarks (ud).

¢ is a strange scalar-isoscalar field identified with the scalar
meson with strange quark content s5 [85] and plays an im-
portant role in strange matter. Further, the scalar-isovector
field § is introduced in the relativistic mean-field models to
study the properties of isospin asymmetric matter. This field
is identified with the meson having quark content ~(iiu-dd).
The ¢ and § mesons are generally identified with mass
around 980 MeV [85-87]. The nucleons and hyperons in the
medium interact through the exchange of the scalar fields
o, ¢, and § along with the vector fields w, p, and ¢. The
scalar fields contribute to the medium range attractive inter-
actions and the vector fields contribute to the short range
repulsion or attraction depending upon the nucleon-meson
interactions. For example, as we will see later the vectorial
Weinberg-Tomozawa term gives a repulsive contribution to
the kaon-nucleon interactions and an attractive one for the
antikaon-nucleon case. Moreover, the scalar dilaton field, x
denotes the glueball field, which is a hypothetical gluon field
containing gluon particles. It is introduced in the chiral models
to mimic the trace anomaly property of QCD [69,88]. To
simplify, the effects of fluctuations near phase transitions are
neglected by using the mean-field approximation [68,70]. The
model is successful in explaining nuclear matter, hypernuclei,
finite nuclei, and neutron stars [10,68,69,81-84].
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The hadronic chiral effective Lagrangian is given as

ﬁchiral = »Ckin + Z EBM + »Cvec + ACO + ESBa (1)

M=S,V

where Ly, denotes the kinetic energy term, Lg,, is the baryon-
meson interaction term, L., produces the vector meson mass
through the interactions with the scalar mesons and contains
the quartic self-interaction terms, and £y and Lgp define the
spontaneous chiral symmetry breaking and the explicit chiral
symmetry breaking, respectively. The symbols S and V repre-
sents the scalar and vector mesons, respectively. There exist
D-type (symmetric) and F-type (antisymmetric) couplings
corresponding to the baryon-vector meson interaction terms.
Here we have used the antisymmetric coupling [7,8]. As
per the vector meson dominance model, the D-type coupling
should be less, which also follows the universality princi-
ple [89]. We choose the medium parameters [8] to dissociate
nucleons from the strange field ¢, which leads to an ideal
mixing between ¢ and w.

By using the Euler-Lagrange equations for the o,
¢, 6, w, p, ¢, and x mesonic fields of the chiral
model, we obtained the following coupled equations of

J

4
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0
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d 4 20 X 2 )
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0
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X
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0
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In the above equations, the model parameter k; (i = 1 to 4) is fitted to regenerate the vacuum values of the scalar fields [73],
and m,, mg, fr, and fx denote the masses and decay constants of pion and kaon, respectively. The values of these parameters,
along with other coupling constants, are fitted in the model to reproduce the vacuum masses of the baryon octet and are
tabulated in Table I. In the equations of motion, p; and p; characterize the vector and scalar densities of the ith baryon

(i=p.n A X 2% E7, 2% [8,10] and are defined through the relations

L 1
Pr= ] e \ T+ exp (BE (O

and

1
=i - - ©)
— Dl T+ explBE(K) + )]

(10)

s d3k m 1
Pi Qr ) Er (k)

respectively, where f = % and y; is the degeneracy fac-

tor. Further, in this model the isospin asymmetry and
strangeness are incorporated through the parameters n =
—E’;;;p L and f; = % ‘AB") L, respectively. The t3, |s;|, and pp
symbolize the isospin quantum number (third component),
number of strange quarks, and the total baryonic density,
respectively.

J

1 +exp[B(E (k) —

1
il T T+ exp BE; (k) +u:f>])’

B. Kaon and antikaon interactions in the chiral model

In this subsection, we evaluate the in-medium mass of the
K (K) mesons via the dispersion relation [90] in hot asymmet-
ric strange hadronic matter [7,78]. The scalar and vector fields
modify the scalar and vector densities of the baryons which
further change the self-energy of the kaons and antikaons.

The interaction Lagrangian density for the kaons and antikaons is written as [8]

Lxp = ——[(217)/ pHay'n—T-ylET + BHyET

412

2E-yHET — L::OVMEO)(K*(aMKJF) — (0,K)K)

+(pytp+2iytn + Ty — Syt — EoprET - 2B EO)(KO(3,K°) — (3,K0)K")]
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+ F[(o + V20 4+ 8)(KTK™) + (0 +~2¢ — 8)(K°K0)]
K

—7[(0 + V27 +8)(@,KT)O"K ™) + (0 + v/2¢ — 8)(3,K°)(8*KO)]
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2f2 (pp +in+ AOA? + S+2+ 4+ 2080 4 -5 + -2 + B0 ((0,KT)(3"K ™) + (3,K°)(3"K?))
K
5 1 i, . -
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2fK 6 2

[1

5 1~ i} _ ; i}
+ <nn + 6AOA0 + 52020 +X T 4+ EE + EOE°>(8MK°)(8“K0):|, (11)

where the first term is defined as the vectorial interaction term (Weinberg-Tomozawa term), which is obtained from the kinetic
part of the interaction Lagrangian. The second term is obtained from the explicit symmetry breaking and the third term is
acquired from the kinetic terms of the pseudoscalar meson of the chiral effective Lagrangian [59,78]. The fourth and fifth terms
are called range terms, which basically arise from the baryon meson interaction Lagrangian of the chiral model [77,78]. We have

d _
L8 = 51 Tr(u,u") Tr(BB) (12)

and
LM = d, Tr(Bu,u"B). (13)
Above, B denotes the baryon octet. The dispersion relation for the kaon and antikaon is obtained by the Fourier transformation
of the interaction Lagrangian, which is given by
—? + K+ my gy — (o, k) =0 (14)
Here IT* symbolizes the in-medium self-energy of kaon and antikaon. The self-energy of the kaon isospin doublet, (K*, K©), is

explicitly given as

. 1
M (w, k) = i 530y +04) £ (o) — 03) £2(p%+ — p3-) — [B(0- + o) £ (0% — p2) ] + E(G +V2¢' +8)
K
di
+|:——(U +/2¢ i3)+7(ﬁf+ﬂg + 000+ P’ 5 + 0% 50 + 0’5+ 05 + ')
K
5
4f2 (0% +0%) £ (0°) = £°) + PPs0 + 3P0+ (0'ne +0°5) £ (05 = 0'x)

+20°5 + ZPSEO):|(602 Sy (15)
where the & signs indicate the self-energy for K+ and K respectively. In the above expression the fluctuations o'(= o — oy),
'(=¢ — &), and 8'(= § — &) indicate the digression of the field expectation values from the vacuum expectation values. Also,
mg k) in Eq. (14) denotes the vacuum mass of the kaon (antikaon).

Similarly, the in-medium self-energy for the antikaon isospin doublet, (K~, K9), is evaluated as

. 1
T (w, [K]) = 4_2[3(;); +00) £ (o) — £)) £2(p% — 0%-) — [3(h- + pko) £ (0 — pEo) ]|+ E(a +20 £68)

fx
[—JT(G +20 £8) + 2f2(p5+p§‘+psm+psz++pszo+psz— +0°5 +0'%)

ds 5
sy <(p 00 £ (P = %) + P’ w0 + 0% 0+ (0'ns + 05 ) £ (P'x = 0'x)
K

+20°5- +20550>j|(602 ) (16)

(

with the = signs for K~ and K© respectively. condition m;k((l?) = w(|k| = 0). The parameters d; and d, in

In strange h?ldronic matter, the i.n-medium mass of the  the expression of the self-energies are taken as 2.56/my and
K (K) meson is evaluated by solving Eq. (14) under the .73 /my respectively [75], fitted with the help of experimental
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FIG. 1. The ¢KK interaction at the one loop level.

values of kaon-nucleon (KN) scattering length [91]. In Ehe
present work, the vacuum values of K+ (K~) and K° (K°)
masses are taken as 494 and 495 MeV, respectively.

C. The in-medium mass and decay width of the ¢ meson

In this subsection, we compute the ¢ meson in-medium
self-energy for the decay process ¢ — KK at the one-loop
level (see Fig. 1). The interaction Lagrangian Ly, [21,92] is
given by

Lin = Ed)KI?’ (17
where

Lokk = igs#" K (3.K) — (3, K)K]. (18)

In above equation, g is the coupling constant and K (g) and

KK, fo) are the isospin doublets of kaons and antikaons.
Note that in order to be consistent with calculations we used
this notation for isospin doublets [19,59,93-95]. However, as
per isospin doublet convention, the notation for K doublet is

(K", —K7)[63]. This convention follows the representation
where particle with —1/2 isospin is considered at a lower
position and results due to the rotation of isospin matrix.

In our present work, we have not considered the interac-
tions of ¢¢KK in the interaction Lagrangian due to the small
contribution to the in-medium masses and decay width as
compared to ¢KK interactions [19].

In the rest frame of the ¢ meson, the scalar part of the in-
medium self-energy from the loop diagram is written as

. 8 d'q
5 (p) = =38 / WqZDK@D,e(q—p), (19)

where  Dg(q)=(¢* — m}}2 + ie)_l and Dg(g—p)=
((q—p)P— m,*(2 + ie)_] are the kaon and antikaon

propagators, respectively; p = (p° = ny, 0) is the ¢ meson
four-momentum vector, with m;‘) denoting the in-medium ¢
meson mass. The m} (= ) and my (= “T%) are
the masses of kaon and antlkaon respectlvely The values of
My, My, My, and mKU will be solved using Eq. (14) and the
in-medium mass of the ¢ is determined from the real part of
I1%(p) by using the following relation [19]:

1<++ KU

my = (m)” + Re TT5(m5 ), (20)

where mg is the bare mass of the ¢ meson. The real part of the
self-energy can be written as [19]

P/ 2 (Ex +Etv)
Oy (g + Epy —my)
(21)

Rel'I;; =

where P denotes the principal value of the integral (19), Ef =
G*+ m}k(z)l/z, and EX = (3° + mH'?.

The integral in Eq. (21) is divergent. To avoid singularities,
we regularize the integral by using the phenomenological
form factor with the cutoff parameter A, [80]. The integral

after regularization is given by

4
Ae d3q A2+ mE
Renz,:——gqﬂ)/ 3ﬁ2 ¢2
(2m) A2 +4Ef
(Ex +EZ)

x * Ik * %\2 A (22)
EKEE((EK + Ef?) — My )

To have an estimate for the value of the parameter A,
appearing in the above equation, the form factor is also
calculated using the quark pair creation model and the
Gaussian wave function for mesons in terms of oscillator
constants [80,96,97]. Then, the value of the root mean square
radii calculated using two different form factors are compared
to obtain an expression for A, in terms of oscillator constants.
In Ref. [80] this procedure was used to estimate A, for the
study of the decay width and the in-medium mass of J/¢
mesons. The value of A, estimated from the expression, A?
= 32(B} + 28;) — 4mj,, was found to be ~ 2.5 GeV. Here,
the D meson vacuum mass, mp, was taken as 1.867 GeV
and the oscillator constants Bp and By were considered as
0.310 and 0.520 GeV, respectively. Further, considering the
uncertainty in the estimated value, results were shown for
different values of A, i.e., 1, 2, and 3 GeV. A similar range is
also used in Ref. [19] for the study of ¢ mesons. In the present
investigation, for the kaon vacuum mass mg = 0.494 GeV and
assuming the oscillator constants of ¢ and K mesons to be
equivalent to those of J/v and D mesons, respectively, the
estimated value of A, may increase. Therefore, to understand
the dependence of results on the parameterA ., we consider its
values in the range 1 to 4 GeV.

The value of coupling constant g4 is determined as 4.539
from the empirical width of the ¢ meson in vacuum [98].
The bare mass of the ¢ meson is fixed through the constant
g4 and the vacuum mass of the ¢ meson, which is taken
as 1019.461 MeV [98]. The decay width of the ¢ meson is
calculated from the imaginary part of the self energy Im ITg,
and is given in terms of the masses of ¢, K, and K [20]; so we
have

— (my —m)) . (23)
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III. RESULTS AND DISCUSSIONS

In this section, we discuss the numerical results obtained in
the present work. First, we discuss the in-medium dependence
of the scalar fields in Sec. III A. In Sec. III B, density, tempera-
ture, isospin asymmetry, and strangeness fraction dependence
of KK masses are presented, and finally Sec. III C is devoted
to presenting the results of ¢ meson mass and decay width.

A. The scalar fields of the chiral model in strange
hadronic matter

As discussed in Sec. I A, within the chiral model we have
solved the coupled equations of motion of the o, ¢, §, ¥,
w, p, and ¢ mesonic fields. In Fig. 2, we plot the variation
of the scalar fields o and ¢, as a function of the baryonic
density at finite values of temperature. We also observe the
effect of the strangeness fraction and isospin asymmetry in
this plot. For every combination of n and f;, we see that
the magnitude of the o and ¢ fields decreases linearly up
to nuclear saturation density (pg) and afterward it decreases
slowly with further increase in the baryonic density. However,
the ¢ field is much less modified as compared to the o field;
for example, in the symmetric and nonstrange medium at zero
temperature and pg = 4, the value of the o field changes
by 67% (as compared with its vacuum value) whereas the ¢
field is modified by 14% only. Furthermore, considering the
effect of the isospin asymmetry of the medium with respect to
density, at a particular temperature, the scalar-isoscalar o field
shows good 1 dependence whereas the strange scalar-isoscalar
¢ field shows negligible n dependence. This is because of
the quark content of the respective field: the former mesonic
field contains u and d quarks which interact with the medium
asymmetry. On the other hand, the latter contains a strange
quark pair (s5). This picture becomes opposite in the strange
medium, as, in the presence of hyperons, the strange ¢ field
shows appreciable modifications whereas the nonstrange o
field shows very little variation. For example, in the symmetric
and strange medium at zero temperature and pp = 409, the
value of the ¢ field changes by 16% (as compared with its
value at f; = 0) whereas the o field is modified by 2% only.
In the symmetric medium, if we move from zero to nonzero
temperature, we observe that in the high density regime the
value of the o field is modified appreciably in both strange and
nonstrange media; at a specific value of density, the magnitude
of the o field increases with the increase in temperature. For
the nonstrange medium, the strange ¢ field shows negligible
T dependence but it turns out to be appreciable in the strange
medium. This is because the presence of the strange content
in the medium modifies the scalar densities of the hyperons
(which depend upon the Fermi distribution functions [10]).
As discussed earlier, in the present investigation, the scalar
and vector fields are calculated from the coupled equations of
motion that contain the expressions of the scalar and vector
densities of baryons.

In Fig. 3, the variation of the in-medium § and x fields are
shown for the same medium attributes. As discussed earlier,
the asymmetry dependence is introduced in this model by the
incorporation of the § field and n parameter, therefore the §

7=0.5

o (MeV)

-100 ! . . -100

o (MeV)

-100 . ! L -100
0 1 2 3 4 0 1 2 3 4
-60 Py T T -60 pan
(e)
=70 1 =70 +
—_
> -80 1 -80 |
O
2
gt -90 _ 1 -90 1
./”""a#
-100 | 1 -100 | 1
(H
-110 . ! L -110 . ! .
0 1 2 3 4 0 1 2 3 4
-60 sl T T -60 =05
’ (2 — (h)
=70 1 =70
—_
> -80
O
2
Iy -90
-100 |
-110

— T=0MeV — - T=100 MeV
-—- T=50 MeV ——- T=150 MeV

FIG. 2. The in-medium o and ¢ fields in nuclear and hyperonic
matter.

field shows appreciable variations in the asymmetric matter
but no modifications in the symmetric matter. At n = 0.5 and
nonstrange medium, the magnitude of the § increases with
density, and it is more pronounced in the presence of strange
baryons. For finite baryonic density, the § field undergoes less
drop at high temperature as compared to the 7' = 0 situation.
The dilaton field x, which is introduced in the model to
mimic the trace anomaly property of QCD [73], varies less
with the increase in baryonic density. The magnitude of the
x field decreases as a function of baryonic density and it
shows variations due to asymmetry and strangeness in the
high density regime. This is because the x field is solved
simultaneously in the coupled equations of motion along
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FIG. 3. The in-medium é and x fields in nuclear and hyperonic
matter.

with other medium fields [68]. In the present chiral SU(3)
model, the modifications of scalar fields with the medium’s
temperature are consistent with the results of the chiral quark
mean-field model [99].

B. Kaons and antikaons in strange matter at finite temperature

In this subsection, we discuss the numerical observations
of the kaon and antikaon mass in strange hadronic matter.
We use the medium induced scalar and vector densities of
baryons in the dispersion relation [Eq. (14)] to calculate the
in-medium mass of these mesons. In Table II, we list the
in-medium masses of the kaons and antikaons for distinct
medium parameters. We plot the in-medium masses of K™
and K° as a function of baryonic density in Fig. 4. We plot
this figure for different values of asymmetry, strangeness, and
temperature. In a nonstrange medium, the masses of the K™
and K° mesons increase with the increase in the baryonic
density. They increases almost linearly for high temperature
but comparative slowly for lower temperatures. As discussed
earlier, the various terms of Eq. (11) explain the kaon and
antikaon baryon interaction. The first term of the Eq. (11)
(known as Weinberg-Tomozawa term) gives repulsive contri-
butions to the masses of K* and K° mesons [8,59]. The meson
exchange term arising from the o and § fields is attractive for
both K+ and K° mesons. In the isospin symmetric matter (at a
particular value of f;), the K° mass shows the same behavior
as mjy.. This is because the K and K° mesons belong to
the same isospin doublet. However, in asymmetric nuclear
matter, the masses of these mesons do not remain the same
because of the asymmetric terms (o; — p;; i 7 j) present in
the Weinberg-Tomozawa term and isospin dependent range
(d») terms. The self-energy of the K+ meson largely depends
upon the scalar and vector densities of the baryons which
have positive 73 values, whereas the self-energy of K largely
depends upon the densities of baryons with negative 73 val-
ues, and due to this the Weinberg-Tomozawa term becomes
more repulsive for K mesons and suppresses the attractive
contributions from the d, term. When we move from the
nonstrange to the strange medium, the mass of the K meson
slightly increases and then decreases with respect to baryonic
density for all temperatures. This is because when we go from
nonstrange to strange medium, the range term d; becomes
more negative whereas the d, term becomes less negative.
Therefore the attractive nature of the d; term dominates the

TABLE I. Various parameters used in the present calculations in the strange hadronic matter [9].

8on(p) 8en(p) &5n(p) 8on(p) 8pn(p) 8o A 8cA 8sA 8o 8=
10.56 —0.46 2.48 13.35 5.48 7.52 5.8 0 6.13 5.8
8sx 85x0 808 8cE 838 zgw/\ 28w2 28p2 8px0 ]gws
6.79 0 3.78 9.14 2.36 2 gy 2 gy 2 gy 0 L gy
gon 8= 8on 25 8= oo MeV) & (MeV)  xo (MeV) d po (Fm™)
0 ! gun ! gun ~Low e —93.29 —~106.8 409.8 0.064 0.15
my (MeV) mg (MeV) Sz MeV) fx (MeV) 84 ko ki ky k3 ky
139 494 93.29 122.14 79.91 2.53 1.35 —4.77 —2.77 —0.218
m, MeV)  m, (MeV)  my; (MeV)

783 783 1020
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TABLE II. Values of the in-medium masses of K+, K°, K~, and K° mesons (in units of MeV).

T = 50 MeV T = 150 MeV
fs n=0 n=0.5 n=0 n=0.5
Po 4po Po 4p0 Po 4p0 Po 4p0

My, 0 524 565.1 509.5 527 526.2 587.9 510.6 530.17

0.5 503.9 470.3 506.6 498.2 506 491.7 498.9 475.2
Mg 0 524 565.1 532.7 613.4 526.2 587.9 534.5 625.1

0.5 503.9 470.4 495.64 426.9 506 491.7 506.7 490.3
my_ 0 458.7 314.9 466.7 352.2 461.8 326.2 468.5 355.1

0.5 473.2 344.1 453.6 302.1 475.6 360.3 470 353
Mo 0 458.7 314.9 444.5 283.3 461.8 326.2 446.6 287.7

0.5 473.2 344.1 487.5 366.8 475.6 360.3 474.3 347.96

range terms and, overall, due to this the masses of K and
K" decrease in the strange medium. The temperature effects
on the masses of K* and K° mesons become smaller for
non-strange asymmetric nuclear matter and for the strange
asymmetric matter, it shows appreciable modifications. In the
regime of high density, the masses of K mesons decrease with
the decrease in temperature. The above behavior can be ex-
plained on the basis of the temperature dependence of baryon
scalar densities. As we increase the medium’s temperature, the
attractive contributions from the range terms start decreasing.

Similarly, we plot the in-medium mass of antikaons K~
and K° in Fig. 5. For the nonstrange medium, we observe
an opposite behavior in the masses of antikaons as com-
pared to kaons because of the attractive contributions from
the Weinberg-Tomozawa term. Furthermore, since K~ and
K° mesons also belong to the isospin doublet, the masses of
these mesons do not show any difference in the symmetric
nuclear matter (for a particular value of strangeness). The
masses of K~ and K” mesons show less impact of temperature
in the nonstrange asymmetric baryonic matter but for strange
asymmetric medium it shows an appreciable variation with
temperature. The explanation lies in the same fact as was
discussed for K mesons in the previous paragraph. Using the
quark meson coupling model, in Ref. [19], the mass of K
meson is studied in the nonstrange symmetric nuclear matter
at zero temperature. In this article, the authors observed that
the mass of kaons decreases as a function of baryonic density.
Moreover, in Ref. [20], using relativistic transport model Li
et al. studied the mass of the K (K) meson along with the
masses of the p and ¢ mesons in the hadronic medium which
contains nucleons, pions, and deltas. They observed that the
mass of kaons increases with the increase in baryonic density
while the antikaons’ mass decreases. Using the kaon and an-
tikaon in-medium mass, one can also calculate the in-medium
optical potential for finite momentum situations via the rela-
tion U;(K)(a), k) = w(k) — mgg) [8,59].

At very low densities, where the impulse approximation
is valid (U ~ —4magyp), the optical potential for antikaons
will come out to be positive because of the repulsive value
of scattering length at the KN threshold [100]. However,
with the approach of mean-field calculations, attractive po-
tentials will obtain at very low densities [19,59,93-95]. This
is because the generation of A(1405) is not considered in

these calculations, though it is usually considered in the
coupled channel approach [46,49,55-57]. However, the work
on in-medium properties of kaons and antikaons using the
mean-field approach is an alternative and has been used by
various groups [19,59,93-95], especially for the study of opti-
cal potentials at high baryonic densities which may exist in
the core of neutron stars and may also be produced in the
CBM experiment of the FAIR project. The kaonic atom data
also demand the attractive potential for antikaons in nuclear
medium. The attractive potentials for antikaons in the coupled
channel approach are obtained even at low densities (which
is required to explain kaonic atom data) due to inclusion of
the medium effect through Pauli blocking and self-consistent
consideration of the K self-energy [46,49,55-58].

C. The in-medium mass and decay width of the ¢ meson

The ¢ meson mass is calculated through the in-medium
self-energy of the ¢ meson at the one-loop level (see
Sec. IIC). In the previous works of Refs. [19,35], the loop
integral was solved under the assumption my = my, but in
the present work the self-energy of the ¢ meson is calculated
by solving the regularized loop integral in the presence of
the medium modified kaons and antikaons where they behave
differently, as discussed in Sec. III B. Note that the temper-
ature dependence of the ¢ meson mass and decay width in
our present calculations is evaluated through the temperature
dependence of the kaon and antikaon masses. In Fig. 6, we
show the in-medium mass of the ¢ meson as a function of
baryonic density by considering the effect of isospin asym-
metry, strangeness, and temperature for cutoff parameter A,
= 3 GeV. The medium induced masses for the different pa-
rameter combinations are tabulated in Table III, From Fig. 6,
we observe that the mass of the ¢ meson decreases as a
function of the medium density. For all permutations of n and
fs» we see that if the temperature of the medium is decreased
then the mass of the ¢ meson also decreases, which reflects
the temperature dependence of kaon and antikaon masses.
Furthermore, the effect of temperature is more visible in the
symmetric matter than in the asymmetric matter. Moreover,
the increase in strange quarks in the hadronic medium leads
to more decrease in m:; The in-medium behavior of the ¢

meson mass reflects the in-medium masses of K and K as
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FIG. 4. The in-medium mass of isospin doublet (K*, K°) in nu-
clear and hyperonic matter.

the self-energy of the ¢ meson loop is calculated using these
medium modified entities. To understand the dependence of
the in-medium mass of the ¢ meson on the cutoff parameter
A, in Fig. 7 the results are shown for A, = 1, 2, 3. and 4
GeV. We observed that in the nonstrange and strange matter
the trend of the in-medium mass m, remains the same with
respect to the baryonic density but it decreases more as we
increase the value of the parameter A, from 1 to 4 GeV.
This is consistent with the observations of Ref. [19] where,
using the in-medium ¢ meson self-energy in the nonstrange
symmetric nuclear matter, Cobos-Martinez et al. studied the
medium induced mass of the ¢ meson. The authors observed
that the mass of the ¢ meson decreases with the increase of
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FIG. 5. The in-medium mass of isospin doublet (K~, K°) in nu-
clear and hyperonic matter.

the nucleonic density and they plotted the results for different
values of the cutoff parameter. At A, = 3 GeV and pp = py,
they observed a 25 MeV decrement in the ¢ meson mass
whereas we observed a 2.59 MeV drop. This is because in
our calculations kaons and antikaons behave differently in the
medium, for example, as we discussed earlier, the Weinberg-
Tomozawa term gives the repulsive contribution to K meson
mass and the attractive contribution to K meson mass. The
values of my and my, are observed as 522.49 and 456.75 MeV
in symmetric nuclear matter at density pp and temperature
T=0.

However, in Ref. [19], the difference in in-medium masses
of kaons and antikaons is not considered in the calculations,
and at py the mass m}, is simply considered as 430 MeV. In
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FIG. 6. The in-medium mass of the ¢ meson in nuclear and
hyperonic matter for the cutoff parameter A, = 3 GeV.

our article, we observed less downward shift in the K and K
masses and therefore a little drop in the ¢ mass. Using QCD
sum rules at zero temperature, Klingl ez al. calculated 1% drop
in ¢ mass at nuclear saturation density [60]. Furthermore,
using the unification of the chiral SU(3) model and QCD sum
rules, the author studied the in-medium mass of the ¢ meson
in the asymmetric strange matter at zero temperature [13] and
observed a very small drop. The author reported a mass shift
of about 20 MeV at a density of 5p¢ in the nuclear medium.
In Fig. 8, we plot the in-medium partial decay width of
the ¢ meson decaying into KK pairs for A, =3 GeV. The
formula for the decay width is derived by extracting the
imaginary part of the loop integral. The medium modified
value of I'} is also listed in the Table III along with my. In
this figure, we observe that the partial decay width increases
(broadens) with the increase in the baryonic density for all
cases of strangeness, temperature, and isospin asymmetry.
The decay width reflects opposite behavior, as was observed
for m;; However, in the asymmetric matter, we observe the
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FIG. 7. The in-medium mass of the ¢ meson in nuclear and
hyperonic matter for different values of the parameter A, at 7 =0
MeV.

temperature effects to be less appreciable, which was also the
case for m. But here, in the decay width case, at a particular
value of the baryonic density the in-medium decay width
increases more for low temperature whereas it was opposite
for the mass of the ¢ meson. The impact of strange matter
on the ¢ mesons leads to more increase in the decay width
with baryonic density. This is because of the peculiar behavior
of K and K mesons in strange matter. This highlights the
importance of the study of strangeness effects on properties
of the ¢ mesons.

The dependence of the decay width of the ¢ meson on the
cutoff parameter A, is shown in Fig. 9 and it is observed
that the values of decay width decrease as A, is changed
from 1 to 4 GeV, which is again consistent with the results of
Ref. [19]. Moreover, Cabrera et al. described the additional ¢
meson decay width, which does not accommodate the effec-
tive masses of kaons and antikaons [28-30]. The additional

K coupling due to A resonance impacts the decay of the

TABLEIIIL. Values of the medium induced ¢-meson mass and partial decay width (MeV) for the ¢ — KK process for different parameters

of the medium. The values are tabulated for A, = 3 GeV.

T =50 MeV T = 150 MeV
f.r n=0 n=0.5 n=0 n=0.5
£o 49 £o 4po Lo 4p0 Po 4p9
m(’; 0 1017.6 999.9 1016.3 1001.3 1018.7 1006.1 1017 1003.3
0.5 1016.3 987 1015 984 1017 993 1016 990
F;; 0 4.8 26.5 5.8 24.4 3.9 18 52 21.6
0.5 5 47.5 6 53.1 5 35.9 6 41.5
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FIG. 8. The in-medium decay width of the § — KK channel in
nuclear and hyperonic matter for the cutoff parameter A, = 3 GeV.

¢ — KK process, followed by K — A(X)h, or the decay
¢N — KA(X). The P-wave K self-energy originates from
the kaon coupling to the Ah, Xh, and £*h hyperons [28].
Therefore, to get a clearer picture, one has to take into account
the effect of an additional K coupling which modifies the self-
energy and hence the optical potential of K. We will study this
effect in the near future by including the additional kaon self-
energy in our model. As per other theoretical and experimental
investigations discussed in the Introduction, the decrement
(increment) in the ¢ meson mass (decay width) in the present
investigation is consistent with the observations of existing
literature with some distinctions. The cause for these dis-
tinctions may lie in the estimation of the kaon-antikaon loop
contributions from different approaches. On the application
side, by utilizing the decay width, the production of ¢ mesons
in pN collisions can be measured [101]. The comparison of
the experimental data with model calculations will clarify
the absorption, production, and momentum dependence of
the ¢ meson in the hadronic medium [102,103]. In [103] the
momentum dependence of the nuclear transparency ratio and
the in-medium decay width of ¢ mesons was investigated.
The extracted values of the decay width are found to have
significant momentum dependence.

IV. SUMMARY

To summarize, using an effective Lagrangian approach we
calculated the medium modified mass and decay width of
the ¢ meson by employing the in-medium K and K masses
from the chiral SU(3) model. We have calculated these prop-
erties up to four times the nuclear saturation density and in

— A=1GeV ——= A=3GeV
—-A=2GeV ----- A=4GeV

FIG. 9. The in-medium decay width of the ¢ — KK channel
the nuclear and hyperonic matter for different values of the parameter
A.atT =0 MeV.

the medium; we considered the nucleons and hyperons as
degrees of freedom. At finite temperature, we observed the
appreciable effect of the strangeness on the in-medium K
and K mesons. The kaon baryon interactions in the strange
medium lead to a decrease in the K and K masses. The mass of
antikaons decreases more appreciably than that of kaons in the
medium. Despite a significant drop in the K and K masses, we
observed a small downward mass shift in the in-medium mass
of the ¢ meson. The impact of temperature becomes smaller
in the asymmetric baryonic medium whereas it becomes high
in the symmetric medium. On the other hand, in the same
medium, the decay width shows broadening and decreases
with the increase in the strange content of the medium. In the
extension of our work, we will study the appreciable effects
on ¢ mesons such as strangeness enhancement in the ¢ mesic
nuclei [104] and absorption and production of the ¢ meson
in the hadronic medium [101,102]. It requires future exper-
imental efforts to understand the medium induced changes
in the ¢ meson properties in the strange medium. A more
systematic study, by the J-PARC E16 Collaboration [105],
is intended to explore the mass shift of vector mesons with
higher statistics. There is also a proposal at J-Lab (following
the 12 GeV upgrade) to study the binding of helium nuclei
with ¢ and 7 mesons [36]. Furthermore, the K*/K° and
K~ /K ratios for different isospins of the beam and target are
promising observables to study the asymmetry effects in the
CBM experiment at the future project FAIR at GSI, Germany,
and at the Rare Isotope Accelerator (RIA) laboratory in the
USA [8].
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