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We investigate the medium modifications of the masses of pseudoscalar open charm (D and D) mesons
and the charmonium state [y/(3770)] in hot isospin asymmetric strange hadronic medium in the presence of
an external magnetic field within a chiral effective model. The in-medium partial decay widths of (3770)
to charged and neutral DD mesons are computed from the medium modifications of the masses of the
initial and final state mesons. These are computed using two light quark pair creation models—(I) the 3P,
model and (II) a field theoretical (FT) model of composite hadrons with quark (and antiquark) constituents.
The production cross sections of y(3770), arising from scattering of the D and D mesons, are computed
from the relativistic Breit-Wigner spectral function expressed in terms of the in-medium masses and the
decay widths of the charmonium state. The effects of the magnetic field are considered due to the Dirac sea
(DS) of the baryons, the mixing of the pseudoscalar (S = 0) and vector (S = 1) meson (PV mixing), the
Landau level contributions for the charged hadrons. The anomalous magnetic moments (AMMs) of
the baryons are also taken into account in the present study. For magnetized nuclear matter, at pp = py, the
effect of Dirac sea leads to inverse magnetic catalysis (IMC), which is drop of the magnitude of the light
quark condensates (proportional to the scalar fields) with increase in the magnetic field, contrary to the
opposite effect of magnetic catalysis (MC) at pp = 0. The inclusion of hyperons to the nuclear medium is
observed to lead to magnetic catalysis. There are observed to be significant effects from the DS and PV
mixing on the properties of the charm mesons. The production cross sections of y(3770) arising due to
scattering of D*D~(D°D®) mesons in the hot magnetized strange hadronic matter are observed to have
distinct peak positions, when the magnetic field is large. This is because the production cross sections have
contributions from the transverse as well as longitudinal components of y(3770), which have non-
degenerate masses due to PV [y(3770) — #..] mixing. These can have observable consequences on the
dilepton spectra as well as on the production of the charm mesons in ultrarelativistic peripheral heavy ion
collision experiments, where the produced magnetic field is huge.
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Probing the properties of hadrons at finite density and/or
temperature is an important and challenging topic of
research as it can have implications in understanding the
experimental observables from heavy-ion collision experi-
ments as well as has relevance in the physics of compact
objects [1,2]. It has been estimated that magnetic fields of
the order of 2m?2 in relativistic heavy-ion collider (RHIC) at
BNL, USA and of around 15m2 in large hadron collider
(LHC) at CERN can be produced in noncentral heavy-
ion collisions, which has initiated lots of studies on the
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in-medium properties of hadrons under strong magnetic
field background [3-5]. Strong magnetic fields are also
expected to exist in the dense astrophysical objects, e.g., the
magnetars [6—8] and also play an important role in the
physics of early Universe [1,2].

The presence of intense magnetic field leads to many
interesting physical phenomenon such as magnetic catalysis
(MC), inverse magnetic catalysis (IMC), chiral magnetic
effect (CME), chiral magnetic wave [9-13]. The time
evolution of magnetic field produced in heavy-ion collisions
is however still debatable. The strength of magnetic field
may decay rapidly in vacuum, but the strongly interacting
medium may cause a delay in the decay and hence an
increase in the lifetime of magnetic field. As discussed in
Ref. [13], the decay time of the magnetic field in the medium
may increase due to conducting medium formed by charged
particles and hence induction effects [14]. The strong
magnetic field produced during the initial stages of
heavy-ion collisions can have imprints on the experimental
observables related to hadrons composed of heavy quarks as
these are also produced during that stage, for example, the
splitting of the directed flow »; of D and D mesons [15].

The properties of light and heavy meson are studied in
the external magnetic field at zero temperature and zero
baryonic density [16-19]. The nonperturbative methods
such as relativistic mean field (RMF) models [20-23],
Nambu Jona Lasinio (NJL) [24] and their polyakov
extended versions (PNJL) [25,26], quark meson coupling
model [27], chiral hadronic model [28], chiral quark mean
field model [29,30], QCD sum rule approach, confined
isospin density dependent model [31] etc., have been used
in the literature to investigate the impact of external
magnetic field on the quark matter, nuclear matter and
compact star properties. The importance of magnetized
Dirac sea in the calculations of the properties of magnetized
matter and its role in observation of (inverse) magnetic
catalysis effect have been explored in Refs. [32-34]. In
Ref. [33], the vacuum to nuclear matter phase transition
was studied using Walecka model as well as an extended
linear sigma model, considering Dirac sea of nucleons but
neglecting the anomalous magnetic moments of the nucle-
ons. The phenomenon of magnetic catalysis, i.e., the
enhancement of chiral condensates with increasing mag-
netic field, was observed in this work [33]. In Ref. [34], the
effects of Dirac sea of nucleons on the vacuum to nuclear
matter phase transition were studied within the Walecka
model considering finite anomalous magnetic moments of
nucleons, and, using the weak magnetic field approxima-
tion for computing the nucleon self energy by summation
of tadpole diagrams. The anomalous magnetic moments
(AMMs) of nucleons were observed to play a crucial role.
The magnetic catalysis effect was observed at zero temper-
ature and zero baryon density with as well as without
consideration of AMMs. However, at finite temperature
and baryonic density, the inverse magnetic catalysis was

observed in the presence of AMMs of the nucleons, which
was observed to be magnetic catalysis when the AMMs
were ignored. The impact of Dirac sea on the properties of
nuclear matter using quantum hadrodynamic (QHD) model
and performing calculations using covariant propagators
[35] for the nucleons with complete effect of magnetic field
and anomalous magnetic moments of nucleons has been
investigated in Ref. [36]. The phenomenon of inverse
magnetic catalysis was also reported in some lattice
QCD calculations [11], where the critical temperature,
T. was observed to decrease with increase in the magnetic
field. The effects of the Dirac sea for quark matter were
investigated using NJL model in [24,32]. The phenomenon
of inverse magnetic catalysis was observed in a study of
magnetic effects on chiral phase transition in a modified
AdS/QCD model [37,38].

The properties of heavy flavor mesons at finite density
and temperature, have been explored extensively in the past,
both for zero as well as finite magnetic field background. In
Refs. [39,40], the properties of pseudoscalar D and D
mesons were studied in nuclear matter at finite temperatures
within a chiral SU(3) model [41], generalized to SU(4)
sector to include the interactions of the charmed mesons.
The properties of open charmed mesons and charmonium
states have been studied in strange hadronic matter in
Refs. [42,43]. The chiral SU(3) model has also been
generalized to SU(5) sector to study the properties of bottom
mesons in nuclear and strange hadronic matter [44-46]. The
chiral model has also been extended to study the impact of
strong magnetic field on open charm mesons, open bottom
mesons, charmonium and bottomonium properties in
nuclear medium in Refs. [47-51]. The conjunction of chiral
SU(3) model and QCD sum rule approach has also been used
to study the properties of open and hidden heavy mesons at
finite density and temperature for nonzero magnetic field
[52-55]. In the presence of finite strong magnetic field the
phenomenon of PV mixing which accounts for the inter-
action of pseudoscalar mesons with the longitudinal com-
ponent of vector mesons has been studied in context
of heavy flavored mesons in Refs. [56-58]. Recently, chiral
SU(3) model is generalized to explore the impact of
magnetized Dirac sea on the in-medium properties of
different mesons [59-63]. Within effective SU(4) model
the properties of charmed mesons were studied in the
nuclear matter at zero temperature, in the presence of strong
external magnetic field including the impact of Dirac sea
[63]. The magnetized Dirac sea along with finite anomalous
magnetic moment of nucleons is observed to lead to the
phenomenon of inverse magnetic catalysis at finite densities
for symmetric as well as asymmetric nuclear matter in
presence of strong magnetic fields. The effects of the
magnetized Dirac sea on the spectral properties of light
vector and axial-vector mesons in hot magnetized nuclear
matter have also been studied recently using a QCD sum rule
approach in Ref. [64].

014003-2



CHARMONIUM PRODUCTION IN HOT MAGNETIZED HYPERONIC ...

PHYS. REV. D 110, 014003 (2024)

In peripheral ultrarelativistic heavy ion collision experi-
ments (where strong magnetic fields are created), since the
matter produced is extremely dilute, we study the decay
width of the charmonium state y(3770), which is the
lowest state which decays to DD in vacuum. In the present
work, we investigate the in-medium masses of pseudoscalar
D and D mesons and charmonium state y(3770) and their
effect on the partial decay width of y(3770) — DD in
isospin asymmetric strange hadronic matter at finite tem-
peratures in presence of a strong magnetic field. The effects
of the magnetized baryon Dirac sea contributions as well as
the PV mixing [the mixing of the pseudoscalar meson
(S=0) and the longitudinal component of the vector
meson (S = 1)] on the masses of the charmed mesons
are taken into consideration. The influence of magnetized
Dirac sea of nucleons (p, n) and hyperons (A, 259, 2-0)
on the meson masses are explored, accounting for the finite
anomalous magnetic moments (AMMs) of the baryons.
Additionally, the lowest Landau level contributions are
considered for the charged open charm mesons. The decay
width of heavy quarkonium state to open heavy flavor
mesons, arising due to the mass modifications of the initial
and final state mesons, are computed using (I) the 3P,
model [65,66] for the charm sector, as well as (II) a field
theoretical (FT) model of composite hadrons with quark
(and antiquark) constituents for both charm and bottom
sectors [57,62,67-70]. In both of these models, the char-
monium decay proceeds through creation of a light quark-
antiquark pair and the heavy charm quark (antiquark)
combines with the light antiquark (quark) to form DD
in the final state. The impact of PV mixing on the in-
medium properties of open charm and charmonium sates
are observed to be quite significant in the present work. The
well-separated nondegenerate masses of the longitudinal
and transverse components of y(3770) due to PV mixing is
observed to be at distinct peak positions in the production
cross sections of w(3770) due to scattering of the
D*D~(D°D") mesons, when the magnetic field is large.

Following is the outline of this paper: in Sec. II we give
a brief description of the chiral effective model used to
calculate the masses of the charmed mesons in the finite
temperature magnetized matter at zero density as well as
for isospin asymmetric (strange) hadronic matter. In
Sec. III, the procedure to calculate the in-medium masses
of D, D and the charmonium (3770) and the medium
modifications of the decay width of y(3770) — DD due
to the mass modifications of these mesons is described.
The computation of the decay widths using the light
quark-antiquark pair creation models—(I) the 3P, model
and (I) a field theoretical (FT) model of composite
hadrons with quark (and antiquark) constituents, are
briefly described in this section. The results and discus-
sions of the present study are given in Sec. IV, and the
work is summarized in Sec. V.

II. CHIRAL EFFECTIVE MODEL

In this section we briefly describe the chiral effective
model used in the present work to study the in-medium
properties of charmed mesons at finite temperatures in the
presence of an external magnetic field, for zero density as
well as in isospin asymmetric (strange) hadronic matter. A
chiral SU(3) model incorporating the nonlinear realization
of chiral symmetry [41,71-73] and the broken scale
invariance property of QCD [41,74,75] is genralized to
SU(4) to include the interactions of the charm mesons
[39,42]. The Lagrangian density of chiral SU(3) model is
written as [41]

L=Lat Y

W=XY.V.Au

+£SB+£mag' (1)

‘CBW + 'Cvec + ‘CO + ‘Cscalebreak

In Eq. (1), Ly, is the kinetic energy term, Lpy is the
baryon-meson interaction term in which the baryons-spin-0
meson interaction term generates the baryon masses. L.
describes the dynamical mass generation of the vector
mesons via couplings to the scalar mesons and contain
additionally quartic self-interactions of the vector fields. £
contains the meson-meson interaction terms, Lcaiepreak 1S
the scale invariance breaking term expressed in terms of
logarthimic potential of a dilaton field, Lgp describes the
explicit chiral symmetry breaking. The last term L,
describes the interaction of the baryons with the electro-
magnetic field.

In the present study of isospin asymmetric strange
hadronic matter at finite magnetic field, we adopt the mean
field approximation, in which the meson fields are replaced
by their expectation values. The meson fields which have
nonzero expectation values are the scalar (o, £, §) and the
vector fields, @* — 0, p"* = p&°8,; and, ¢* — P&,
and, the expectation values of the other mesons are zero.
We also use the approximations W,y ; — &, (Ww;) = 5,-jp§
and 7'y ; — 6,6 (i "w;) = 6,;6p;, where, p} and p;
are the scalar and number density of baryon of species, i. In
the above approximation, the terms which contribute to the
baryon-meson interaction, Lgy, of Eq. (1) arise from the
interactions due to the scalar (S) and the vector (V) mesons,
and, is given as

Lps+ Lpy = le_li(go'ig + 96iC + 95i6 = Guir"'®
= 9,7’ = ggir" D). (2)

The effective mass of the baryon of species i is obtained
from the in-medium values of the scalar-isoscalar non-
strange (o) and strange ({) mesons and the scalar-isovector
(6) meson and is given as
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mi = =950 = gzl — Y5, (3)
and the effective chemical potential for ith baryon, due

to the interaction with the vector mesons (@, p and ¢) is
given as
i = Wi = Goi® = GpiP = G- (4)

The other terms in the Lagrangian density of Eq. (1) are
given as

1

Lyee = (mg@® +mpp* + myh?)

213
+ 4

1(@* + 29" + 60°p* 4 p*) (5)
1
Lo=—5kor*(0* +82 +8) + ki (o7 + ¢+ 67)°
64 54
+ ky (— to 30252> + kay (6> = 6°)¢ —kay*

2
(6)

1 7 d , o> —5%) (
c — A+ Sy
scalebreak 4)( n)(é + 3 ( o2 CO

c53=—<;‘0 ) [ mf ot (f W= ,,f,,H (s)

and

_ 1 _ 1
‘Cmag = —ll’iqz‘VﬂA”‘//i - EKiWiG’wF;wV/i - ZFWFW- (9)

In the above, the parameters k(, k, and k, are fitted to
ensure extremum in the vacuum for the equations of motion
for scalar fields o, ¢ and the dilaton field y, k; is fitted to
reproduce the mass of ¢ to be of the order of 500 MeV, k5 is
fitted from the # and 7’ masses, and the value of the y in
vacuum is fitted so that the pressure p = 0 at the nuclear
matter saturation density. In Eq. (9), g; is the electric charge
of the i’ baryon described by field ;. The second term is a
tensorial interaction term expressed in terms of the electro-
magnetic field tensor, F,, (= 9,4, — 9,A,), " = £[y*,y"],
and «k;, the anomalous magnetic moment (AMM) of ith
baryon.

The concept of broken scale invariance leading to the
£ =5, G G", where Gy, i
the gluon field strength tensor of QCD is simulated in the
effective Lagrangian at tree level through the introduction
of the scale breaking term [76,77] given by Eq. (8).
Equating the trace of the energy momentum tensor with
that of the present chiral model gives the relation of the
dilaton field to the scalar gluon condensate. The explicit
symmetry breaking term in the chiral model is given by

trace anomaly in QCD, 8}, =

x5 5), (\fzm’;}fK—%m,%fﬂ)C)} (10)

Lsp=— <j:> Tr[dl&g( ”f”( +5),m2
0 2

which reduces to Eq. (8), and in QCD, this term is given as

LR = —Tr[diag(m,tiu, mydd, m5s)]. In the above, the

matrices, whose traces give the corresponding Lagrangian densmes have been explicitly written down, and a comparison of
their matrix elements relates the quark condensates to the values of the scalar fields as given by [78]

) = (2o 1 i = (£ o)

m,(5s) = (X> (f k=7 ,rf,,>c (1)

The thermodynamic potential for the magnetized hadronic
medium is written as

Q= QDS + Qpeq — ﬁvec - EO - ﬁscalebreak - ﬁSB' (12)
In the Eq. (12), Qpg and Q.4 denote the contributions of
Dirac sea (DS) and Fermi sea (medium part) of the (charged
and neutral) baryons to the thermodynamic potential, with

the masses and chemical potentials of the baryons, modified
due to their interactions with the scalar and vector fields,

|
given by Egs. (3) and (4) respectively. For spin-1/2 charged
baryons (i = p, X*,E7), these are given as [33,35,36]

charged Z‘Q
odk, .
ZMZB'ZZ(Z 5vo)/_w2_ﬂz€§cu,s‘ (13)

s==£1v=0

and
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charged
med

Zﬂmed
Z|€1l|3 Z Z (2= 6,0)

s=+1 v=
/_oo o (1 e
+1n (1 + e Pleustri))), (14)

where f = 1/T and efmx is the single particle energy of the
ith charged baryon given as

j 2
€;<,y.s = \/k% + ( 2V|6],B| + m?2 - SKiB) . (15)

The thermodynamic potentials corresponding to the
Dirac sea and the Fermi sea of the neutral baryons
(i =n, A\, 20, 20 are given as [33,35,36]

= ZQES /
i l s==%1

Neutral
Qpg €k , (16)

and

d
koy*o — 4k, (6* + & + 8%)o — 2k, (6° + 366%) — 2ksyol — 5;(“(
c

QNeutral

nged
B _TZ Z /%{ln(l + e PlekHi)y

i s==*1

+In(1+ e_/}(eff.s*”?))}, (17)
with the single particle energy for the ith neutral baryon
given as

; 2
€hs = \/k% + ( k% + k3 + m;? — SK,»B> . (18)

For given values of the baryon density, pg = > _; p;, With
p; as the number density of the ith baryon, the isospin

— Zisipi /1:”’, with I5; as the third

component of isospin quantum number of the ith baryon,

asymmetry parameter n =

% \S lpi

the strangeness fraction, f; = , with s; number of

strange quarks in the ith baryon temperature, 7' and
magnetic field, B, the minimisation of the thermodynamic
potential leads to the coupled equations for the scalar fields
(o, ¢, 0), the dilaton field y, and the vector fields (w, p, ¢) as
given by

20

X\ i
2 _ 52) + (%) m%fﬂ - Zgo-ips =0 (19)

d
kor*¢ — 4k (0> + O + ) — 4yl — kyy (0 = 8) — 3’2 (Y ) [f mifx - ,,f,,] Zg@ps =0 (20)
2 2424 82 3 2 2 g i
koy26 — 4k (6% 4 % 4 62)8 — 2Kk (8% + 36%8) + kol +3d| 57— | - > gsipi =0 (21)
¥
ko}((gz + 442 + 52) — k3(0’2 - 52)€ +){3 |:1 + In <)?>:| + (4k4 — d)){S
0
4 (@ =)\ (2 | &
——dfln((— + 2 mifao+ (V2mif mifs )C| = (22)
3 0(2)§O 0 )(0 KIK \/_
2
(f) mio + gi(4a® + 12p°0) = > guip; = 0. (23)
0 i
7\2
<%) m2p + gi(4p° + 120%p) = > g,ipi =0, (24)
LV 024 868 — 3 ggupr = 0 (25)
0 ¢ g4 : g(/)lpl — Y
where, p; is the number density of the ith baryon, given by the expression,
Iq,B | / ° 1 1
; (2-6 dk . - . , 26
& SZ; E; D Jo T g )1 Pt (26)
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for charged baryons and

d3k 1 27)
= il 1+e( )1 4 ePle )]’

for the neutral baryons. In the above equations, the scalar density of the ith baryon, pi = ('y') = 0Q/om}. The
expectation values of the scalar fields (o, { and §) are obtained by solving the equations self-consistently, since these values
depend on the baryon scalar densities, pi which, in turn, are functions of the scalar field (through the effective baryon
masses). Neglecting the contribution from the Dirac sea to the thermodynamic potential, the expression for the scalar

density of the ith baryon, p! is given as

=t =S S g [

s=+1 v=0

for the charged baryons and

k., \/m*2+21/2|q, —SKB|: 1
€V Mi” 4 2v]q;|B

ﬁ/kf—&—k.%—i—ml’fz—SK,»B

. (28)

1
1 + eﬂ<€;c,v..v_'u?) + 1 + glj(e;\vr+ﬂr>:|

Pl
ph=pimd = m*/( >

3 :
27)° o e/ ki + kg + m;?

for the neutral baryons. Within the chiral effective model,
the effects of the magnetic field have been studied for
isospin asymmetric nuclear matter on the open charm [47],
open bottom [48], charmonium [49] and bottomonium [51]
states, considering the effects of the nucleon AMMs.
However, these studies were without incorporating the
effects of the nucleon Dirac sea and were considering only
the contributions from the medium parts of the scalar
densities for the charged and neutral baryons given by
Eqgs. (28) and (29), while solving the values of the scalar
fields (o, ¢, 0 and y), along with the vector fields, from
the Egs. (19)—(25). In the present work of the study the
charmed mesons in hot strange hadronic matter in the
presence of an external magnetic field, the values of
the scalar fields are solved including the contributions to
the scalar densities from the Dirac sea of baryons. As may
be noted, the expressions corresponding to the contribu-
tions to the thermodynamic potential from the Dirac sea for
the charged and neutral baryons, given by Egs. (13) and
(16) are divergent and need renormalization. In Ref. [33],
the nuclear matter in strong magnetic fields was studied
within the Walecka model as well as an extended linear
sigma model, ignoring the anomalous magnetic moments
(AMMs) of the nucleons and the renormalization of the
Dirac sea contribution due to the charged baryon; i.e.,
proton, was carried out by using proper time method. Due
to its smallness, the pure vacuum (pp =0, T = 0) con-
tribution corresponding to zero magnetic field was ne-
glected, and the magnetized Dirac sea (the part with
nonzero B) was observed to lead to magnetic catalysis.
There was no contribution from the neutron due to the
Dirac sea, since the AMM of the neutron was not

1 1
|:1 + eﬂ(ei.:_l‘f) t 1+ eﬂ(e;'(_:ﬂ,lf)]’ (29)

I

considered. Including the AMMs of the nucleons into
account, the covariant fermion propagator in the presence
of strong magnetic fields at finite temperature and density
has been calculated in Ref. [35], which has been general-
ized to include the effects of the Dirac sea in Ref. [36]. The
value of the scalar field, o is calculated through the
minimisation of the thermodynamic potential [33], from
which the effective mass of the nucleon is obtained. There
is observed to be increase in the nucleon mass (correspond-
ing to increase in the light quark condensates) with the
increase in the magnetic field, when the AMMs of the
nucleons are not considered [33], an effect called the
magnetic catalysis (MC). On the other hand, the inclusion
of the AMM s is observed to lead to the opposite behavior
for the light quark condensates, i.e., the effect of inverse
magnetic catalysis (IMC) [34]. In Ref. [34], the baryon
propagator in the presence of a magnetic field was
calculated accounting for the AMMSs of the nucleons within
Walecka model, including the effects of the Dirac sea by
summing up the scalar (o) and vector (@) tadpole diagrams
in the weak field approximation. In the present study of
magnetized hot strange hadronic matter within the chiral
effective model, the contribution of the magnetized Dirac
sea to the baryon self energy is calculated by summing the
scalar (o, ¢ and 6) and vector (w, p and ¢) tadpole diagrams,
arising from the baryon-meson interaction given by Eq. (2)
within the weak field approximation. The propagator for
the ith baryon, S4(p) is given by [34,79]

1
y”pﬂ——qz —mj—-k;F"o,,|Sy(p)=1, (30)

20 g i TRk
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where g, and k; are the electric charge and AMM of the ith
baryon, m] is its effective baryon mass, given by Eq. (3).
The baryon propagator is expanded in powers of ¢;B and
k;B, retaining upto quadratic order in the weak field
approximation. The divergent expression for the self-
energy for pure vacuum (B =0), Zpgp_o is neglected
due to its smallness [33,34]. The dimensional regularization
is used to separate the divergent contribution of the

magnetized Dirac sea contribution, X{Y 5, followed by

MS prescription and determination of the scale parameter,
A, using the condition Z{Y ;(m; = m;) = 0. In the present
study of magnetized strange hadronic matter at finite
temperature, within the chiral effective model, the contri-
bution to the self energy of the ith baryon due to the Dirac

sea is given as

2
ZDS,i:_<g_"2i+g§£+g§t> DSlZ_Alp]S)Sl’ (31)
mg  mg m2

where

DS,i _L (4:B)*
4n?

+alp)em) (3+2m(2))|. 62

The effects of the Dirac sea of the baryons are taken into
consideration by adding the Dirac sea contributions to the
scalar densities for the baryons. The contribution from the
magnetized Dirac sea to the scalar density of the ith baryon,
with electric charge, ¢;, the anomalous magnetic moment,
|

i

k; and effective mass, m}, is given by Eq. (32). As has
already been mentioned, the values of scalar fields o, ¢, 9,
the dilaton field y, along with the vector fields, are obtained
by solutions of their coupled equations of motion as given
by Eqgs. (19)—(25), for given values of the temperature (7'
and magnetic field (B), for zero baryon density, as well as,
for (strange) hadronic matter for given values of baryon
density (pp), isospin asymmetry parameter (1) and strange-
ness fraction (f). These are used to obtain the in-medium
masses of the open charm (D and D) mesons, the
charmonium y(3770), and the partial decay width of
w(3770) = DD in magnetized isospin asymmetric strange
hadronic matter at finite temperatures. The production cross
sections of y(3770) due to the scattering of the charged and
neutral DD pairs are obtained using the in-medium masses
and the decay widths in the present work.

III. CHARM MESONS IN HOT ISOSPIN
ASYMMETRIC MAGNETIZED STRANGE
HADRONIC MATTER

A. Masses of open charm and charmonium states

In magnetized isospin asymmetric strange hadronic
matter at finite temperatures, the medium modifications
of the masses of the open charm (D and D) mesons arise
due to their interactions with the nucleons, hyperons and
the scalar mesons (o and ), whereas, the in-medium mass
of the charmonium state y(3770) is calculated from the
medium change of a dilaton field (which mimics the gluon
condensates of QCD) within a chiral effective model [42].
The interaction Lagrangian density for D and D mesons is
given as [42]

ED(Z_)) = 8f [ (p}/ﬂp + nyﬂn)((DO(aﬂDO) - (aﬂDO)DO) + (D+(aﬂD_) - (auDJr)D_))
+ (pr*p — ay'n)((D°(9,D°) - (9,D°)D°) = (D*(9,D") = (3,D*)D7))
+2(A%*A%)((D°(9,D°) - (9,D°)D°) + (D*(9,D~) = (9,D*)D"))
+2((EryEt + Z7p2n)((D°(0,D°) = (9,D°)D°) + (D*(9,D7) = (9,D7)D7))
+ (EEt - ZpE7)((D°(9,D°) - (9,D°)D°) - (D*(9,D7) = (9,D7)D7)))
+2(Z2°)((D°%(0,D°) = (9,D°)D°) + (D*(9,D7) = (9,D")D7))

+ (B + EE)(D°0,0°) - (,000D°) + (D (9,07) - (0,07)D7)
+ (507"“0 - E77"E7)((D°(9,D°) - (9,0°)D°) — (D*(9,D) = (9,D")D7))]
[(0' +V20)(D°D° + (D™D")) + 5((D°D°) — (D~D*))]

HD

- f— (o +V2£.)((0,D°)(* D) + (9,D7)(*D™)) + 8((9,D°)(0*D°) ~

(9,D7)(0*D))]

d, _
+—5 (pp +iin+A°A° + £YEF 4 2050 + 5757 4+ 2080 + E757)((9,D7) (¢#D™)

2f%
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. d, 1 1 _
+ (0,D°)(0*D°)) + 27 [(pp + 6/\01\0 + EtEt 4 22020> (0,D°)(0#D")
D

1. B, 1.
+ <nn + 6AOA0 +53 4+ 52020) (a,,D‘)(G“DJ’)} , (33)

where the first term is the vectorial Weinberg Tomozawa interaction term, the second term is the scalar exchange term,
which is obtained from the explicit symmetry breaking term, and, the last three terms [~(d,D)(0"D)] are known as the
range terms. The parameters d; and d, in the range terms are fitted to the empirical values of kaon-nucleon scattering
lengths for 7 =0 and 7 =1 [80,81]. From the interaction Lagrangian density, using the Fourier transformations of
equations of motion, the dispersion relations for D and D mesons are obtained as

72
—* +k —l—m%(b)—HD (@,

) = (34)

where mp, ) is the vacuum mass of the D(D) meson and I ) (@, k|) denotes the self-energy of the D(D) meson. For the
D meson doublet (D°, D*), the expression of self energy is given as [42]

p (@, [k]) = —5 B(p, +p) £ (0p = pu) +2((ps+ + ps-) = (e = ps-)) + 2(pa0 + pyo)

4f2

+ ((p=o + pz-) £ (p=0 — p=-)) o +i( V2L )

1 .
+ {—ﬁ)(a%ﬁc’c £8) + oo (pF Pl + P+ pF 4 pF A pF 4T T
D

L
afy 3

The = signs in the above equation refer to the D° and D mesons, respectively. Also, ¢/(= ¢ — 6y), {.(= ¢, — {,0), and
& (= 86— 8y) are the fluctuations of the scalar-isoscalar fields o, {. and the scalar-isovector field § from their vacuum
expectation values in the strange hyperonic medium. The vacuum expectation value of § is zero (8, = 0), since a nonzero
value for it will break the isospin-symmetry of the vacuum. Since {. is made of heavy charm quark-antiquark pair, its
medium modification is not considered in the present work, i.e., {%. = 0 is assumed [39,42]. For the D meson doublet
(D°, D7), the self-energy is given as

1 R R
. <(p§’ o) £ (pF = pl) N+ (pF A pE ) £ (pF -t )+p§°>} (0? — k) (35)

Jk]) = 4fD 5 [3(pp +p0) £ ()
2

+ (20 + p=-) * (p=0 — p=-))lw +;}—I;

0 - =0 .
(P PP 4 pE A pF A pF 4T T

HD(O)

= pu) +2((pg+ +ps-) £ (ps+ = ps-)) + 2(pa0 + pyo)
(6' + V20 5
1
(A 20 +8) +
+{ fD(a V20 £ 8) + o7

d, 1 L L
+F <(ﬂ§’ +08) E (P = pb) 300+ (7 407 ) £ (07 - ¥ )+p§°>} (@* = k%) (36)
D

where the £ sign refers to the D°(D~) meson.
The in-medium mass my, (D) for D(D) meson is obtained

by solving the dispersion relation given by Eq. (34) for

momentum |k| = 0. The medium modifications of the
masses of these open charm mesons arise due to their
interactions with the scalar mesons and baryons (through
their number and scalar densities). It may be noted here that
there is no contribution due to interaction with the pions,

since the expectation values of these odd-parity fields are
zero in the mean field approximation. For the charged D
(DF) mesons, additional contributions from the lowest
Landau levels (LLL) are taken into account, and the

effective mass of these mesons are given as mel =

Di
\/ Mm% + |eB| [56].
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The effective mass of charmonium state y(3770) is
obtained from the medium modification of the dilaton field,
¥, which simulates the gluon condensates of QCD within
the chiral effective model. The mass shift of the charmo-
nium states arises from the medium modification of the
scalar gluon condensate in the leading order and is given
as [82-85]

1 (k)| K|
Amy = — [ d|k]?
=15 [ P ) e

x <<“— G,‘ij/“’“> - <%G;UGM> > (37)
T z o

ap(K)P\ _ 1 / oy (k)
ok 4n ok
Equating the trace of the energy momentum tensor of the

chiral model and QCD relates the scalar gluon condensates
to the dilaton field, y as [42]

where

2
Q. (38)

a 24
Leaoma)=—" __(1-dyt, (3
<7z’ w > (33—2Nf)( W, (39

in the limiting situation of massless quarks in the energy
momentum tensor of QCD.
Using Egs. (37) and (39), one obtains the mass shift of
the charmonium state as [40,42]
)

Am\y:%(l—d)/d|k|2< (k)
(* =xo"). (40)

ok
k|
k|*/m.+e

In Eq. (40), d is a parameter introduced in the scale
breaking term in the Lagrangian, y and y, are the values
of the dilaton field in the magnetized medium and in
vacuum respectively. The wave functions of the charmo-
nium states, w (k) are assumed to be harmonic oscillator
wave functions, m, is the mass of the charm quark, ¢ =
2m,. — my, is the binding energy of the charmonium state of
mass, m,.

1. Pseudoscalar-vector meson (PV) mixing

In the presence of a magnetic field, there is mixing
between the spin 0 (pseudoscalar) meson and spin 1
(vector) mesons, which modifies the masses of these
mesons [56,57,86-91]. The mass modifications have been
studied using a phenomenological Lagrangian density of
the form [87,88,91],

Lpy, = gfv eF,,("P)V", (41)

av

for the heavy quarkonia [57,58,86-88], the open charm
mesons [56] and the strange (K and K) mesons [90]. In
Eq. (41), m,, = (my + mp)/2, mp and m, are the masses
for the pseudoscalar and vector charmonium states, F w18
the dual electromagnetic field. The coupling parameter gpy,
is fitted from the observed value of the radiative decay
width, I'(V — P +y). Assuming the spatial momenta of
the heavy quarkonia to be zero, there is observed to be
mixing between the pseudoscalar and the longitudinal
component of the vector field from their equations of
motion obtained with the phenomenological PVy inter-
action given by Eq. (41). The physical masses of the
pseudoscalar and the longitudinal component of the vector
mesons including the mixing effects, obtained by solving
their equations of motion, are given as [87,88,91]

2 2 ar2 4
wv) _ 1 CPv 2epy M7y | Cpy
My = 5 M3+ S5 M+ ),

2 my,

mav mav

(42)
where M2 =m%+m}, M2 = m3, — m% and cpy = gpyeB.
In the above equation, the “F” corresponds to the mass of
the pseudoscalar (longitudinal component of the vector)
meson. The effective Lagrangian term given by Eq. (41)
has been observed to lead to the mass modifications of the
longitudinal J/y and 7, due to the presence of the magnetic
field, which agree extremely well with a study of these
charmonium states using a QCD sum rule approach
incorporating the mixing effects [86,87].

The PV mixing effects for the open charm mesons (due
to D — D* and D — D* mixings) [56], in addition to the
mixing of the charmonium states [due to J/y — ., ' — 7.,
and y(3770) — 5. mixings] [56,57], as calculated using the
phenomenological Lagrangian given by Eq. (41) have been
observed to lead to appreciable drop (rise) in the mass of
the pseudoscalar (longitudinal component of the vector)
meson. These were observed to modify the partial decay
width of w(3770) — DD [56,57], with the modifications
being much more dominant due to the PV mixing in the
open charm (D — D* and D — D*) mesons.

B. Partial decay width of charmonium state to DD

In this subsection, we briefly describe the study of partial
decay width of charmonium state, y(3770) to open charm
(D and D) mesons, in hot asymmetric strange hadronic
matter in the presence of a magnetic field. These are studied
using (I) the *P, model, and, (II) a field theoretical (FT)
model of composite hadrons with quark (and antiquark)
constituents. In both of these models, the decay proceeds
with creation of a light quark-antiquark pair and the heavy
charm quark (antiquark) of the parent charmonium state
combining with the light antiquark (quark) to produce the
DD in the final state.
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For the charmonium state decaying at rest, the in-
medium decay widths are obtained in terms of the
magntitude of the 3-momentum of the outgoing D (D)
given as

|p| — (MW2 _ sz + sz + (mD2 - mD2)2> 172 (43)
4 2 4M,?

where M,,, mp and mp, are the in-medium masses of the
charmonium state, y(3770), D and D mesons. The mass
modifications of the charmonium states and the open charm
mesons are observed to lead to substantial modification of
the partial decay width of y(3770) — DD [57] due to
w(3770) — 5. mixing, as well as, due to D(D) — D*(D*)
mixing effects [56,62]. The medium modified masses of D,
D mesons and the charmonium state y(3770) in magnet-
ized isospin asymmetric strange hadronic matter at finite
temperatures, and, their effect on the decay width of
w(3770) — DD are calculated in the present investigation.
The masses of the charmonium and open charm mesons are
computed including the effects of the Dirac sea as well as
PV mixing, with additional contributions from the lowest
Landau level (LLL) for the charged D* mesons, as has
been described in the previous subsections.

The 3P, model [66,92-94] describes the charmonium
decaying to DD with creation of a light quark-antiquark
pair in the 3P, state, where the light quark and antiquark
combine with the heavy charm antiquark and quark of the
parent meson, to produce the D and D mesons in the final
state. The wave functions of the charmonium state and the
open charm mesons are assumed to be of harmonic
oscillator type. The decay width of the charmonium state
w(3770), corresponding to the 1D state, decaying at rest to
DD is given as [66,94]

I70l(y(3770)(0) - D(p)D(~p))

1/2ED(|p|)ED(|P|)Y 215 r 7
M, 32 \1+27
x x3 (1 —

1+r2 ) 2 x2
x*) exp| =5
) Pl72 27
where x = |p|/fp, r=

5(1 + 277 ))’ (44)

/}ﬁu is the ratio of the harmonic
oscillator strengths of the decaying charmonium state and
the produced D(D)-mesons, Ej(|p|) and Ep(|p|) is the
energy of the outgoing D (D) meson given as
Epp(Ip]) = (IpP* + mpp)?)'/2, and, y is a measure of
the strength of the 3P, vertex [66,94] fitted from the
observed decay width of w(3770) — DD [42].

We next briefly descibe the field theoretical model of
composite hadrons [67,68] used to compute the partial
decay widths of (3770) — DD in magnetized hot isospin
asymmetric hyperonic matter. The model describes the

hadrons as comprising of quark (and antiquark) constitu-
ents. The constituent quark field operators of the hadron in
motion are constructed from the constituent quark field
operators of the hadron at rest, by a Lorentz boosting.
Similar to the MIT bag model [95], where the quarks
(antiquarks) occupy specific energy levels inside the
hadron, it is assumed in the present model for the composite
hadrons that the quark (antiquark) constituents carry
fractions of the mass (energy) of the hadron at rest (in
motion) [67,68]. With explicit constructions of the char-
monium state and the open charm (D and D) mesons, the
charmonium decay width is calculated using the light quark
antiquark pair creation term of the free Dirac Hamiltonian
given as
H,ig(x,1=0)= 0 (x)'(=id-V +pM,) 0OV (x),  (45)
where, @ = (25) and = (} °)) are the Dirac matrices, M,,
is the constituent mass of the light quark (anthuark)
The subscript g of the field operators in Eq. (45) refers
to the fact that the light antiquark, g and light quark, ¢ are
the constituents of the D and D mesons with momenta p
and p’ respectively in the final state of the decay of the
charmonium state, W(3770). The decay width of
w(3770) = DD is calculated from the matrix element of
the light quark-antiquark pair creation part of the free Dirac
Hamiltonian, between the initial and the final state mesons
as given by

)(D(p |/H

=5(p+p)A,(Ip)) P (46)

0)dx |y (3770)" (0))

which yields the expression for the decay width as given by

¥ (y(3770) — D(p)D(-p))

87 s Ep(IPDEp(Ip])
A R A @)

y(Ip[) = (m

nitude of the momentum of the outgoing D(D) meson
given by Eq. (43), and, AV,(|p|) is a polynomial in |p|. The
parameter y,, is adjusted to reproduce the vacuum decay
widths of w(3770) to D*D~ and D°D° [69].

We might note that the expressions of the decay widths
calculated using (I) the 3P, model as well as (II) a field
theoretical model of composite hadrons, as given by
Egs. (44) and (47) have the forms of a polynomial

where Epp %)(D) + [p[?)"/?, with |p|, the mag-

only on the masses of the charmonium and the D(D)
mesons, as can be seen from Eq. (43). Within the 3P,
model, the polynomial dependence was observed to lead to
an initial increase followed by a drop and even vanishing of
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the decay width with increase in the baryon density, in spite
of the drop in the masses of the outgoing D and D mesons
[42,66]. A similar behavior of an initial increase of the
decay width of w(3770) to the neutral DD pair with
increase in the magnetic field followed by a drop is
observed in the magnetized hot nuclear (hyperonic) matter
in the present work for both the models. As has already
been mentioned, the masses of the D, D and the

|

Tl (4(3770)(0) - D(p)D(~p)) =

+;FPP0 (FT) (y(3770) - D(p)D(—

where, I'(y(3770) — D(p)D(—p) is given by expressions
(44) and (47) for computation using (I) the *P, model and
(ID) the field theoretical (FT) model of composite hadrons.
In Eq. (48), the first term corresponds to the transverse
polarizations for the charmonium state, w(3770) whose
masses remain unaffected by the PV mixing, whereas, the
second term corresponds to the longitudinal component,
whose mass is modified due to the mixing with the
pseudoscalar meson in the presence of the magnetic field.

C. Production cross sections
of charmonium state y(3770)

The production cross section of vector meson, V, due to
scattering of particles a; and b; is given as [96-102]

i x
1—‘V

0;(M) = 6n* —————=Ay(M), (49)
q(my, my, my )
where
Ay(M) = .2 MTy (50)
! 7 (M* —m?)? + (MTy)?

is the relativistic Breit Wigner spectral function expressed
in terms of the invariant mass M, the mass and decay width
of the vector meson, mj, and Iy, = > i I/, in the mag-
netized matter, and, m;, and m’};l_ are the in-medium masses
of the scattering particles a; and b; in channel i. In Eq. (49),
q(my,, m;, ,mj ) is the momentum of the scattering particle
a;(b;) in the center of mass frame of the vector meson, V.
The normalization constant, C in the spectral function is
determined from [°Ay(M)dM =1. In the present
work, the production cross section of the w(3770) in
channel i = I, I arises from the two-body scatterings of
(D) DD~ and (II) D°D® mesons respectively. In the
magnetized hot isospin asymmetric strange hadronic mat-
ter, these are calculated accounting for the Dirac sea

charmonium state, y(3770) are the in-medium masses in
the magnetized hot asymmetric nuclear (hyperonic) matter
calculated in the chiral effective model. These are com-
puted including the effects of the Dirac sea of baryons and
due to PV mixing with additional contributions from lowest
Landau levels for the charged open charm mesons [62].

Including the PV mixing effect, the expression for the
decay width is modified to

irm IFT)((3770) - D(p)D(—p))

p))(pl = [pI(M, = MyY)), (48

|

and PV [w(3770) —n., D—D*(D* —D**,D° - D*0)
and D-D*(D-—D*,D°-D*)] mixing effects
for the masses of these mesons. The decay width of
w(3770) — DD is obtained using the light quark antiquark
pair creation models, (I) 3P, model, as well as (II) a field
theoretical model of composite hadrons, described in the
previous subsection.

The PV mixing effect introduces mass difference
between the longitudinal and transverse components of
the vector charmonium state y(3770) since the longitudinal
component undergoes mass modification due to mixing
with the pseudoscalar meson 7., whereas the transverse
component is unaffected due to PV mixing. In the presence
of PV mixing, the production cross section of the vector
meson, V, is given as

1 F* iL
3 Q(mV ’ ma ’ mb

o) = 67§

2 l—**tT
+7 *
3q(my" m;, N

for channel i = I, I1 corresponding to the scattering of the
charged D* D~ and neutral D°D° mesons respectively. In
the above equation, m’{,T“) is the mass of the transverse
(longitudinal) component of the vector meson. I',/7(5) is
the decay width of the transverse (longitudinal) component
of the vector meson in channel i, with the total contribution
to the decay width of the transverse (longitudinal) compo-
nent arising from both the channels as given by
70 = LT 4 P ITW) T Bq. (51), AV (M) is the
contribution from the transverse (longitudinal) component
to the spectral function of the vector meson, and is given as

MZFT/T(L)
*T(L)2\2 «T (L
_mV())+(MFV<>)2

. (52)
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with the constant C determined from the normalization
condition,

A"" GA‘L,(M) + %AMM))CIM =Ly

IV. RESULTS AND DISCUSSIONS

In the present investigation, we study the charmonium
production in magnetized hot isospin asymmetric strange
hadronic matter. Strong magnetic fields are estimated to be
produced in ultrarelativistic peripheral collisions where the
created matter is extremely diltute. In the present study, we
study the production cross section of y(3770), which is the
lowest charmonium state which decays to DD in vacuum.
As has been described in the previous section, the mass
modifications of the open charm (D and D) mesons and the
charmoium state, y(3770) are calculated within a gener-
alized chiral effective model [39,40,42]. The medium
modifications of the masses of these mesons are calculated
including the effects of the baryonic Dirac sea (DS). In the
presence of an external magnetic field, the masses of these
mesons are additionally modified due to the mixing of the
pseudoscalar meson with the longitudinal component of the
vector meson (PV mixing), and these modifications are
observed to be quite significant for high magnetic fields.
The decay width of y(3770) = DD in hot isospin asym-
metric strange hadronic matter in the presence of an
external magnetic field is calculated from the medium
modifications of the masses of the initial and final state
mesons. Using the in-medium mass and decay width, the
production cross sections of y(3770), arising from scatter-

ings of D*D~ as well as D°D° mesons, are computed from
the relativistic Breit-Wigner spectral function. As can be seen
later, these production cross sections, have distinct peak
positions in the invariant mass spectra, since the longitudinal
component of y7(3770) undergoes a positive mass shift due to
mixing with 7,.(2S), whereas the masses of the transverse
components remain unaffected by PV mixing.

The in-medium masses of the open charm mesons (D
and D) within the chiral effective model are obtained, due
to their interactions with the baryons and the scalar mesons.
These are calculated by solving the dispersion relation
given by Eq. (34), where the self energies of the D and D
are given by Egs. (35) and (36) respectively. Within the
mean field approximation, the scalar (the nonstrange
isoscalar, o, the strange isoscalar { and the nonstrange
isovector, 6) fields, along with the dilaton field, y and the
vector fields, are solved from their coupled equations of
motion, given by Egs. (19)—(25), for given values of the
temperature and the magnetic field for zero density, as well
as, for hadronic matter for given baryon density, strange-
ness, f; and isospin asymmetry parameter, 4. The charmo-
nium mass shift is obtained from the value of the dilaton

field using Eq. (40). In the present work, the anomalous
magnetic moments (AMMSs) of the baryons are taken into
account.

Figures 1 and 2 show the dependence of the scalar fields
o, ¢ and 6 [which are related to the light quark condensates
through Eq. (11)] on the magnetic field, for pg = p,, for
symmetric and asymmetric (with # = 0.3) matter respec-
tively. These are plotted for the cases of nuclear matter
(fy = 0) and for strange hadronic matter (with f; = 0.3)
and compared to the results with zero baryon density. In the
present work, the finite anomalous magnetic moments
(AMMs) of the baryons are incorporated. The values of
the scalar fields are plotted with effects of the baryon Dirac
sea and compared to the case when the Dirac sea effects are
not considered (shown as closely and widely spaced dotted
lines for pp = 0 and p,, respectively). The effects of the
strangeness in the medium is observed to lead to significant
modifications to the scalar fields both for symmetric and
asymmmetric matter. Contrary to the case of pp = 0 [63],
for the magnetized nuclear matter (f; = 0), at pg = py,
there is observed to be a decrease in the magnitude of the
scalar fields & (~m,, (iiu) + my{(dd)) as well as { (~m,(5s))
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FIG. 1. The scalar fields o, { and ¢ are plotted as functions of
magnetic field eB/m2 for pp = 0 and pg = p, [for symmetric
(n = 0) nuclear (f; = 0) [in subplots (a), (c), and (e)] and for
hyperonic matter (with f; = 0.3) [in subplots (b), (d), and ()]],
for different temperatures, considering baryonic Dirac sea (DS)
contributions. These are also plotted when the DS contributions
are ignored (the closely and widely spaced dotted lines for pgy = 0

and pp = po).
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FIG. 2. Same as Fig. 1, for asymmetric matter (7 = 0.3).

fields with increase in the magnetic field, an effect called
the inverse magnetic catalysis, when the AMMSs of the
nucleons are taken into account. As has been shown in
Ref. [63], the opposite effect of magnetic catalysis is
observed in magnetized nuclear (f; =0) matter for
pp = po at zero temperature, when the nucleon AMMs
are ignored. In the magnetized nuclear matter, for pg = p,
including the contributions of the Dirac sea and anomalous
magnetic moments of the nucleons leads to the inverse
magnetic catalysis effect, also at finite temperatures. For
magnetic field eB = 4m2, the values of scalar field (¢) are
observed to be —58.39 (-96.89), —60.33 (—97.32), —63.11
(-97.96) and —64.38 (—98.26) MeV at temperatures
T =0, 50, 100 and 150 MeV, respectively. When the
strength of magnetic field is increased to eB = 8m2, these
are modified to —49.04(-95.02), -51.97(-95.57),
—56.42(—96.47) and —40.44(—93.59) MeV, respectively.
We observe that the percentage drop in the magnitude of
scalar field o ({) is 16.01%(1.93%), 13.86%(1.80%),
10.60%(1.53%) and 37.19%(4.75%) at T =0, 50, 100
and 150 MeV respectively. As can be seen, initially when
temperature is increased from 7 = 0 to 100 MeV, the value
of the percentage drop decreases. However, at large value of
temperature (7 = 150 MeV) and stronger magnetic field,
the magnitudes of the scalar fields decrease much more
rapidly with increasing magnetic field. This implies that for
large value of temperature and stronger magnetic field, the
inverse magnetic catalysis is observed in nuclear matter.

This observation is also consistent with lattice QCD
observations where the finite temperature and stronger
magnetic field is observed to show the effect of inverse
magnetic catalysis.

At zero temperature and for pg = py, an increase in the
value of isospin asymmetry parameter # from zero to finite
value (say n = 0.3) is observed to cause less drop in the
magnitude of scalar field. As temperature is increased the
impact of # is observed to weaken, i.e., values of scalar
fields at finite  start approaching the values observed at
n =0. In nuclear medium, at sufficiently high 7 (for
example at 7 = 150 MeV) the drop in the value of scalar
fields is observed to be more at 7 = 0.3 as compared to
n = 0. To quote in terms of numbers, we observe that for
magnetic field eB = 8m2 and isospin asymmetry 7 = 0.3,
the values of scalar fields o({) are observed to be
—52.02(-95.58), —54.61(-96.09), —59.03(-97.03) and
—37.96(—93.24) MeV at temperature 7 = 0, 50, 100 and
150 MeV. As can be seen, at 7 = 150 MeV, the magnitude
of scalar fields at # = 0.3 are observed to be smaller as
compared to the values quoted earlier for 7 = 0 case. This
implies that at high temperatures and for strong magnetic
fields, inverse magnetic catalysis is more favored in
asymmetric nuclear matter as compared to symmetric
nuclear matter, although the effect is small. It may be
noted that the anomalous magnetic moments of nucleons
are observed to affect the behavior of scalar fields more
significantly in presence of finite Dirac sea as compared to
when Dirac sea contributions are ignored. In the absence of
the Dirac sea contributions, but accounting for the finite
anomalous magnetic moments of the baryons, the magni-
tude of scalar field increases with increasing the strength of
magnetic field, at low and moderate temperature which
implies that the magnetic catalysis effect is observed.
However, at high temperature such 7 = 150 MeV, the
magnitude of scalar fields is observed to decrease with
increase in the strength of magnetic field. It is observed that
the impact of magnetic field is much more appreciable in
presence of finite Dirac sea contributions, and the effect is
particularly significant for stronger magnetic field and high
temperature case.

We next study the effects of finite strangeness fraction on
the behavior of the scalar fields (o,  and 6). At pp = py, the
inclusion of hyperons along with nucleons significantly
alters the behavior of scalar fields as a function of magnetic
field, when the contributions due to the baryonic Dirac sea
is taken into account. The solutions of the scalar fields exist
up to eB ~ 5m2, in the strange hadronic matter (f, = 0.3)
when the Dirac sea contributions and the AMMs of the
baryons are taken into account. For pp = 0, the scalar
fields, which have solutions for values of eB up to
4(2.8)m2, when the Dirac sea contributions of the nucleons
(and hyperons) are taken into account, along with the
results when the DS effects are not considered, are plotted
in Figs. 1 and 2. The nonexistence of the solutions above a
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critical value of the magnetic field can be understood in the
following way. For vacuum (pp =0, 7 = 0) of nuclear
matter, the total scalar densities of the nucleons are solely
due to contributions of the Dirac sea, and, the effective
mass, m; satisfies the equation,

(¢:B)
3m}

x (%+2ln<’:;—>>] (54)

where C; = A;/(4z%), with A; defined in Eq. (31). In the
simplifying assumption of neglecting the logarithm term in
the last term on the right-hand side of the above equation,
m? satisfies the quadratic equation,

(1= C;(k;B)2)m:2 — <mi n Ci|CIiB|(KiB)> m

mt —m; = c,[ - {(kB)2mE + (14:|B) (xB))

2
C.(q;B)?
3
For real solutions for m?, we should have

i
(m; + ClaBlBl 5 4 () €,(x;B)?)Ci(¢;B)>. Also, for
C;(x;B)* > 1, i.e., for the value of the magnetic field
above a critical value of B ~ 1/(Cik;?)'/?, the above
equation does not have a positive solution for m, both for
the charged (g; # 0) and neutral (¢; = 0) baryons. It might
be noted that the above equation corresponds to the case
when there are no meson-meson interaction terms
for the scalar fields in the Lagrangian. In the presence of
these quartic interaction terms [as given by Eq. (7)] in the
chiral model, the effective masses of the baryons,
m; (= —g,i0 — gzi{ — gs;6), are obtained from the scalar
fields, which are solved, along with the dilaton field, y and
the vector fields, from their coupled equations of motion
given by Egs. (19)—(25). In the absence of hyperons, the
scalar densities of nucleons, for py = 0, are solely due to
the negative contributions of the Dirac sea, which leads to
an increase in the magnitudes of the scalar fields (hence an
enhancement of the light quark condensates) with increase
in the strength of the magnetic field. This effect of magnetic
catalysis for pp = 0 is observed, for both the cases of
without and with the effects from the nucleon anomalous
magnetic moments (AMMs) [33,34,59,62,63]. In the
present investigation of strange hadronic matter at finite
temperatures in the presence of a magnetic field, for f; =
0.3 and pgp = py, the number densities for the hyperons
remain negligible (except for Z7), and hence the contri-
butions to the total scalar densities of these heyperons turn
out to be negative, solely due to the contributions from the
Dirac sea, as given by Eq. (32). It is observed that
the solutions for the scalar fields do not exist for values
of the magnetic field above a critical value (eB; ~ Sm> for
fs =03 and 5 =0.3), similar to the situation of the

vacuum in nuclear matter, for reasons described above.
Also, as the magnetic field is raised, for the hyperons,
which are absent for pz = p,, the total scalar densities are
negative, solely due to the Dirac sea contributions, leading
to an increase in the magnitudes of scalar fields (¢ and ¢),
leading to magnetic catalysis effect in the magnetized
strange hadronic matter (with f, = 0.3), contrary to the
opposite behavior of the scalar fields (hence of the light
quark condensate) with magnetic field for the nuclear
matter at pp = py, when the AMMs of the baryons are
taken into account. In the presence of Dirac sea contribu-
tions from the nucleons (hyperons along with nucleons),
the effect of magnetic catalysis (an increase in the magni-
tude of scalar fields with increasing magnetic field strength)
is observed for pp = 0, as might be seen from Figs. 1 and 2.

In Figs. 3 and 4, the masses of the D(D°, D) mesons
are plotted as functions of eB/m2 for the magnetized
asymmetric matter (with # = 0.3) at nuclear matter satu-
ration density (pp = py) for the nuclear (f, =0) and
hyperonic matter (with f; = 0.3) respectively. In the left
panel of these figures, results for the mass modifications of
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FIG. 3. The masses of pseudoscalar D™ [in subplots (a), (c), and

(e)] and D° [in subplots (b), (d), and ()] as functions of magnetic
field eB/m2, at T =50, 100, and 150 MeV respectively, for
pp =0 and for asymmetric nuclear matter (pp = pg, 7 = 0.3
and f; = 0), considering baryonic Dirac sea contributions, with
and without PV mixing. These are also plotted when Dirac sea
contributions are neglected (the closely and widely spaced dotted
lines for pp = 0 and pg = py).

014003-14



CHARMONIUM PRODUCTION IN HOT MAGNETIZED HYPERONIC ...

PHYS. REV. D 110, 014003 (2024)

|

1950 T 1950 T T T T
Cr | CER ] 5] ©

oo [P [BT ] (] 5] )
=0 T S ]

~ 1850 | ~ 1850 | )
. PB
> S
2 1800 O 1800 b—mmm T Tr e i
w1750 | | p8=p0om=0.3,£50.3 1 & 1750 el
k= ‘s 03603
1700 - 1 1700 H Ps=pom=0.3.£=0. :
-T—SOMeV
1650 | v o 1650 T=50 MeV /o PV
— - w/o PV,w/o LLL 1 I = (] —— w/o
——— LLL,w/o PV (a) -—— PV
1600 T 1600 R
0 2 4 6 8 10 0 2 4 6 8 10

1950 T T T T 1950

1900 1900 |

~ 1850 ~ 1850 [
3 = 2
1800 S 1800
2 2
e 1750 F 1 g 1750}
& 1700 | 1 Bl
1650 | T=100 MeV 1 1650 |
1600 : : : : 1600
0 2 4 6 8 10
1950 r r r r 1950

1900 1900

~ 1850 ~ 1850 F
Z, _ e g
) 800 2 800
e 1750 F = 1750 F
& 1700 1 B0l

1650 | | T=150 MeV 1 1650 |

1600 L L : L 1600 L

0 2 4 6 8 10 0 2 4 6 8 10
2
eB/m, eB/m,

FIG. 4. Same as Fig. 3, for hyperonic matter (with f; = 0.3).

D mesons are also shown at pg = 0, considering magnet-
ized Dirac sea of nucleons and in the right panel, due to
both the nucleons as well as hyperons. The anomalous
magnetic moments (AMMSs) of the baryons are taken into
account in the present study. The DT and D° masses are
shown for values of the temperature 7 = 50, 100 and
150 MeV. The in-medium behaviors of the scalar fields are
reflected in the medium modification of D meson proper-
ties. The lowest Landau level (LLL) contribution is taken
into account for the charged D™ meson. At finite baryon
density, in the absence of Dirac sea contributions, when the
PV mixing is not taken into account, one observes the mass
of the neutral D meson to be insensitive to the variation in
the magnetic field whereas D' mass shows a steady
increase due to the LLL contributions. Including the
Dirac sea contributions and the anomalous magnetic
moments of nucleons, initially the in-medium mass of
D™ meson is seen to increase with magnetic field up to a
certain value and then starts decreasing with further
increase in eB. The drop in the mass at higher values of
magnetic field is observed to be sharper as the temperature
is raised from 7 = 50 MeV to T = 100 and 150 MeV. In
the presence of PV (D — D*) mixing, there is seen to be a
drop in the mass of both the D* and D° mesons, which is
observed to be much more pronounced for the neutral D
meson. The effect of the isospin asymmetry is observed to
be small. For example, for pp = py and f, = O the value

of the D*(D") mass (in MeV) is observed to be
1736.5 (1585.9) for eB = 10m2 for T =50 MeV and
1615.86 (1416.3) at T = 150 MeV for the same value of
the magnetic field for = 0.3, when the Dirac sea as well as
PV mixing are taken into account, in addition to LLL
contribution for D meson, which may be compared to
the 7 = 0 values of 1732.85 (1554.5) and 1625.6 (1414.9) at
T =50 and T = 150 MeV respectively. Thus the isospin
asymmetry effect is small, but larger for neutral D meson at
smaller temperature of 7 = 50 MeV, whereas, for D™ mass,
the effect of isospin asymmetry is observed to be marginal.

The effect of strangeness is shown in Fig. 4, which shows
the magnetic field dependence of the D meson masses for
the asymmetric (y = 0.3) hyperonic matter (with f; = 0.3)
for pp = po. Similar to the case of asymmetric (with
n = 0.3) nuclear matter (f; = 0) as shown in Fig. 3, in
the absence of the Dirac sea contributions, the DY mass is
observed to be insensitive to the variation in the magnetic
field, whereas the LLL contribution leads to a monotonic
increase in the mass of D' mesons with eB, when the PV
(D — D*) mixing is not taken into account. The PV mixing
leads to a drop in the masses of both D* and D°, with a much
larger decrease for DY mass, as has been observed for the
case of magnetized nuclear matter (f, = 0). At pg = py, in
the presence of the Dirac sea contributions, the solutions for
the scalar fields exist only upto a value of eB = 5m2, as has
already been mentioned. There is observed to be an increase
in the mass of D' as was observed for f, = 0 case upto
eB = 5m2. For zero magnetic field, when the strangeness
fraction f is changed from O to 0.3, the value of the mass of
D+ (D°) is modified from 1797.9 (1792.2) to 1791 (1799.8)
for T = 50 MeV, and 1801.86 (1798.1) to 1794.8 (1803.9)
for T = 150 MeV. For eB = 5m2, the modifications in the
masses due to increase in 77 from 0 to 0.3 are 1857 (1788.4) to
1855.7 (1801.8) and 1884.5 (1816.5) to 1882.1 (1826.1) for
T =50 and T = 150 MeV respectively. The effects of
the isospin asymmetry on the D* and D° meson masses
for the strange hadronic matter are thus observed to be
similar to the symmetric case. As has already been men-
tioned, at zero baryon density, in the presence of magnetized
Dirac sea of nucleons (nucleons and hyperons), the solutions
of scalar fields exist upto eB ~ 4(2.8)m2. The D mesons
masses for pp = 0 with the Dirac sea contributions are
plotted upto these values of magnetic field in Figs. 3 and 4.
The LLL contribution (for the charged D™ meson) causes an
increase in the mass as a function of magnetic field both at
zero baryon density as well as at pp = p, whereas the mass
decreases due to the PV mixing. At zero baryon density, the
effects of Dirac sea contributions due to nucleons (nucleon
and hyperons) on the in-medium masses of the D and D°
mesons are observed to be marginal as compared to when
these effects are ignored, up to a value of eB around
3.5(2)m2 beyond which there is observed to be a drop with
further increase in the magnetic field.
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FIG.5. The masses of pseudoscalar D~ [in subplots (a), (c), and

(e)] and DO [in subplots (b), (d), and (f)] as functions of magnetic
field eB/ mf, at 7 =50, 100, and 150 MeV respectively, for
pp = 0 and for asymmetric nuclear matter (pp = pgy, n = 0.3
and f, = 0), considering baryonic Dirac sea contributions, with
and without PV mixing. These are also plotted when Dirac sea
contributions are neglected (the closely and widely spaced dotted
lines for pp = 0 and pp = py).

The dependence of in-medium masses of D~ and D°
mesons on the magnetic field are shown in Figs. 5 and 6 for
values of the isospin asymmetry parameter # = 0.3, for
magnetized nuclear (f, = 0) and hyperonic (with f; = 0.3)
matter respectively, at pp = py, along with the results for
zero baryon density. At pp = pg, in magnetized nuclear
matter (f, = 0), for a given magnetic field strength, the in-
medium masses of D mesons are observed to be larger than
the masses of the D mesons. However, the trend of
variation of in-medium masses of D mesons as functions
of the magnetic field are found to be similar to those of the
D mesons. The effects of the isospin asymmetry of the
nuclear medium on the masses of the D mesons are
observed to be small compared to the effects from the
Dirac sea and PV mixing effects, similar to what was
observed for the D mesons. As has already been mentioned,
at finite strangeness fraction with f, = 0.3 and pg = p,, the
solutions for the scalar fields exist only up to eB = 5m2,
when the Dirac sea contributions are considered by sum-
ming over the tadpole diagrams in the weak magnetic field
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FIG. 6. Same as Fig. 5, for hyperonic matter (with f; = 0.3).

limit. Similar to the mass of the D meson, the D meson
masses are observed to increase with magnetic field upto
5m2. As has been observed for the D mesons, the masses of
D mesons have very small effect from the isospin asym-
metry for the nuclear as well as hyperonic matter. For
pp = 0, the behavior of D masses are observed to be similar
to the masses of the D mesons.

At finite density, the dominant magnetic field effects on
the D and D mesons are due to the Dirac sea and PV mixng
and the effects of isospin asymmetry are observed to be
marginal. The qualitative trends of the D and D masses
both for the nuclear and hyperonic matter are observed to
be similar at temperatures (7 = 50, 100 and 150 MeV)
considered in the present study. However, in nuclear matter
(both for n = 0 and 0.3), the masses of all these mesons are
observed to initially increase followed by a drop, but the
value of eB where the masses start decreasing, are observed
to be smaller when the temperature is raised, and the value
is much smaller for 7 = 150 MeV.

The in-medium mass of charmonium state y(3770) as
function of eB is shown in Fig. 7 for the asymmetric (with
n = 0.3) nuclear matter (f, = 0) and the hyperonic matter
(with f, = 0.3), at pgp = py, along with results for pg = 0.
At finite pp, in the presence of Dirac sea contributions, in
nuclear matter, both for symmetric and asymmetric cases,
there is observed to be an increase in the mass followed by a
drop with further increase in the magnetic field. However,
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FIG. 7. The mass of charmonium y(3770) is plotted as a

function of magnetic field eB/m2 for pz = 0 and for asymmetric
(n = 0.3) nuclear matter (f, = 0) [in subplots (a), (c), and (e)]
and strange hadronic matter (with f; = 0.3) [in subplots (b), (d),
and (f)] at T = 50, 100, and 150 MeV, for pp = py, with and
without PV mixing, considering baryonic Dirac sea contribu-
tions. The masses are also plotted when Dirac sea contributions
are neglected (the closely and widely spaced dotted lines for pp =

0 and pp = py).

similar to the cases of D and D meson masses, the effects of
isospin asymmetry are observed to be small for the
charmonium [y (3770)] mass. The value of eB for which
the behavior changes from an increase in mass to a drop, is
observed to be smaller when the temperature is raised. As
has been already mentioned, the masses of the charmonium
states are obtained from the medium change of the gluon
condensate and also depend on the wave function of the
particular state considered, using Eq. (40). The contribution
from PV mixing leads to a negative (positive) contribution
to the mass of the pseudoscalar (longitudinal component of
the vector) meson. This is calculated from the phenom-
enological Lagrangian corresponding to the process
V — Py. For T = 150 MeV, the mass of the y(3770) =
w(1D) turns out to be smaller than the mass of 7. = 7.(2S)
for eB larger than around 8.5 m2, due to which the process
w(3770) — n.y is no longer kinematically possible. The
effect due to PV mixing on the mass of y(3770) exist upto
eB = 8.5m2 for T = 150 MeV, for symmetric and asym-
metric nuclear matter. These can be seen from panel (e) of

Fig. 7 for asymmetric nuclear matter. At pp = pg, in the
presence of strangeness fraction, including the Dirac sea
contributions, lead to solutions for the mass of y(3770) up
to eB = 5m2, which is observed to increase with the
magnetic field for the temperatures 7 = 50, 100 and
150 MeV, both for isospin symmetric and asymmetric
cases. This can be observed from panels (b), (d) and (f) for
asymmetric hyperonic matter in Fig. 7. At zero baryon
density, with magnetized Dirac sea of nucleons (and
hyperons), the effective masses of charmonium state
(calculated from the medium change of the dilaton field)
are obtained up to 4(2.8)m2, due to nonexistence of
solutions of scalar fields above these values of magnetic
field. The DS effects are observed to be marginal for eB up
to around 3.5(2)m2 above which there is observed to be a
drop in the charmonium mass.

Figure 8 shows the dependence of the partial decay
width of w(3770) — DD, along with the contributions
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FIG. 8. Decay widths of charmonium v (3770) to (I) D* D~ (II)

DD and (II) total DD, i.e., (I + II) are plotted as functions of
magnetic field eB/m?2 for py = 0 and for asymmetric (y = 0.3)
nuclear matter (f; = 0) [in subplots (a), (c), and (e)] and strange
hadronic matter (f; = 0.3) [in subplots (b), (d), and (f)] at
T = 50, 100, and 150 MeV, for p; = py, using the 3P, model,
considering baryonic Dirac sea contributions and PV mixing.
These are also plotted when Dirac sea contributions are neglected
(the closely and widely spaced dotted lines for pz =0

and pp = po)-
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from the subchannels (I) w(3770) - D™D~ and (II)

w(3770) — DD, computed using the 3P, model. These
decay widths are shown for magnetized matter for pp = 0
and also for asymmetric (with # = 0.3) nuclear as well as
hyperonic matter (with f; = 0.3) at pp = p, and for values
of temperature as 50, 100 and 150 MeV. The medium
modifications of the decay widths arise due to the medium
modifications of the masses of the intial and final states as
calculated using the chiral model including the effects of
the baryonic Dirac sea, with additional contributions from
PV mixing as well as the lowest Landau level (LLL) for the
charged open charm mesons. The effects due to the PV
mixing [y(3770) —n., D — D* and D — D*] are consid-
ered. These decay widths are compared with the values
when the Dirac sea effects are not considered. When the PV
mixing effects are not taken into account, the decay width

of w(3770) to DD remains insensitive to the change in
the magnetic field when the Dirac sea contributions are not
considered as the masses are almost unaffected by the
magnetic field for the neutral open charm mesons [47] and
the charmonium state [49]. However, in the absence of
Dirac sea effects, the decay width to the charged DD final
state is observed to decrease with increase in the magnetic
field and vanish as the magnetic field is further increased,
when the PV mixing effects are still not considered [50].
This is due to LLL contributions which leads to a rise in
the masses of the charged open charm mesons [47].
The incorporation of the PV mixing effects (due to
w(3770) — 1., D(D) — D*(D*)) is observed to lead to
significant modifications to the decay widths of w(3770)
to the charged and neutral DD due to the magnetic field,
both for nuclear and strange hadronic matter. Accounting
for the PV mixing, but when the Dirac sea (DS) effects of
the baryons are not taken into consideration, within the 3P,
model, there is observed to be an intial slow decrease in the
decay width for the charged DD mesons channel with the
increase in the magnetic field, which remains almost
constant at higher values of the magnetic field, whereas,
the neutral DD channel shows an initial increase followed
by a drop with further increase in the value of the magnetic
field. This behavior is observed for symmetric as well as
asymmetric (with # = 0.3) for both nuclear matter and
hyperonic matter. This can be seen from Fig. 8, plotted for
asymmetric nuclear and hyperonic matter. In the presence
of Dirac sea contributions, the behavior of the decay widths
with magnetic field remain similar and the effects from PV
mixing are observed to dominate over the effects of Dirac
sea. The decay widths, obtained up to eB ~ 4(2.8)m2 with
the effects of Dirac sea of the nucleons (and hyperons) for
pp = 0, have similar trend as for pp = po.

The magnetic field dependence of the charmonium
decay widths are shown for asymmetric nuclear and
hyperonic matter in Fig. 9 using the field theoretical
(FT) model of composite hadrons. At pp = py, the decay

width in asymmetric nuclear matter in the charged DD
channel is observed to decrease with the magnetic field up
to eB ~ 6m2, beyond which there is observed to be a slow
increase. The values of the decay width (in MeV) are
observed to be 31.48, 19.12 and 24.86 for values of ¢B
(in units of m2) as 0, 6 and 10 respectively for 7 = 50 MeV
when the DS effects are taken into account. On the other
hand, the decay width for the neutral DD channel is
observed to have a substantial increase with the magnetic
field, from the value of 22.68 MeV at e¢B = 0 reaching a
maximum of around 78.3 MeV for eB ~ 7.5m2, for the
same temperature, beyond which there is observed to be a
slow drop as the magnetic field is further increased. This
leads to the maximum value of the total decay width to be
98.9 MeV for eB = 8.5m2 for T = 50 MeV in asymmetric
nuclear matter when the DS effects are taken into account.
Similar behaviors of the decay widths are observed for the
temperatures 7 = 100 and 150 MeV for asymmetric
nuclear matter. The Dirac sea (DS) contributions are
observed to lead to smaller values of decay width, although
the changes due to DS effects are marginal. In the presence
of hyperons in the medium, the decay widths follow similar
trend as for the nuclear matter for 7= 50, 100 and
150 MeV, as can be observed from Fig. 9. At pp = py,
the decay widths are plotted only up to eB = 5m2 for
strange hadronic matter, when the DS effects are taken into
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FIG.9. Same as Fig. 8, using the field theoretical (FT) model of
composite hadrons.
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FIG. 10. Production cross sections of y(3770) due to scattering
of (I) D* D~ and (II) D°D° mesons are plotted as functions of the
invariant mass, for eB = 2.5m2 [in subplots (a), (c), and (e)] and
eB=8m2 [in subplots (b), (d), and ()] at
T =50, 100, and 150 MeV, for pp =0 as well as for asym-
metric (7 = 0.3) nuclear (f; = 0) matter at pgp = py, with the
decay widths obtained using the P, model. These are also plotted
when Dirac sea contributions are neglected (the closely and
widely spaced dotted lines for pp = 0 and pp = py).

account since the solutions for the scalar fields do not exist
for eB larger than 5m2, as has already been mentioned. In
Fig. 9, the decay widths of y(3770) to charged and neutral
DD mesons, along with the total of both subchannels,
obtained using the field theoretical model, are also plotted
for pp =0, and, are observed to have similar trend as
obtained using the *P, model. The magnetic field effect on
the decay width due to PV mixing is observed to dominate
over the effect from Dirac sea within the *P, model as well
as the field theoretical (FT) model of composite hadrons.

The production cross sections of y(3770), arising from
the scattering of (I) D*D~ and (II) D°D° mesons are
plotted as functions of the invariant mass for magnetized
asymmetric (with # = 0.3) nuclear (f; = 0) and hyperonic
(with £, =0.3) matter with w(3770) —» D*D~(D°D°)
decay width computed using the 3P, model in Figs. 10
and 11 and using FT model, in Figs. 12 and 13, at pg = p
for T =50, 100 and 150 MeV. These are plotted for values
of eB = 2.5m2 and eB = 8m>. For pg = 0, for which the
results for the production cross sections with the Dirac sea
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FIG. 12. Same as Fig. 10, with decay widths calculated using
the field theoretical (FT) model of composite hadrons.
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FIG. 13. Same as Fig. 11, with decay widths calculated using
the field theoretical (FT) model of composite hadrons.

effects due to the nucleons (and hyperons) exist for eB up
to around 4(2.8)m2, the production cross sections are
shown for eB = 2.5m2 (left panels of Figs. 10-13). The
PV [w(3770) —.] mixing modifies the mass of the
longitudinal component of the charmonium state,
w(3770), whereas, the transverse components remain
unaffected due to PV mixing. There is observed to be
well-separated distinct peak positions in the production
cross sections of y(3770) due to scattering of (I) D*D~
and (II) D° DO plotted as functions of the invariant mass, for
the higher value of the magnetic field (eB = 8m2), as the
PV mixing effects are more dominant with increase in the
magnetic field. For magnetized asymmetric (with = 0.3)
nuclear matter, at pg = py, and for the values of temper-
atures of 7 =150, 100 and 150 MeV respectively, the
production cross sections due to the scattering of the D™D~
and D°DO are plotted as functions of the invariant mass in
panels (a), (c) and (e) for eB = 2.5m2 and in panels (b), (d)
and (f) for eB =8m2 in Fig. 10. For D*D~(D°D")
channel, these are observed to be maximum at positions
(in MeV) of 3706 (3706), 3722 (3722) and 3726 (3726)
when the Dirac sea (DS) effects are taken into account, and
3708 (3708), 3724 (3722) and 3728 (3728), when these are
not taken into consideration. It might be noted here that the
production cross section due to scattering of D™D~ as well

as D°D° has contributions due to the transverse and

longitudinal components of y(3770), which have different
masses due to PV mixing. The masses (in MeV) of the
longitudinal (transverse) component of /(3770) for
P =7po, fs=0 and =03 and T =50, 100 and
150 MeV, are observed to be 3723.6 (3703.4), 3745.8
(3719.2) and 3744.1 (3725), in the presence of DS effects,
and, 3725 (3705), 3740 (3720.7) and 3725 (3751), when
the DS effects are neglected. It is thus observed that the
production cross sections of y(3770) due to scattering of
the charged as well as neutral DD are peaked at position
close to the transverse mass of y/(3770), for eB = 2.5m2.
At pg = py, the production cross sections of y(3770) due

to the scatterings of (I) D*D~ and (II) D°D° mesons are
observed to be very similar for the magnetic field
eB = 2.5m2, with the value of the peak height to be
marginally larger for the channel (I) D™D~ as compared
to (II) D°DY, as might be seen from panels (a), (c), and (e)
for T = 50, 100 and 150 MeV. However, both with as well
as without DS effects, for pg =0 and eB = 2.5m2, the

peak height is observed to be much larger for the D°D° as
compared to the value for DD~ scattering. For example,

the value of the peak height is 82.5 mb for D°D? is much
larger as compared to the value of 59.8 mb for D™D~
scattering, for 7 = 50 MeV, in the presence of DS effects.
The effect of temperature on the production cross sections
is observed to be very small for eB = 2.5m2. At the higher
magnetic field of eB = 8m2, the masses with and without
PV mixing are quite different, as can be seen from Fig. 7,
with the values of 3644.4 (3774.26), 3682.9 (3806.65) and
3442 (3608.9) MeV for T =50, 100 and 150 MeV
respectively, when the Dirac sea (DS) effects are taken
into account, and at 3708.25 (3828.1), 3721.6 (3839.1) and
3702.2 (3823) MeV when these are not taken into con-
sideration. The masses (in MeV) of the longitudinal
(transverse) component of w(3770) for pg = pg, fs =0,
n =03, eB=8m2, and T = 50, 100 and 150 MeV, are
observed to be 3774.3 (3644.4), 3806.7 (3682.9) and
3608.9 (3442), in the presence of DS effects, and,
3828.1 (3708.2), 3839.1 (3721) and 3823 (3702), when
the DS effects are neglected. For the higher value of the
magnetic field, eB = 8m2, as can be seen from panels (b),
(d) and (f) in Fig. 10 for temperatures 7 = 50, 100 and
150 MeV respectively, the larger mass difference in the
transverse and longitudinal components of y(3770) leads
to the peaks to be well separated, both for pp = p, as well
as for pp = 0. The positions of the peaks are observed to be
close to the longitudinal (transverse) mass of y(3770), due
to the scattering of D™D~ (D°D°) mesons. The production
cross sections from the D™D~ scatteting is observed to
have additional peaks at positions close to the transverse
(lower) mass of y(3770) for T =50 and 100 MeV for
pp = po (withn = 0.3, f, = 0), in the absence of the Dirac
sea effects, as can be seen from panels (b) and (d) (as the
widely spaced dotted lines) of Fig. 10. It is observed that
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the individual production cross sections are diminished for
the higher value of the magnetic field, eB = 8m2, with the
heights of the peaks (in mb) to be given as 17.62 (17.57)
and 26.12 (25.56) for T = 50 (100) MeV and pg = p,, due
to channels (I) and (II) respectively, in the presence of DS
effects, as compared to the values of the heights to be 55.39
(54.85) and 54.15 (52.91) for eB = 2.5m2. At pg = py, for
T = 150 MeV and eB = 8m2, with DS effects, the peak
heights (in mb) are observed to be 23.26 and 19.49 for
channels (I) and (II) respectively, which are similar to the
values of 24.52 and 18.94 to the case when DS effects are
not taken into account.

In the presence of hyperons in the medium, when the
Dirac sea effects are taken into account, there is observed to
be an increase in the mass of charmonium state y(3770) as
calculated within the chiral effective model using Eq. (40),
whose longitudinal component has a further positive shift
due to the PV mixing, for 7 = 50, 100 and 150 MeV, as can
be seen for asymmetric (7 = 0.3) strange (f, = 0.3) had-
ronic matter in Fig. 7. The behavior of the charmonium
mass is reflected in the peak positions of the production
cross section as plotted for the magnetized asym-
metric strange hadronic matter in Fig. 11. The production
cross-sections of y(3770) are plotted in Fig. 11 for
asymmetric (with 7 = 0.3) strange (with f, = 0.3) had-
ronic matter for eB = 2.5m2 and eB = 8m2, for T = 50,
100 and 150 MeV and pp = p, (also, at pp =0 for
eB = 2.5m2). For eB = 2.5m2, the behavior of the pro-
duction cross sections in the channels (I) and (I) are
observed to be similar to the case of asymmetric nuclear
matter [shown in panels (a), (c) and (e) in Fig. 10].
However, the peak positions are shifted to higher values
when the DS effects are taken into consideration as
compared to when the Dirac sea of the baryons are ignored.
At pg = po and eB = 2.5m2, the DS effects are observed to
be larger as compared to the magnetized nuclear matter
shown in Fig. 10. As has already been mentioned, at
pg = po» for eB higher than 5m2, the solutions for the
scalar fields do not exist for the strange hadronic matter,
when the Dirac sea effects of baryons are taken into account
in the weak magnetic field limit as used for the computation
of the baryon self-energy accounting for the magnetized
Dirac sea [34]. The dependence of the production cross
sections on the invariant mass are observed to be similar to
the case of magnetized nuclear matter for the higher value
of the magnetic field, eB = 8m,2,, when the Dirac sea effects
are not taken into account.

The production cross sections of y(3770) are plotted for
magnetized asymmetric (with # = 0.3) nuclear (f, = 0)
and hyperonic (with f; = 0.3) matter in Figs. 12 and 13
using FT model, for values of eB = 2.5m2 and eB = 8m?>.
The larger values of the charmonium decay width obtained
using the field theoretical (FT) model as compared to the
values calculated within the 3P, model are observed as a
broadening of the peaks in the invariant mass plot of the

production cross section of y/(3770). The effects from the
temperature and strangeness are observed to be significant
in the present study of the production cross section of the
charmonium state w(3770) for higher values of the
magnetic field, which are obtained from the in-medium
mass and decay widths of the charmonium state in the
magnetized nuclear (hyperonic) matter. The PV mixing
effect is observed to dominate over the Dirac sea effect. In
the invariant mass plot of production cross sections of
y(3770) the production cross sections for the scatterings

from (I) D™D~ and (II) D°DP are observed to be peaked at
the positions close to the mass of the longitudinal and
transverse components of the charmonium state y(3770)
for higher values of the magnetic field (eB = 8m2) for
magnetized nuclear matter, when the DS effects are taken
into consideration for pg = py, as well as, for pp = 0, when
the Dirac sea effects are not taken into account. In the
absence of DS effects, for eB = Sm,z,, both for the nuclear
and hyperonic matter, additional peaks are observed for
T =50 and 100 MeV for the production cross section of
the charmonium state in the charged DD channel, close to
the transverse mass of y(3770) at pg = py, as can be seen
from panels (b) and (d) of Figs. 10-13. For T = 150 MeV,
the peaks are observed to be appreciably well-separated as
compared to the lower temperatures (7 =350 and
100 MeV). The production cross sections of w(3770)
can have consequences on the dilepton spectra as well
as the production of the charmonium as well as open charm
mesons produced in ultraperipheral ultrarelativistic heavy
ion collison experiments, since the magnetic field created in
these collisions are extremely large and the charm mesons
are created at the early stage of the collision.

V. SUMMARY

To summarize, in the present paper, we have investigated
the charmonium production cross sections due to scatter-
ings of DTD~(D°D°) mesons, in the presence of an
external magnetic field at finite temperatures, for pz =0
as well as in isospin asymmetric nuclear (hyperonic) matter
for pp = py. In the peripheral ultrarelativistic heavy ion
collisions, strong magnetic fields are produced. However,
since the created matter has extremely low density, we
investigate the production cross sections of the charmo-
nium state, y(3770), which is the lowest state which decays
to DD in vacuum. The production cross sections are
calculated from the Breit-Wigner spectral function of the
charmonium state, which is expressed in terms of its in-
medium mass and decay width. The effects of Dirac sea as
well as PV mixing, in addition to the lowest Landau level
(LLL) contributions for the charged mesons, are taken into
consideration to calculate the masses of the open charm
(D and D) mesons and the charmonium state y(3770) and
the subsequent effect on the partial decay width of
w(3770) — DD in magnetized isospin asymmetric nuclear
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(hyperonic) matter for pp = p, as well as for pp =0, at
finite temperatures. The decay widths are calculated using
two light quark-antiquark models: (I) the 3P, model and (II)
a field theoretical (FT) model of composite hadrons, and
their effects on the production cross section of y(3770) are
studied in the present work.

Within a chiral effective model, the in-medium masses of
the open charm mesons are calculated from their inter-
actions with the scalar (isoscalar ¢ and isovector §) mesons
and the baryons, whereas the mass modification of the
charmonium state y(3770) is obtained from the medium
change of a dilaton field, which simulates the gluon
condensates of QCD. The anomalous magnetic moments
(AMMs) of the baryons are taken into consideration in the
present work. At finite baryon density, accounting for the
Dirac sea effects and the AMMs of the baryons, we observe
the inverse magnetic catalysis (drop in the magnitude of the
scalar fields ¢ and £, which are proportional to the strengths
of the light nonstrange and strange quark condensates, with
increase in the magnetic field) in magnetized nuclear
matter, contrary to the opposite effect of magnetic catalysis
(MC) at zero baryon density. The inclusion of the hyperons
to the nuclear matter at finite baryon density is observed to
lead to the effect of magnetic catalysis. The effect of
(inverse) magnetic catalysis is observed to be enhanced
with the increase in the temperature. In the absence of the
Dirac sea effects, the scalar fields (¢ and {) are observed to
remain almost unaffected when the magnetic field is
increased for temperatures 7 = 50 and 100 MeV, whereas,
there is observed to be a rise with eB for T = 150 MeV,
both for the nuclear and hyperonic matter at pg = py. The
effect due to the isospin asymmetry is observed to be
marginal as compared to the Dirac sea effects. In the
absence of Dirac sea as well as PV contributions, the
neutral open charm meson masses are observed to be
insensitive to the variation of the magnetic field within the
chiral model, whereas, the masses of the charged D*
mesons have positive contributions from the lowest
Landau level (LLL) leading to a monotonic increase as
magnetic field is raised. At finite density, the PV mixing
effects of the open charm mesons (D — D* and D — D*
mixings) are observed to lead to drop in the masses of the
pseudoscalar open charm (D and D) mesons. The Dirac sea
effects in nuclear matter for pp = p, are observed to lead to
an initial increase with increase in the magnetic field,
followed by a drop of the open charm meson masses and
the value for which it starts decreasing is smaller with
increase in the temperature. In hyperonic matter, at

PB = Po, the masses are observed to lead to an increase
upto eB ~ 5m2, up to which the solutions for the scalar
fields can be found using the weak magnetic field approxi-
mation for obtaining the baryon self energy incorporating
the Dirac sea contributions by summing over the tadpole
diagrams.

The w(3770) mass is observed to show a similar trend as
for the open charm mesons, when the Dirac effects are
considered. The mass of the longitudinal component of
w(3770), is observed to increase due to the mixing with
pseudoscalar meson, 77... Due to PV mixing, the production
cross section of y(3770), arising due to the scatterings of

(I) D*D~ and (II) D°D° mesons, are observed to have
distinct peak positions in the invariant mass spectrum for
the higher value of the magnetic field, eB = 8m2, in the
magnetized nuclear (hyperonic) matter for pp = p, as well
as for pp = 0. This arises due to the difference in the masses
of the longitudinal and transverse components, since the
former is modified, whereas, the transverse component is
unaffected by PV mixing. In the presence of DS effects of
the baryons, for eB = 8m2, it is observed that the pro-
duction cross sections of y(3770) due to scatterings of (I)

D*D~ and (II) D°D° mesons are peaked at the positions
close to the masses of the longitudinal and transverse
components of y(3770) respectively. In the absence of the
Dirac sea contributions, there are observed to be additional
peaks for the charmonium cross section arising from D+ D~
scattering, at the positions close to the transverse mass of
the charmonium state. For p; = 0 and eB = 2.5m2, the

peak height is observed to be much larger for the D°D° as
compared to the value for D" D~ scattering, with as well as
without DS effects. The peak heights are observed to drop
appreciably as the magnetic field is increased. There is
observed to be appreciable increase in the separation
between the peaks when the temperature is raised to
150 MeV. The charmonium decay widths calculated using
the field theoretical (FT) model of composite hadrons are
observed to be much larger than the values calculated using
the 3P, model, which is reflected in the production cross
sections of y(3770) as an appreciable broadening of the
peaks. The present study of the charmonium production in
isospin asymmetric strange hadronic matter at finite tem-
perature and in presence of strong magnetic fields can have
observational consequences on the production of the open
and hidden charm mesons in asymmetric ultrarelativistic
peripheral heavy ion collison experiments.
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