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Charmonia and bottomonia in asymmetric magnetized hot nuclear matter
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Abstract: We investigate the mass-shift of P-wave charmonium (x.(, ¥¢;), and S and P-wave bottomonium (77, Y,

Xbo> and yp) states in magnetized hot asymmetric nuclear matter using the unification of QCD sum rules (QCDSR)

and the chiral S U(3) model. Within QCDSR, we use two approaches, i.e., the moment sum rule and the Borel sum

rule. The magnetic field induced scalar gluon condensate <";‘GZVG‘”‘V> and the twist-2 gluon operator (%GZUG"V">

calculated in the chiral S U(3) model are utilised in QCD sum rules to calculate the in-medium mass-shift of the

above mesons. The attractive mass-shift of these mesons is observed, which is more sensitive to magnetic field in the

high density regime for charmonium, however less so for bottomonium. These results may be helpful to understand

the decay of higher quarkonium states to the lower quarkonium states in asymmetric heavy ion collision experiments.
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1 Introduction

To understand the confinement nature of QCD, it is
crucial to study the spectral properties of quarkonia in hot
and dense asymmetric hadronic matter. The in-medium
properties of excited charmonium states (y. and ) and
open charm mesons (D and D) can alter the J/y produc-
tion rate and its suppression in non-central heavy ion col-
lisions [1, 2]. The suppression mechanism suggested by
Matsui and Satz cannot fully explain recent experimental
data, which exhibit non-trivial suppression [3-5]. There-
fore, to understand the additional suppression mechan-
ism, various other methods such as density dependent
suppression and comover scattering have been proposed
[3, 6, 7]. In addition to the temperature and density, it is
believed that in non-central heavy ion collisions, such as
in the large hadron collider (LHC) and in the relativistic
heavy ion collider (RHIC), immense magnetic fields are
generated, approximated on the order of eB~2-15m2
(1m2 = 2.818 x 10'® Gauss) [8-10]. The decay of the mag-
netic field does not occur immediately due to its interac-
tion with residual matter. This is referred to as the chiral
magnetic effect [9, 11-13]. According to Lenz's law, this
magnetic field generates induced currents in remnant
matter, which further generate the induced magnetic field
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that affects the relaxation time and electric conductivity
of the medium, and eventually the decay of the external
magnetic field [14-20]. This extended decay time allows
higher charmonium and bottomonium states to interact
with the magnetic field even in hot nuclear matter [19-
23]. The presence of the magnetic field may induce modi-
fication of chiral condensates [24-27] in addition to
quarkonia, which further has an impact on the properties
of different mesons, such as the p [28], B [29, 30], and D
meson [19, 31]. Significant observables are expected in
future experiments, as in the compressed baryonic matter
(CBM) of the FAIR collaboration, the Japan Proton Ac-
celerator Research Complex (J-PARC) and Nuclotron-
based Ion Collider Facility (NICA,), which may shed
light on the medium modifications of charmonia and bot-
tomonia with regard to the density, temperature, and
magnetic field [32].

To explain the QCD phase diagram in a non-perturb-
ative region, various phenomenological models are pro-
posed on the basis of the effective field theory, namely
the Walecka model [33], Nambu-Jona-Lasinio (NJL)
model [34], Polyakov loop extended NJL (PNJL) model
[35-37], quark-meson coupling (QMC) model [38-43],
Polyakov quark meson (PQM) model [44, 45], coupled
channel approach [46-49], chiral SU(3) model [21, 50-
53], and QCD sum rules [54-59]. These models incorpor-
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ate basic QCD properties such as trace anomaly and chir-
al symmetry. The Polyakov extended models [60, 61] and
functional renormalization group (FRG) [62, 63] tech-
niques incorporate thermal and quantum fluctuations near
the critical temperature region. With these beyond mean
field approximations, the critical point moves towards the
larger chemical potential side [64, 65]. In previous stud-
ies, we investigated the magnetic field-induced in-medi-
um properties of lowest charmonium states J/y and n, us-
ing the QCDSR. We have shown that the mass-shift re-
flects the behavior of gluon condensates, which were in-
corporated from the chiral SU(3) model [21]. In the
present study, we intend to investigate the effect of the
external magnetic field on P-wave charmonium as well as
S and P-wave bottomonium states at finite temperature
and density. To this end, the non-perturbative mean field
approximation is used, where the contributions from fluc-
tuations are neglected. In this approximation, the contri-
butions from the pseudoscalar and axial vector meson are
neglected, as all meson fields are treated as classical
fields [50, 51]. The chiral S U(3) model is vastly applied
to investigate the in-medium properties of light mesons in
nuclear and hyperonic matter [53, 66, 67]. To study the
in-medium properties of heavy D and B mesons, this
model is also generalized to SU(4) and SU(5) respect-
ively [51, 52, 68, 69]. In this model, the scalar and
tensorial gluon condensates are extracted in terms of the
in-medium non-strange meson field o, strange scalar
meson field ¢, scalar isovector meson field 6, vector
meson field w, vector-isovector meson field p, and dilaton
field y [50]. In contrast, QCDSR, which represents a non-
perturbative approach to investigate the confining nature
of strong interactions, has also been used extensively to
study the in-medium properties of heavy mesons [20, 22,
53, 54, 57-59, 70-73]. The open charm and bottomonium
mesons have also been studied under the influence of a
strong magnetic field [19, 29, 31].

The in-medium properties of charmonia and bot-
tomonia have been studied extensively in the literature [2,
20-23, 53, 71, 74-78]. Because of the interaction of gluon
condensates in hadronic medium, the quarkonia undergo
significant modifications. The P-wave charmonia with
modified mass and decay width decays into J/y and
hence affects the production ratio N, /N, in nuclear
matter, which further affects the suppression mechanism
[76]. The medium modifications of masses and the decay
width of y., and y., mesons in hot gluonic matter as a
function of temperature has been studied using QCD sum
rules [2]. In this study, the authors investigate the larger
mass-shift and width broadening for the P-wave char-
monium states as compared to lower states J/y and 5.
[53, 73]. In Refs. [23, 77], using QCD second order stark
effect, the in-medium properties of heavy charmonium
states (¥(3686) and (3770)) were studied in the nuclear

matter, and a significant mass-shift was observed.
Moreover, in Ref. [20], authors have studied the effect of
the magnetic field on the lowest charmonium states using
QCD sum rules. The magnetic field-induced mass mix-
ing of J/¢ and 7. has also been calculated under the QCD
sum rules approach [22]. The mass-shift of bottomonia is
studied by the unification of QCDSR and the maximum
entropy method (MEM) in Ref. [71]. The bottomonia
mass-spectra were calculated for different temperatures.
In Ref. [78], authors investigated the mass-splitting by
studying the mixing of pseudoscalar and vector charmo-
nia and bottomina in the Cornell potential due to the
background magnetic field. The mass modifications of
the Upsilon Y bottomonium state has been studied using
the chiral S U(3) model in the magentized nuclear matter
at zero temperature, and it has been observed that the
magnetic field effects are more prominent in the high
density regime [75].

The article is organized as follows: in the following
section, we briefly describe the methodology to calculate
the mass spectra of charmonia and bottomonia. In Sec-
tion 3, we discuss the quantitative results of the present
work. Finally, Section 4 provides the conclusion.

2 Formalism

To study the effective mass of charmonium and bot-
tomonium, we use the conjunction of QCDSR with the
chiral SU(3) model, which depicts the non-perturbative
mechanism to study the confining nature of QCD [50, 54,
57, 59, 66]. In subsection 2.1, we briefly explain how
gluon condensates are extracted from the chiral SU(3)
model. The Borel sum rule and moment sum rule are ex-
plained in subsection 2.2.

2.1 Gluon condensates from chiral S U(3) model

To describe nucleon-nucleon interactions, we employ
an effective field theoretical approach, which is based on
the non-linear realization of chiral symmetry [79-81] and
broken scale invariance [50, 51, 66] in the presence of ex-
ternal magnetic field at finite temperature and density.
These interactions are expressed in terms of the scalar
fields o, ¢, 8, x, and vector fields w and p in this model.
The p and 6 fields are incorporated to introduce the effect
of the isospin asymmetry in nuclear medium. Moreover,
the dilaton y field is introduced to incorporate the trace
anomaly property of QCD [50]. The Lagrangian density
of the chiral § U(3) model with the mean-field approxima-
tion is given as

Lehiral = Liin + Lyec + Z Lun+Lsg+Ly. (1)
M=S,V

In the above equation, Ly, represents the kinetic en-
ergy term, Ly depicts the mass of vector mesons
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through the interactions with scalar fields and carries the
self-interaction quartic terms, and Ly is the meson-nuc-
leon interaction term, where S and V represent the
pseudoscalar and vector mesons, respectively. Lsg de-
scribes the explicit chiral symmetry breaking, and £, de-
scribes spontaneous chiral symmetry breaking.

The thermopotential Q per unit volume in zero mag-
netic field can be written as [21, 82]

Z f Ak fin(1+PER-)

i=n,p

Vo <2n>3
+In(1+ePEOBN - Lo — Lsg — Lo — Viaes 2

where the sum runs over the neutron and proton, y; is
spin degeneracy factor for nucleons; ! = p; — guiw — &,iT3p

and E; (k) = are the effective nucleon chemical

potential and the effective single particle energy of nucle-
ons, respectively. Moreover, the vacuum potential en-
ergy, Vi, is subtracted from the thermopotential to ob-
tain zero vacuum energy.

The Lagrangian density (Eq.(1)) in the presence of a
magnetic field modifies as

L= Lepira + Lmagv (3)

k2 +m?

where

1
Lmag ¢l‘]17ﬂA éi— _KtﬂNlpza'#VFﬂV‘p - _FﬂyF,uv 4)

In the above equation, ¢; is a wave function of the i
nucleon, and the next term represents the interaction with
the electromagnetic field tensor, F,. Further, uy and k;
are the nuclear magneton and the anomalous magnetic
moment of i nucleon, respectively. In this study, the
magnetic field is chosen to be uniform and along the Z-
axis. We discuss the interactions of the uncharged and
charged particle with the uniform magnetic field in the
following.

In the presence of the uniform external magnetic
field, the charged proton experiences the Lorentz force,
hence the Landau quantization is applied. In this quantiz-
ation, the transverse momenta of the proton are confined
to the closed loops, namely Landau levels, v, with,
k* =2v|q,|B, where v>0 is a quantum number [83].

Thus, the integral transformation takes place as
[Pk — g’ﬂ =D Ji dky, where kj depicts the longitudinal

momenta. Here, the summation represents a sum over the
discrete Landau levels, v=n+ 7 - WE =0,1,2,--- of the
proton in the normal plane. Moreover, n is the orbital
quantum number, and the quantum number s is —1 for

spin down and +1 for spin up protons. The effective

single particle energy of the proton is likewise modified

. 2 ’
o 2= U + {2 ] 54

With these modifications, the first term of the thermo-
potential (Eq.(2)) for the proton will be

_TlgplB ,

p _ PP | X Viax B[E K

v = (27-[)2 [Zv Of dk” ln l+e )
+In(1+ePIE]) }+Z """ f dky ln(l+e AE )

+1n(1 +ePLE: *ﬂ,])}]
(5)

In contrast, there is no Landau quantization for an un-
charged neutron in the presence of an external magnetic
; &k

field, therefore the integral f ol

> remains unmodified
[83]. However, because of the non-zero anomalous mag-
netic moment k,, the effective single particle energy of the

2
. . - 2
neutron is modified as Eﬁz\/ (kﬁ‘) +(w /m,’;2+(k’1)2 —s,uNK,,B) s

and hence, the first term of Eq.(2) for the neutron will be

%:-%gl f d3k{1n(1+e—ﬁl5f—#il)+1n(1+e—ﬁ“§1’+ﬂil)}.
(6)

The net thermopotential in the presence of uniform
external magnetic field can be expressed as

Q Q, Q,
- - _p+7_-£vec_£SB

v v - -EO - (Vvac . (7)

By minimizing the thermopotential Q/V with respect
to the fields o, ¢, 6, x, p, and w, the corresponding
coupled equations of motion of these fields are determ-
ined and given as

Q
I&YV) :ko)(za'—4k1 (0‘2+§2+62)0'—2k2 (0'3 +30'62)
oo
d 200 X 2
e {2
3)(0-4’ 3)( 0_2_52 +(XO) mnf
(8)
Q
ut 64/“ V) =kox*( -4k (07 + £+ 6%) L — 4ol — kay (0 = 6°)
dx* ()()2 > 1 5 ]
— L) [ Vomk fx - —m
3 é/ XO KfK \/E ﬂfﬂ
—Zggipf=0,
9)
Q) ., 2 a0 3.2 2
s =hox §— 4k (07 + 2 +6%)6 2k (6 +3070)
2 4 0 s
+2kx0¢ + 3y (a-z _52)_ D samsp) = 0(»10)
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0 2
AV =(i) miw+ g4 (40° +120°0) = ) guip} =0,

dw X0
(11
aQvy _(x\ 3y o2 ,
B :(E) mpp+g4(4,0 + 12w p)—zgpmp,- =0,
(12)
and
aQ/V) 2,42, 2 2_ <2 3 )(4
=k -k - 1M +1In| &
By OX(C" +{ +6) 3(0’ 0 ){+X +In Xg
o2 -62 14 3
+ (4ky —d)y’ - A—Ldfln((#)(i ) )
3 0-040 X0
2x| > ( 2 L, )
+ = |myfro+ V2m Jk——=m fx|{
; e
- %(miwz + mﬁpz) =0,
13)
respectively.

In the above equations, fx and f; are the decay con-
stants of K and 7 mesons, which also serve as order para-
meters of spontaneous symmetry breaking. The medium
dependence of fx and f; inthe present work is con-
sidered via equations

fie =50+ V) (14

and

Jo =0, (15)
respectively. Moreover, mgx and m, are the masses of K
and 7 mesons, respectively, and the additional paramet-
ers ko,kz, and k4 are fitted to reproduce the vacuum val-
ues of scalar o, £, and y mesons and the remaining para-
meter k; is selected to generate the effective mass of nuc-
leon at nuclear saturation density (around 0.65my), while
remaining parameter k3 is constrained by 5’ and n masses.
The in-medium mass of nucleons is given as
m; = —(8ai0 + 8ui + 86i736). Here, goi, 8si, and gs; repres-
ent the coupling strengths of nucleons (i = n, p) with o, ¢,

Table 1. Values of various parameters.

oo MeV {o MeV X0 /MeV d po fm3
-93.29 -106.8 409.8 0.064 0.15
ko k1 ky k3 ky
2.53 1.35 -4.77 -2.77 -0.218
my/MeV mg /MeV feMeV  fxMeV 84
139 498 93.29 122.14 79.91
8oN 8N 86N 8wN 8pN
10.56 —0.46 2.48 13.35 5.48

and § fields, respectively and are chosen to reproduce the
vacuum mass of nucleons. The values of these different
parameters used in the present work are listed in Table 1.
Furthermore, p] and p; represent the number/vector and
scalar densities of the i nucleon, respectively for the
magnetic/non-magnetic case [21, 85-87]. The isospin
asymmetry of the medium is defined by parameter
n= (o, —p,)/2pN, and 73 denotes the third component of
the isospin. The coupled Eq. (8) to Eq. (15) are solved
simultaneously to obtain medium dependent values of
different scalar and vector fields.

The scalar gluon condensate Gy = <%szG‘”‘"> and
tensorial gluon operator G, = (";‘Gl‘ng“V‘T> can be ex-
pressed within the chiral SU(3) model in terms of scalar
fields through following relation [53]

2
G- - L] (o2t |
16

and

a,
G =7[— (1—d+3k)(r* —xo") —x*

2—62 3
X0 3 Croéh X0 (17)

respectively. The value of d has been taken from the
QCD beta function, Bocp at the one loop level [50], with
Ny flavors and N, colors,

11N, g? : 2Ny
4872 11N,
In the limit, the quark mass term (second term) equals

to zero, and the scalar gluon condensate given by Eq. (16)
gets modified as

Baocp = - )+O(gs)- (18)

8
Go= 50 —dy*. (19)

2.2 In-medium mass of heavy quarkonia from QCD

sum rule

In QCDSR, we employ two approaches, i.e., the Borel
sum rules and the moment sum rules. The moment sum
rules are derived using the operator product expansion
(OPE) method, which is a non perturbative technique to
define the product of fields as a sum over the same fields
to resolve the difficulties arising from perturbative ef-
fects [54]. The Borel sum rules are derived from Borel
transformations and OPE. These transformations are
standard mathematical techniques to incorporate perturb-
ative effects by summation of divergent asymptotic series
[74]. The moment sum rule is a good tool to calculate
heavy quark masses due to large separation of scale, nev-
ertheless, Borel sum rules have several merits, i.e., better
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OPE convergence.
The current-current correlation function of heavy
quark currents is given by [57]

M (p) =i f d*xe? (T (x) jO)]), (20)

with () being the Gibbs average. In the above equation,
p = (Eo, P), is the four-momentum vector and symbol ¢
represents the scalar (S), vector (V), pseudoscalar (P), and
axial vector (A) mesons. These mesons currents are
defined as j®=qq, ji=qvg, Jj"=3qysq, and
jl/} = (q,9v/9* — &u)@Y"ysq With g as the heavy quark oper-
ator.

2.2.1 Borel sum rule
We perform the Borel transformation [74] on the
function I17(p) by going into the deep Euclidean region
(p* = E} = -Q* < 0) to obtain a better radius of conver-
gence. The transformed correlation function M’(M?) can
be written as
M (M*) = lim
Q? In—>M?, n!

n,Q*—o00

2\n+1 n
@x ”(—%) @), @

At finite temperature and density of the medium and
the correlation function can be expanded in terms of the
dimension-4 scalar gluon condensate and twist-2 gluon

operator, whose Borel transformation, using Eq. (21), will
lead to

M (M?) = e 47A” (9)[1 + ay(MP)a’ () + b (g)¢p + c’(g@,)

In the above, g =4m;/M?* is a dimensionless scale para-
meter, where M depicts the Borel mass. Symbols A’(g),
a’(g), b’(g), and ¢’ (g) are Borel transformed Wilson coef-
ficients and are given in Ref. [74]. The first term is the
leading order of OPE. The second term corresponds to
the perturbative correction and the remaining two terms
are associated with the medium modified scalar gluon
condensate Gy = <%GzVG“’”> and tensorial gluon con-

densate G, = <%GZJG“V"> as

2
oy = 4%(42#, (23)
and
. = iG2 24)
©3m2

respectively, which are also the carrier of thermal effects
of the medium. The «, and m, parameters are the running
coupling constant and running quark mass, respectively.
The condensate Gy and G, appearing in the above equa-
tions are evaluated using Eqgs. (16) and (17), respectively.

In the QCDSR analysis, the dispersion integral is used
to express the correlation function in terms of the spec-
tral function. For finite temperature and density of the

medium, the spectral function depicts the imaginary part
of the correlation function [74]. Thus, we have following
dispersion relation for the Borel sum rule,

M (M?) = f dse™*™ ImIT’ (s). (25)
0
In the above, ¢~*/*" is an exponential weight factor, and s
represents a continuum parameter.
In Eq. (25), ImI1/(s) can be decomposed into the pole
and the continuum part as

ImI1(s) = ImITP”'® () + ImIT*°™ (), (26)

with the pole contribution under zero decay width ap-
proximation

ImiT'(s) = fyd(s—m}p?), T =0, (27)

where fj is a strength parameter. The finite decay width is
important in deconfined medium, whereas in the present
work, we investigated the modification of masses of char-
monium and bottomonium in nuclear medium, which is
confined in nature [74]. In Ref. [88], using the zero width
approximation, authors have studied the mass of light
vector mesons p, w, and ¢ under finite temperature and
density. The continuum contribution in Eq. (26) is
defined in terms of a perturbative spectral function with a
sharp threshold factor, i.e.,

Imﬁcont( $)=6(s— SO)ImI:[J,pert( s), (28)

where 6(s—sp), is sharp threshold factor for the con-
tinuum, and the cut off parameter sy for the pole term is
adjusted to reproduce the corresponding side of OPE and
[17Per(s) perturbative spectral function for different
meson currents [74]. Using Eq. (26) in (25), we have

So 0 2 ~
M (M?) = f dse™ M ImITP(5) + f dse™/™ ImIT°" ()
0 0

So
=> M (M) = f dse™ M ImITP®(s) + M (M?)
0

= MJ(M2) _Mcom(MZ) — fAO dse—s/MZImﬁpole(s).
0
(29)
Differentiating both sides of above equation with re-
spect to 1/M? and taking ratio with Eq. (29) itself (to
eliminate fy from the pole term from Eq. (27)), we obtain

J 2y _ cont 2
i M M- M)

MJ(MQ) _ Mcont(MZ)

So
fdsse_‘Y/MIml:Ip"le(s)
== =my’, (30)
fdse_S/MZImlz[p(’]e(s)
0

where m”‘Q2 is due to the use of Eq. (27) in the second term
of Eq. (30). We solved above equation to evaluate the in-
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medium mass my,, of a given quarkonia as a function of
Borel parameter p2.

2.2.2  Moment sum rule
The n” moment M corresponds to the derivative of
the correlation function, if one does not take the limit in

Eq. 21),i.e.,
n 00 1/
Ml =] (—d ) Y (Ey?) ,:lf —ImHQ(s) ds,
EOZZ*QZ T 4m3 (S+Q )n+l
(31)

"= i\ dEy?

at a fixed Q? = 4m?é.
Within QCDSR, using OPE, the moment can be ex-
pressed analytically as follows [58]

M) = A O [1+a)@)as+ b1y +chE)ge],  (32)

where AJ(€), al(&), bl(€), and ¢ (&) are the Wilson coeffi-
cients for meson currents [2, 54], and ¢ is the normaliza-
tion scale. Hence, using ¢, and ¢. (Egs. (23) and (24)) in
the expression of M, the in-medium mass of the
quarkonium states [21, 53, 57] can be written as

L, M
my” = Mf—](f) —4m2é. (33)

The in-medium mass-shift of quarkonium is given by
Aty = mity=mo, (34)

where mg (Q = xco(S), xe1(A)n(P), C(V),xp0(S),xp1(A))
is the vacuum mass of mesons. In the next section, we
discuss the numerical results of the present work.

3 Numerical results and discussions

The in-medium mass-shift of charmonia and bot-
tomonia is calculated through two different QCDSR ap-
proaches using the in-medium scalar gluon condensate Gy
and tensorial gluon condensate G, in the presence of a
uniform external magnetic field at finite temperature and
density of asymmetric nuclear matter. We used the value
of running charm (bottom) quark mass m.(m;), and run-
ning strong coupling constant @, to be 1240 (4120) MeV
and 0.21 (0.158), respectively. In addition, the chiral
symmetry restoration at high temperature and magnetic
field is also characterized by the in-medium fz and fx
decay constants. We have divided this discussion in two
subsections. In subsection 3.1, we discuss the in-medium
behavior of scalar fields o, £, §, and y as a function of the
external magnetic field eB. The magnetic field induced
gluon condensates and mass-shift of heavy quarkonia will
be discussed in subsection 3.2.

3.1 Scalar fields o, £, 6, and y in magnetized hot nucle-

ar matter

In the chiral S U(3) model, the effect of the magnetic

field is considered through the scalar density p{, and vec-
tor density p!, of the nucleons appearing in the scalar and
vector field equations (8) to (11) [21]. In Fig.1, we plot-
ted the variation of o, £, ¢, and y fields as a function of
the magnetic field eB/m> (1m?> = 548x1072 GeV’ =
2.818x10'® Gauss), at nucleon density py =0 and tem-
peratures 7= 0, 50, 100, 150 MeV. Here, e and m, are the
electric charge and mass of pion, respectively. As can be
seen from this figure, the magnetic field affects the scalar
fields negligibly for temperatures 7 = 0, 50, and 100
MeV. However, for 7= 150 MeV, the magnitude of o, ¢,
and y field decreases as a function of the magnetic field.
This is due to the fact that at higher temperature chiral
symmetry restoration is considered and the different mag-
netic field strength rectifies the critical temperature,
which is in accordance with the (inverse) magnetic cata-
lysis process [11].

In Figs. 2 and 3, we plotted the scalar fields o, £, ¢
and y as a function of the magnetic field eB/m? at differ-
ent temperatures 7, for nucleon density py = po (4po) and
isospin asymmetry parameters = 0 and 0.5. In Fig. 2, for
symmetric nuclear matter ( = 0), the magnitude of o~ and
¢ fields decreases with the increase in the magnetic field.
The drop occurs in case of high density, as compared to
low density. For example, the values of o field at 7= 0
and py = po (4pg) are —49.38 (—25.71) MeV and —44.87
(=17.54) MeV for eB = m2 and 7m2, respectively, and the
values of ¢ fields are —75.51 (—72.72) MeV and —63.08
(—60.06) MeV. At finite density, the magnitude of scalar
fields increase with the increase in the temperature of the
medium. For example, at py = po (4p0), n =0, and eB =
4m2 the values of o fields are —47.34 (-23.72), —52.20
(—26.21) and —51.84 (—27.72) MeV for T = 0,100 and
150 MeV, respectively and for ¢ field, these values are
—74.23 (—62.23), —77.32 (—63.30) and —77.09 (—63.98)
MeV. As discussed earlier, in the present model, the in-
teraction of quarkonium with medium is expressed in
terms of scalar fields, which incorporates the attractive
interactions. The scalar fields are solved under different
simultaneous conditions of the medium, such as density,
magnetic field, temperature, and isospin asymmetry. In
this framework, the effect of these physical parameters
are introduced by the scalar and vector density of medi-
um's constituents [21]. The scalar density increases with
the increase in the number density of the medium, which
results in the increase in the o~ and ¢ field (magnitude de-
crease), whereas with the increase in temperature, the
scalar density decreases, hence we obtain the opposite be-
havior of scalar fields [53]. The increase in the magnetic
field increases the scalar density, and we observed an in-
crease in the value of scalar fields. This may be due to in-
verse magnetic catalysis [11, 89], where the interaction of
QCD medium with a strong magnetic field induces addi-
tional fermion-antifermion condensates with weak attract-

124109-6



Chinese Physics C Vol. 43, No. 12 (2019) 124109

_76 T T T T T T _96 T T T T T T
98 -
80 - _
-100 .
—~ —~
2 84T 12102 t ]
=
T 88 ] %404 . -
-106 .
! . 108 T -
(a) L (b)
_96 1 1 1 1 1 1 _110 1 1 1 1 1 1
1 2 3 4 5 6 7 1 2 3 4 5 6 7
0,15 T T T T T T 412 T T T T T T
411 t .
0Ly ] 410 | :
S 005t i %409 i 1
S S 408 |- -
g 0.0 e =407 P -
20,05 [ ] 406 1 e ]
405 + .
() - (d)
_0‘1 1 1 1 1 1 1 404 1 1 1 1 1 1
1 2 3 4 5 6 7 1 2 3 4 5 6 7
2 2
eB/m” eB/m”
— T=0 MeV T=100 MeV
— - T=50 MeV ----- T=150 MeV

Fig. 1.
nucleon density py = 0.

ive interactions (analogous to BCS theory). Con-
sequently, the net chiral condensates are enhanced, and
the critical temperature decreases [90, 91].

Considering the effects of isospin asymmetry in sub-
plots (¢), (d), (g), and (h), it is observed that at = 0.5
and pny = 4pop, the magnitude of o and ¢ field decreases
(same as of symmetric matter case) with respect to eB for
temperature 7 = 100 MeV and 150 MeV, whereas it in-
creases for low temperatures such as 7= 0 and 50 MeV.
This is because in highly asymmetric matter, due to large
number of neutrons, a significant difference in p, and p;,
is observed, which results in opposite behaviour of fields
in low temperature. Moreover, for the same 7, the temper-
ature effect on o~ and ¢ field becomes very small for high
density with respect to the magnetic field. The above be-
havior is due to the competing effects between scalar
densities p, and p; of the neutron and proton, as these

(color online) Scalar fields o, £, 8, and y plotted as a function of magnetic field eB/m2, for different values of temperature 7, at

densities exhibit temperature and magnetic field depend-
ence [21, 53].

In Fig. 3, the scalar fields § and y are plotted as a
function of the magnetic field. In subplots (a)—(d), the
magnitude of the ¢ field increases with respect to the
magnetic field, and it varies more significantly at high
density compared to low density. For n = 0, the non-zero
value of ¢ field is observed due to the inequality p;, # o,
as for a finite magnetic field the Lorentz force effects be-
come significant [21], which act on the neutron and pro-
ton in a different manner. Further, if we move towards
higher asymmetry, the temperature and magnetic field ef-
fects on § field are more prominent. For example, at py =
4po, eB = 4m2 and n = 0 (0.5), the values of ¢ field are
0.58 (—3.25), 0.54 (—2.64), and 0.48 (—1.48) MeV for T =
0, 100, and 150 MeV respectively, and for eB = 7m2,
these values change to 1.47 (—3.28), 1.40 (—1.10), and
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Fig. 2.
density py, and isospin asymmetry parameter, 7.

1.38 (0.41) MeV. In subplots (e)—(h), the glueball field y
is plotted, and thus for = 0, the magnitude of the dilaton
field decreases with an increase in the magnetic field.
Here, the observed decrement is larger in the high dens-
ity regime compared to low density regime. Furthermore,
in pure neutron matter, the trend of the y field is exactly

(color online) Scalar field o and ¢ plotted as a function of magnetic field eB/m2, for different values of temperature 7, nucleon

opposite as compared to symmetric medium at low tem-
perature. For example, at n = 0.5, py = 4p, and eB = 4m?>
(7m2), the values of y fields are observed as 386 (387),
386 (384), and 385 (379) MeV for T = 0, 100, and 150
MeV, respectively. Whereas for n = 0 and the same para-
meters, the respective values are 382 (376), 384 (379),
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density py, and isospin asymmetry parameter, 7.

and 385 (379) MeV. This observed crossover is because
the y field is solved along with o and ¢ fields in coupled
equations of motion, which as discussed earlier, contrib-
utes from the magnetic field induced scalar densities of
the neutron and proton.

3.2 In-medium gluon condensates and mass-shift of

charmonia and bottomonia

In Fig. 4, We plotted the scalar and twist-2 gluon op-
erator condensates with magnetic field for different val-
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Fig. 4. (color online) Scalar gluon condensate G, and twist-2 gluon operator G,, describing trace and non-trace part of the energy mo-
mentum tensor, respectively, plotted as a function of magnetic field eB/m2, for different values of temperature 7, nucleon density py,

and isospin asymmetry parameter, 7.

ues of nucleon density, temperature, and isospin asym-
metry. Egs. (16) and (17) indicate that the scalar and
tensorial condensate depends on scalar fields. The former
strongly depends on the y field due to its fourth power
dependence alone. Therefore, the behavior of the scalar

condensate reflects the same functional dependence on
the magnetic field and other parameters, as is the case
with the y field. In the latter case, G, has a mixed fields
dependence in every term and hence exhibits crossover
behavior. Moreover, in the present investigation, we ob-
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tain a non-zero value for the twist-2 gluon operator G», as
the magnetic field breaks down the Lorentz symmetry by
affecting the neutron and proton separately [21, 59]. In
addition, in the high density regime, the value of G, de-
creases as compared to low density, however it follows
the same trend with respect to the magnetic field. At high
density, the values of G, increase with the increase in the
magnetic field for symmetric nuclear matter, while they
decrease for T'= 0 and 50 MeV at 5 = 0.5. In the above
discussion, scalar and tensorial gluon condensates are cal-
culated using Eqs. (16) and (17), where we have con-
sidered the medium dependent value of decay constants
fﬂ and f K-

These condensates are used as input in ¢, and ¢, to
calculate the effective mass and hence, in-medium mass-
shift of quarkonia from Borel and the moment sum rule.
In the former case, the threshold value sy is assumed to
obtain the stability of the plot between the effective mass
with respect to the Borel parameter 2. In this study, we
have assumed its value to be 12.25 GeV’ and 114.91
GeV’ for charmonia and bottomnia, respectively [74]. To
understand the implications from the OPE side, in Figs. 5
and 6, we plotted the OPE coefficients for the Borel sum
rule with respect to the Borel parameter. In Fig. 5, for P-
wave charmonia, we observed for a particular value of
medium parameters (eB, T,py, and n), the expansion coef-
ficients of charmonia varies appreciably with the Borel
parameter. However, in Fig. 6, for same parameters, the
bottomonia expansion coefficients, such as b(g)¢, and
c(g)¢., are suppressed due to the term mé present in the
expression of ¢, and ¢., as the mass of bottom quark is
very large. From both sum rules, the effective mass of the
quarkonia decreases with the increase in the magnetic

field, temperature, nucleon density, and isospin asym-
metry. The observed mass-shift of the axial vector meson
Xci 1s larger than the scalar meson .. In Fig. 7, we plot-
ted the in-medium mass-shift (Borel sum rule) of y., and
Xc; mesons as a function of the magnetic field for differ-
ent values of isospin asymmetry, temperature, and nucle-
on density. In this figure, for n = 0, we noticed that the in-
medium negative mass-shift increases more with the in-
crease in the magnetic field. Considering the temperature
effects, the magnitude of mass-shift is larger at zero tem-
perature for both nucleon densities. It decreases with the
increase in temperature, but follows the same functional
dependence for the magnetic field. For highly asymmet-
ric nuclear matter, at py = 4pg, the magnitude of in-medi-
um mass-shift decreases with the increase in the magnet-
ic field eB for T = 0 and 50 MeV, whereas for T = 100
and 150 MeV, the magnitude of mass-shift increases with
the increase in magnetic field. The values of mass-shift of
P-wave charmonia calculated from the Borel sum rule at
eB =3m2 and 7m2 are tabulated in Table 2. The crossover
is a reflection of values of ¢, and ¢., which are directly
proportional to gluon condensates Gy and G, respect-
ively. In Fig. 8, we have compared the mass-shift of P-
wave charmonia obtained from the Borel sum rule as well
as the moment sum rule as a function of the magnetic
field and for fixed value of nucleon density, temperature,
and isospin asymmetry parameter. For the moment sum
rule, following our previous work for J/¢ and 1. mesons
[21], in this article we work with & = 2.5, since the Wilson
coefficients for heavy quarkonia are larger than the S-
wave [2]. We found that the magnitude of observed mass-
shift of quarkonia is less for the Borel sum rule as com-
pared to the moment sum rule. For example, in the mo-
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02 f 1 So2f :
g 1k 5 1
S 01F 1 3 olt i
= —
S 0.0 |— 2 00
pam |53
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Fig. 5.

(color online) OPE coefficients (charm) for scalar and axial vector current plotted as a function of Borel parameter 2, for

eB=5m2, T=100 MeV, nucleon density py = 4p¢, and isospin asymmetry parameter, 5 = 0.
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Fig. 6.

(color online) OPE coefficients (bottom) for pseudoscalar, vector, scalar, and axialvector current plotted as a function of Borel

parameter p2, for eB = 5m2, T= 100 MeV, nucleon density py = 4po, and isospin asymmetry parameter, = 0.

ment sum rule, the values of y., mass-shift at py = 4pg
and eB = 3m2(7m2) with respect to vacuum are —67.70
(—86.51) and —62.55 (=76.47) MeV for T = 0 and 100
MeV, respectively, and for the y.; meson mass-shift for
same parameters are —77.90 (—71.98) MeV and —96.72
(—87.97) MeV. The difference in the mass-shift from two
sum rules is because in the Borel sum rule for better per-
turbative expansion, the limit on the dispersion relation
(see Eq.(21)) enters a deeper Euclidean region. In Ref.
[2], the authors have reported the mass-shift of y,, and x,
as a function of T/T, in zero magnetic field and observed
that the effective masses of these mesons decrease with
the increase in 7/T..

In Figs. 9 and 10, we plotted the in-medium magnetic
field induced mass shift of bottomonia with respect to the
magnetic field using the Borel sum rule. In Fig. 9, the
mass-shift of pseudoscalar meson 7, and vector meson
is plotted, whereas in Fig. 10, the scalar meson y,, and
pseudovector meson yp, is plotted. The mass-shift of bot-

tomonia follows the same trend as for charmonia for dif-
ferent medium parameters. However, we found that the
effect of medium characteristics on the mass of bot-
tomonia is very small compared to the P-wave charmo-
nia mass, whereas it is very close to the S-wave mass
[21]. This is due to the presence of the square mass term
in Egs. (23) and (24), as discussed earlier. In the bottom
sector, we see that the magnitude of mass-shift increase
with the increase in nuclear density. The induced bot-
tomonia mass-shifts are listed in Table 3. If we compare
this Borel sum rule result with the moment sum rule res-
ults, we find that the obtained mass-shift from the Borel
sum rule exhibits little difference compared to the mo-
ment sum rule. For example, in the moment sum rule, the
values of 7, mass-shift at py = 4py and eB = 3m2(7Tm2)
with respect to vacuum are —0.93 (—1.18) and —0.86
(—1.07) MeV for T = 0 and 100 MeV, respectively, and
for the v meson mass-shift for same parameters are —1.95
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Fig. 7. (color online) In-medium mass-shift of ., and y., meson calculated from Borel sum rule plotted as a function of magnetic
field eB/m2 for different values of temperature 7, nucleon density py, and isospin asymmetry parameter, 7.

(—2.45) and —1.80 (—2.22) MeV. Similarly, the values of
Xbo mass-shift at py = 4py and eB = 3m2(7m2) with re-
spect to vacuum are —9.46 (—11.85) and —8.72 (—10.73)
MeV for T=0 and 100 MeV, respectively, and for the y;,
meson mass-shift for same parameters are —7.77 (—9.73)

and —7.16 (—8.81) MeV. In the present study, we find
negative mass shifts of charmonia and bottomonia under
different conditions of the medium. We observe a large
negative shift with respect to density, which compensates
other different medium effects. In the heavy meson-nuc-
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Table 2. In the above table, we tabulate the effect of magnetic field on the mass-shifts of x.( and x.; mesons from the Borel sum rule. Here, Amg,,
represents the mass-shift between eB= 3m,2r and B = 0 (similar to Amg,,). Further, py and temperature T are given in units of fm” and MeV, respect-
ively.

n=0 n=05
Amg T=0 T =100 T=0 T =100
0 4pg 0 4pg <] 4pg 00 4po
Amgs, —20.66 -36.32 —17.44 -33.39 —18.34 -31.67 -16.79 -30.84
Xco
Amg,, —22.95 —45.79 —19.58 —41.27 —-17.89 —29.84 —-17.40 —34.85
Amgs, —26.88 —47.30 —22.69 —43.47 —23.86 —41.21 —21.83 —40.13
Xe1
Amg,, —29.88 —59.49 —25.47 —53.80 —23.28 —38.81 —22.63 —45.39
_20 0 T T T T T _20 0 T T T T T
7= 7=
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Fig. 8. (color online) In-medium mass-shift of ., and y.,; meson plotted as a function of magnetic field eB/m2 using different sum

rules, for 7= 0 and 100 MeV, nucleon density py = 4pp and isospin asymmetry parameter, n = 0.

leon scattering, the negative or positive sign of scattering
length decides, whether the mass will increase or de-
crease in the medium. It is also observed that for both
charmonium and bottomonium, the mass of P-wave states
is larger than the S-wave states, and this is valid for both
sum rules. These large induced mass shift is due to the
derivatives (by 1/M?) of the expansion coefficients of
spin 1 states, which are larger than the spin O states for
the same Borel parameter [74]. In Ref. [75], authors have
calculated the in-medium mass-shift of Upsilon states in
the presence of the magnetic field. In this article, for 5 =
0, at py = po(4pp), the mass-shift of v(1s) is calculated as
—0.71 (—2.57) and —0.71 (-2.46) MeV for magnetic fields
4m2 and 8m2, respectively, at zero temperature, which is
consistent with our results. The QCDSR along with the
maximum entropy method (MEM) has been applied to
study the thermal effects on bottomonia in zero magnetic
field [71]. In this study, the authors have investigated the
dissociation of the excited state of bottomonia at a lower
temperature than that of the ground state. In the presence
of a strong external magnetic field, the heavy quark sys-

tem also exhibits mixing effects, which is likewise con-
firmed by experiments [20, 22, 92, 93]. The magnetically
induced mixing between J/¢ and 7. has been studied by
QCD sum rules [22]. In these conditions, the radiative de-
cay mode J/y — 1. + v, leads to an additional mass shift
caused by mixing of these mesons (resonances). In this
study, the authors found that the mixing effects generate
repulsion and influence the mass shift. Moreover, to pre-
dict the actual mass shift of mesons, one has to consider
mixing effects in both the phenomenological as well as
the OPE side. In Ref. [20], authors found that the spec-
tral properties of the 7. meson depend on the spectral
properties of the J/y meson. Furthermore, in both art-
icles, the authors found a small residual mass shift for
charmonia as well. Within the present model, in the fu-
ture, the mixing effect has to be included in the phe-
nomenological aspect to isolate the mass shift.

4 Conclusions

In the present study, we calculated the mass-shift of
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Fig. 9. (color online) In-medium mass-shift of n, and v meson calculated from Borel sum rule plotted as a function of magnetic field
eB/m2, for different values of temperature 7, nucleon density py, and isospin asymmetry parameter, 7.

P-wave charmonium and S and P-wave bottomonium
considering in-medium effects of order parameters of
spontaneous symmetry breaking. The magnetic field in-
duced mass-shift of P-wave charmonia is more promin-
ent than that of S-wave charmonia [21], whereas the

change in the mass-shift is significantly smaller for bot-
tomonia. To calculate the effective mass, we used the uni-
fied approach of the chiral S U(3) model and QCDSR. In
the former, the medium effects are calculated in terms of
o, ¢, §, and y mesonic fields, which are used further to
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Fig. 10. (color online) In-medium mass-shift of x5, and x»; meson calculated from the Borel sum rule plotted as a function of magnet-

ic field eB/m? for different values of temperature 7, nucleon density py, and isospin asymmetry parameter, 7.

calculate the in-medium scalar and tensorial gluon con-
densates. Using these gluon condensates as input in the
QCDSR, the mass-shift of xco, Xc1> 75> > Xbo, and x5,
mesons have been calculated. The temperature and mag-
netic field effects are introduced through the scalar dens-

" nucleon [21].

ity p;, and vector density p; of the i
Moreover, we introduced the effect of isospin asymmetry
by the incorporation of § and p fields, which are solved
along with other mesonic fields employing the coupled

equations of motion. Within QCDSR, we use two differ-

124109-16



Chinese Physics C Vol. 43, No. 12 (2019) 124109

Table 3. In the above table, we tabulate the effect of the magnetic field on mass-shifts of 7, Y, x»o, and x,; mesons from the Borel sum rule. Here,
Amg,, represents the mass-shift between eB= 3m,2r and B = 0 (similar to Amyg,,). Further, pjy and temperature T are given in units of fm” and MeV, re-
spectively.

n=0 n=05
Amg T=0 T =100 T=0 T =100
0 4pg 0 4pg 0 4pg 0 4p0

Amg,, -1.77 -3.08 -1.49 —2.84 -1.57 -2.70 —1.44 —2.63

! Amg,, -1.97 —3.86 -1.68 -3.50 —-1.53 -2.55 —-1.49 -2.96

Amg,, -1.18 -2.14 -0.99 -1.97 —-1.04 —1.88 —0.95 -1.83

" Amg,, —-1.31 —2.68 —-1.11 —2.42 -1.02 -1.78 -0.99 —2.06

Xbo Amos, -4.96 —8.58 -4.20 -7.89 —4.41 —7.48 —4.04 -7.29
Amg,, =5.51 —-10.81 —4.71 -9.77 -4.30 —-7.06 -4.19 -8.23

Amg,, -5.02 —8.71 —4.23 —8.02 —4.45 -7.61 —4.07 —7.41

o Amg,, —5.58 —10.94 —4.75 -9.90 —4.34 -7.18 —4.22 —8.36

ent sum rules approaches, i.e., the Borel sum rule and the
moment sum rule. In this study, we have observed that
from both sum rules, the effective mass of these mesons
decreases with the increase in the magnetic field and nuc-
leon density. The magnitude of in-medium mass-shift in-
creases with the increase in the magnetic field for all tem-
peratures except for pure neutron matter, where it in-
creases for high temperatures, and decreases for low tem-
peratures. Further, the decrease in the in-medium mass-
shift of the above mesons is more relevant in the case of
the high-density regime than low density. However, the
magnitude of mass-shift observed from both sum rules is
different. We observe a lower magnitude in the mass-shift
with the Borel sum rule than with the moment sum rule.
The Borel sum rule is more reliable than the moment sum

rule, owing to the inclusion of deeper perturbative expan-
sion terms and hence a better region of OPE convergence
[74]. The calculated mass-shift can be used to study the
in-medium decay of higher quarkonium states [2, 94] to
lower quarkonium states for a better understanding of J/y
suppression. This decay width can also be used to calcu-
late experimental observables, such as the in-medium
cross-section [95] in asymmetric heavy ion collision ex-
periments.

One of the author, Rajesh Kumar sincerely acknow-
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