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Dilepton production from hot, dense and magnetized quark matter is studied using the three-flavor
Polyakov loop extended Nambu—Jona-Lasinio (PNJL) model in which the anomalous magnetic moment
(AMM) of the quarks is also taken into consideration. This is done by first evaluating the thermomagnetic
spectral function of the vector current correlator employing the real time formalism of finite temperature
field theory and the Schwinger proper time formalism. The constituent quark mass which goes as an input
in the expression of the dilepton production rate (DPR), has been calculated using the three-flavor PNJL
model employing Pauli-Villiars (PV) regularization. The obtained constituent quark mass being strongly
dependent on the temperature, density, magnetic field and AMM of the quarks, captures the effect of
“strong” interactions specifically around the (pseudo) chiral and confinement-deconfinement phase
transition regions. The analytic structure of the spectral function in the complex energy plane has been
analyzed in detail and a nontrivial Landau cut is found in the physical kinematic domains resulting from the
scattering of the Landau quantized quark/antiquark with the photon which is purely a finite magnetic field
effect. Due to the emergence of the Landau cut along with the usual unitary cut, the DPR is found to be
largely enhanced in the low invariant mass region. Owing to the magnetic field and AMM dependence of
the thresholds of these cuts, we find that the kinematically forbidden gap between the unitary and Landau
cuts vanishes at sufficiently high temperature, density and magnetic field leading to the generation of a
continuous spectrum of dilepton emission over the whole invariant mass region. In order to see the effects
of strangeness and confinement-deconfinement, the rates are compared with the three-flavor NJL and the
two-flavor NJL and PNJL models. Finally, an infinite number of quark Landau levels is incorporated in the
calculation so that no approximations are made on the strength of the background magnetic field like strong

or weak as usually done in the literature.
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I. INTRODUCTION

The main objective of heavy ion collision (HIC) experi-
ments in Relativistic Heavy Ion Collider (RHIC) and Large
Hadron Collider (LHC) is to study deconfined state of
strongly interacting quarks and gluons in local thermal
equilibrium, commonly known as the quark-gluon plasma
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(QGP). The hot and dense matter created after the HIC goes
through different stages while it cools via rapid expansion
under its own pressure. However, the whole process is very
short lived (few fm/c) and direct observations are not
possible. So to investigate microscopic as well as bulk
properties of QGP, many indirect probes and observables
are proposed [1] among which the electromagnetic probes,
i.e., photons and dileptons, have been extensively studied in
the literature [2—11]. A prime benefit of this probe over
hadrons, which are emitted from the freeze out surface after
undergoing intense rescattering, is that photons/dileptons
are emitted during all the stages of the expanding fireball.
Since they participate only in electromagnetic interaction,
their mean free paths are much larger than the typical size
and lifetime of this novel state of matter. Consequently
once produced, they leave the hot and dense medium
without suffering further interactions and reach the detector
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with unaltered information about the circumstances of their
production.

One of the primary theoretical tools to examine various
properties of QGP is the study of different n-point current-
current correlation functions or in-medium spectral func-
tions of local currents. The electromagnetic spectral
function is one such example which is obtained from
the vector-vector current correlator which, in turn, is
connected to the dilepton prduction rate (DPR) from
the hot and dense medium [6,12,13]. In the QGP medium,
the asymptotically free quarks can interact with an
antiquark to generate a virtual photon, which decays into
a dilepton. It should be noted that, there exist several other
sources of dileptons in HIC experiments, like scattering of
charged hadrons, hadron resonance decays (7°, p, @, J /y),
Drell-Yan process etc. [13].

Recent studies [14,15] suggest that, in a noncentral or
asymmetric HIC experiment, very strong magnetic fields of
the order ~10'" Gauss or larger are believed to be
generated. These fields are, in principle, time dependent
and immediately decay after few fm/c. However, as argued
in Refs. [16—19], the presence of large electrical conduc-
tivity of the hot and dense medium created during HICs can
substantially delay the decay of these transient magnetic
fields. Apart from this, strong magnetic fields can be
present in several other physical environments. For exam-
ple, in the interior of certain astrophysical objects called
magnetars [20,21], magnetic field ~10'> Gauss can be
present. Moreover, it is conjectured that, in the early
universe during the electroweak phase transition, magnetic
fields as high as ~10? Gauss [22,23] might have been
produced. Since, the magnitude of the magnetic fields are
comparable to the typical quantum chromodynamics
(QCD) energy scale (eBNAécD), the bulk as well as
microscopic properties of the QCD matter could be
significantly modified (see [24,25] for recent reviews).
Furthermore, the presence of a strong background magnetic
field results in a large number of interesting physical
phenomena [26-29] owing to the rich vacuum structure
of the underlying QCD, e.g., the chiral magnetic effect
(CME) [14,30-32], magnetic catalysis (MC) [33-36],
inverse magnetic catalysis (IMC) [37,38], chiral vortical
effect (CVE), vacuum superconductivity and superfluidity
[39,40] etc.

The modification of the DPR in the presence of a
uniform background magnetic field has been studied in
the literature using different approaches [41-48]. In
[41,42], the DPR from hot magnetized quark matter is
obtained using phenomenological inputs considering the
effects of synchrotron radiation as well as quark-antiquark
annihilation. In [43], the Ritus formalism is used to evaluate
the general structure of photon polarization tensor and DPR
at finite temperature and finite magnetic field. The DPR in
strong and weak magnetic field approximations using the
imaginary and real time formalism of finite temperature

field theory have been reported in Refs. [44,45]. In
Ref. [46], the DPR for a hot QGP matter in presence of
arbitrary external magnetic field has been estimated using
the effective fugacity quasi-particle model (EQPM) in
which the effect of strong interactions are captured in
the temperature dependent fugacities of the partons and
significant enhancement is found in low invariant-mass
region.

The imaginary part of the electromagnetic vector current
correlator containing the thermomagnetically modified
quark propagators is the most important component in the
calculation of DPR which determines the thresholds as well
as the intensity of emission of dileptons [5,6]. These in turn
depend crucially on the value of quark mass. Now, as the
system cools down from a (pseudo) chirally symmetric phase
to a broken phase, the quark mass acquires large values (~ of
few hundred MeV) owing to the build up of the quark
condensate. Simultaneously the color deconfined matter
converts to hadronic matter through a crossover or phase
transition at smaller values of temperature. The theoretical
analysis of these phenomena using first principle calculations
is severely restricted by the nonperturbative nature of QCD at
low energies. As an alternative one thus takes recourse to
effective theories which possess some of the essential
features of QCD and is mathematically tractable.

The Nambu-Jona-Lasinio (NJL) model [49,50] is one
such model, which provides a useful scheme to probe the
vacuum structure of QCD at arbitrary values of temperature
and density. This model has been extensively used to
examine some of the nonperturbative properties of the
QCD vacuum as it respects the global symmetries of QCD,
most importantly the chiral symmetry (see [51-53] for
reviews). As mentioned in Ref. [51], the pointlike inter-
action among the quarks makes the NJL model non-
renormalizable. Thus, a proper regularization scheme has
to be chosen to deal with the divergent integrals and the
parameters associated with the model are fixed to reproduce
some well-known phenomenological quantities, for exam-
ple the pion-decay constant, quark condensate etc.
Moreover, the NJL model lacks confinement; poles of
the massive quark propagator are present at any temper-
ature and/or chemical potential. But in QCD, both the
dynamical chiral symmetry breaking and the confinement
are realized as the global symmetries of the QCD
Lagrangian. It is well known that the Polyakov loop can
be used as an approximate order parameter for the
deconfinement transition associated with the spontaneous
symmetry breaking of the center symmetry [54,55]. Thus,
in order to obtain a unified picture of confinement and
chiral symmetry breaking, the Polyakov loop extended
Nambu—Jona-Lasinio (PNJL) model was introduced by
incorporating a temporal, static, and homogeneous gluon-
like field [56,57]. NJL/PNJL model has been extensively
used to study the chiral symmetry restoration in the
presence of a background electromagnetic field [35,58-73].
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As discussed above, while calculating DPR from a hot
and dense magnetized medium, the thermomagnetic quark
propagator plays a primary role. Using NJL/PNJL model
one can further modify the quark propagator by considering
the magnetic field, temperature and density dependent
constituent quark mass M = M (B, T, u) which is dynami-
cally generated. In Ref. [48], two-flavor NJL model in the
presence of an arbitrary external magnetic field at finite
temperature and baryon density including the anomalous
magnetic moment (AMM) of the quarks was used and a
continuous spectrum of the dilepton emission over the
whole range of invariant mass was obtained at high
magnetic field.

In this work, we calculate the DPR from hot and dense
quark matter in the presence of an arbitrary external
magnetic field in which the AMM of the quarks is also
taken into consideration. For this, we use the three-flavor
PNJL model with a gauge invariant regularization scheme
namely the Pauli-Villiars scheme. The constituent quark
mass is calculated using the PNJL model by minimizing the
thermodynamic potential in the light of mean field approxi-
mation. We employ the real time formalism of finite
temperature field theory and the Schwinger proper time
formalism to evaluate the electromagnetic spectral function
of the vector current correlator (which is proportional to the
DPR) at finite temperature (7)), chemical potential (u),
external magnetic field (B) and AMM (k) of the quarks
where the constituent quark mass M = M(T, u, B, k) will
go as an input. We then analyze the complete analytic
structure of the in-medium spectral function to obtain the
thresholds of the branch cuts in the complex energy plane in
detail. We compare the whole study with the three-flavor
NIJL and the two-flavor NJL and PNJL models to observe
the effects of strangeness and confinement-deconfinement.
In all of our calculations, we will consider an infinite
number of quark Landau levels so that no approximations
will be made on the strength of the background magnetic
field like strong or weak.

/ pitpo) X! 1
f|S| //d4x d*xe'l (p+ )
(Fpr)()Z(p

Now the dilepton multiplicity from thermal QGP medium
is given by [12]

dP+
V=33 [ ey

spins

(2m) 32p_ZeXP (=pY/DIASIHP  (4)

7 (I (p)(p
DN (p2)ITL(0)|F (pr)). (3)

The paper is organized as follows. In Sec. II along with
its two subsections, the DPR is obtained at both zero and
finite external magnetic field case. Next in Sec. III, the
evaluation of the constituent quark mass using the two- and
three-flavor NJL/PNJL model is discussed. After that,
Sec. IV is devoted for showing the numerical results and
finally we summarize and conclude in Sec. V.

II. DILEPTON PRODUCTION RATE

The dilepton production rate (DPR) from a hot and
dense magnetized medium is already calculated in
Refs. [12,45,46,48]. But, for completeness of the presen-
tation, we will recapitulate few important steps here. We
consider an initial state |{) = |Z(pz)) consisting of a quark/
antiquark with momentum p7 evolving to a final state
IfY = |F(pr), " (py)l"(p_)) involving a quark/antiquark
of momentum p # plus a pair of leptons of momenta p, and
p_ respectively. The probability amplitude for the tran-

sition from the initial to the final state is | (f|S]i)|2, where S
is the scattering matrix expressed as

S= T[exp{i/zim(x)d‘*x}] (1)

in which 7 is the time-ordering operator and

L) = FA) + P @A) (@)
is the Lagrangian (density) for local interaction. Metric
tensor ¢*¥ = diag(1,—1,—1,—1) will be used throughout
this paper. In the above equation, A#(x) is the photon field
which is coupled to the conserved vector currents corre-
sponding to the leptons and quarks denoted by j#(x) and
J#(x) respectively. After a few algebraic steps [46], one can
arrive at an expression of the squared amplitude |(f|S]i)|?
up to the second order given by,

1#O)[0) 0L ()| (1)1~ (p-))

|

where Z is the partition function of the system and
the summation implies sum over all leptonic spin
configurations. Substituting Eq. (3) into Eq. (4) and
simplifying, we get

d*x

o 1 v
- /T?Wﬂw(tﬁﬁi (q) (5)

where,
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W (q) = / Fret(F@I0).  (6)

£ (q) = / et (O] () 4(0)[0).  (7)

Here ¢° is the total energy of the lepton-pair and (...)
represents the ensemble average. So the dilepton produc-
tion rate (DPR) becomes

dN 1 ed'/T

DPR = =
d*xd*q (2n)* q¢*

Wow(@) L (). (8)

Now it is more useful to express both the W/"(g) and
L' (g) in terms of time ordered correlation functions; so
that W"(q) will be calculated at finite temperature
employing the real time formalism (RTF) of thermal field
theory (see [46,48] for details). Thus we arrive at

[\ 1
d'xd'q  4n'q* <eq°/T +1

DPR = >ImW’fT(q)Imﬁw(Q)-

©)

Next we calculate the quantities W47 (¢) and £#(q) for
which the explicit form of the currents J#(x) and j*(x) are
required. They are given by

J(x) = e¥(x) 0¥ (x). (10)

JH(x) = —ew (x)y*y(x) (11)

where, ¥ = (uds)T is the quark field with three flavors up,
down, and strange respectively with corresponding charge
0 =diag(3.—1.—1),  is the lepton field and e is the
electric charge of a proton. Using Eqgs. (10) and (11) it can
be shown that

4

dk a n
W (g) = i / St Tarcl0Sn(p = 4+ by 05110

(12)

4
£(g) = id® / %mwsw — g+ hpse)] (13)

where the subscript “d,” “f;” and “c” in the trace correspond
to trace over Dirac, flavor, and color spaces respectively;
S11(p) is the 11-component of the real time quark propa-
gator and S(k) is the Feynman propagator for leptons
given by

=7 14
p?—m? +ie (14)

with m; being the mass of the lepton. Notice that, as a
consequence of the conservation of the currents J#(x) and

Jj*(x): 0,J*(x) = 0,j*(x) =0, both the matter tensor
WY{(q) and the leptonic tensor £#(q) are transverse to
the momentum ¢*, i.e.,

a1 (q) = q,L"(q) = 0. (15)

Now we will consider the following two cases separately:
(i) zero external magnetic field (B = 0) and (ii) nonzero
external magnetic field (B # 0) in order to calculate the
DPR in the following subsections.

A.DPR at B=0

At B = 0, the transversality condition g,£**(q) = 0 of
Eq. (15) suggests that the Lorentz structure of £**(q) has to
be of the following form:

L£r(q) = (g"” - "22”) Ggaﬂmﬂ). (16)

Substituting the above equation in Eq. (9), and making use
of ¢,W(q) = 0 we get the DPR at B =0 as

dN
PR = (m)

o 1
- 1271'4614 er/T+1

) g”UIleflI (‘Dgaﬁlm’caﬂ (Q) .

(17)

ga,;Imﬁ’l/’(q) can be calculated in a straightforward way by
substituting Eq. (14) into Eq. (13) and performing some
algebraic steps we get

—e? 2m?
IapImL? (q) =4 (1 +(]2L> 1-—0(q” —4mj).

(18)

In order to calculate gWImW’ﬁ(q), we note that the 11-
component of the real time thermal quark propagator is

Su(p.My)

— (M) [

- ; 2 2
m—zmﬂ(l"”)5(l? _Mf):| (19)

where, My is the constituent quark mass of flavor f,
u is the four-velocity of the thermal bath, 5(x) =
O(x)f"(x) +O(=x)f(=x),

FER) = {exp (%) + 1]_1 (20)

and pp is the baryon chemical potential. In the local rest

frame (LRF) of the medium, 1. = (1,0). Substitution of
Eq. (19) into Eq. (12) yields, after some simplifications,
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Pk 1 ~
G IV (q) = N Zefzz (2x) Jwger, o, {1-f (o)
+ {1 — [ (@) = [~ (w,) + 2T () f~ (@
+{=f (@) = [ (@) + 2/ (@) f~ (o
+{=fM (@) = T (@,) + 2" (@) [ (@
where, e, =2¢/3, e;=—¢/3, e, =-¢/3, w,=

VE + M2, w, = \/ﬁ2+M2 = \/(§+1?)2+M} and
N (g, k) = 8(k* + g - k = 2M7). Now, let us briefly discuss
the analytic structure of ImW/|(g) in the complex ¢° plane
following [46,48]. Note that, the four different Dirac delta
functions appearing in the Eq. (21) are responsible for
different physical processes such as decay or scattering.
The first delta function, termed as the unitary-I cut,
corresponds to the contribution from quark-antiquark
annihilation to a positive energy timelike virtual photon
(and the time reversed process as the decay of the photon to
the quark-antiquark pair). The delta function appearing in
the second term (the unitary-II cut) corresponds to the
quark-antiquark annihilation to a negative energy timelike
virtual photon (and the time reversed process as the vacuum
to quark-antiquark-photon transition). Similarly, the last
two delta functions (called the Landau cuts, are purely a
medium effect) correspond to the scattering processes
where a quark/antiquark absorbs a spacelike virtual photon
(and the corresponding time reversed process involves the
emission of the photon by the quark/antiquark). All these
|

g,wIqu q) =

e(q Nce% " dw {1
2.0 16m7|f, ol =/

where, 0, = 515[¢%¢*
the Killén function. Simplifying further we arrive at

= [ (@,) +2f (@) f (@, }N (K

o) = [T (@p) + 21 () f

= —ﬂ)k)5(q0 - W — a)p)

PN (K = 0)5(q° + o + @)
PN (K = —0)5(q° — oy + w),)
N (K = 0,)8(¢° + oy — @,)] (21)

terms are nonvanishing in their respective kinematic
domain controlled by the delta functions [46]. It can be
shown that, the kinematic domains for the unitary-I and

unitary-II cuts are respectively /g +4M7 < ¢° < oo and

—o0 < q” < —/§* +4Mj7. On the other hand, nonzero

contributions from the Landau cuts is expected when
|4°|] < |g|. Now, we will restrict ourselves to the case of
physical dileptons with positive energy and time-like four
momentum, i.e., ¢° > 0 and g*> > 0 respectively. Then, it
follows that, only unitary-I cut contributes as shown by the
green region in Fig. 1. So, in the kinematically allowed
region considered here, processes like photon decay and
formation are permitted via the unitary-I cut. However, the
scattering and emission processes cease to occur. Notice
that, in the above analysis, the kinematic domains can be
different for different flavors and it is directly related to
constituent quark mass M.

Now with the physical restrictions ¢° > 0 and ¢* > 0,
the angular integrals of Eq. (21) can be performed using the
first Dirac delta function. As a result we get:

o)}V (K (22)

= —wy)

0=0,

+ |g|2'/2(¢?, M7, M7)], 0 is the angle between g and k and 0, = cos™! (£=222%) with A(x, . z) being

2|q][k]

0

2M? (¢°+4)/T 41 a./T 4 1
14+ 50 m [ RELR Y (23)
2T q el@+a)/T L 1 \e9-/T 41

> Re (q°)

T 2
2
g ImWIT( Z@ —AMHN ¢ B |coth(
0
Im (q°)
. —y/d+aM; g ] \/d+4Mj
h |
Unitary-II Landau Unitary-I

FIG. 1. The branch cuts of W/} (g) in the complex ¢° plane for a given g. Kinematic domain for the physical dileptons production
defined in terms of ¢° > 0 and ¢> > 0 corresponds to the green region.
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where, g, = —3

analytical expression for the DPR

dN

DPRy_y = | /—f = 0O(q*> — 4m?)0(g>
o0 = (i), , = 20U ~mol

2 2
X <1 —I——n;]“>
q

which is consistent with the results previously obtained in
[74]. The step functions appearing in the above expression
indicates that the production of dileptons with invariant
mass > < 4mj and g* < 4M7 are kinematically restricted.

B. DPR at B # 0 including AMM of the quarks

Let us consider the same situation in presence of a finite
background magnetic field along the positive z-direction.
Since, the presence of external magnetic field leads to
breaking of the rotational symmetry, any four vector a*
can be decomposed into its parallel and perpendicular
component in the following manner, a* = (aﬁ +d)

where @) = ga, and d| = ¢"a,. To achieve this the

metric tensor should be decomposed accordingly as
|

dN 1 1 v af 1 v af
DPRp.) = <m> o e (eqo/T n 1) [d’ ImW,,(q))g)" ImLyy(q)) +§dilmW}4i((]H)m ImLys(q)) |-

2
Lig® |G\ /1 - %] + up/3. Finally substituting Eqgs. (18) and (23) into Eq. (17) yields the following

et T 1
_4M2 N. f —
7) “1927° 4] (er/T—1>

2 2M> (@*+4)/T 11 a/T 4 1
S+ ) m|{ RV (24)
q e(@+a)/T 1 1] \ed-/T 1

|
g* = (9" +¢\) satisfying ¢" = diag(1.0,0,~1) and
g\ = diag(0,-1,-1,0).

To ease our analytical calculations, it is convenient to
take the resultant transverse momentum of the dileptons to
be zero, i.e., ¢, = 0. Then, from the transversality con-
dition q"“ L,,(q) =0 of Eq. (15), one can immediately
write down the Lorentz structure of £#*(g)) as:

v q”q” a v 1 a
‘CMD(QH) = <dl _g—ﬁ> (g”ﬁﬁ{l[)’) +dj_ (Egj_ﬂ£aﬂ> . (25)

Putting the above result in Eq. (9), and simplifying by using
the condition ¢, W{|(q|) =0, we obtain the DPR in
presence of external magnetic field as

(26)

The quantities g”‘ilmﬁw(qu) appearing within the third bracket of the above equation can be easily calculated by

comparing Egs. %16) and (25). The result is

gﬁllmﬁﬂy (QH ) = CH ,J_gaﬂlmﬁaﬂ (q)

(27)

where {| | = (1,2). Now in order to calculate gﬁf’lImW},ﬁ(qH ), first we note that, the 11-component of the thermomagnetic

quark propagator becomes

Su(p) = 0

0 0
11 (p) 0 (28)
0 S (p)

in which, the diagonal elements corresponding to up, down, and strange quarks are modified differently due to the presence

of the external magnetic field. In the above equation,

Shp)= > iD{{s(p){ 7 -

se{x1} n=0

pjj — (M - skrerB)? + ie

— 2zin(p - u)3(p} — (M — sxpesB)?) (29)

where M} = /M7 +2nle;B], k; is the anomalous magnetic moment of quark flavor f € {u,d, s} and
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Dhs(p) = (=1)"e™ 1 (1= 30851 ) (M5 + sM ) (p) = KperB + sM3)(1 + sign(ep)ir'v) L, (2a)

oMY
— (M}, — sM ) (p| — kpe B — sM}) (1 —sign(e,)iy'y*)L,_, (2a})
— 4s(p — sign(e;)iy'y*(kpe B — sMY))sign(ep)iy'yp L), (2a})] (30)

where a;, =-—pi/ lesB|. Substituting Eq. (29) into Eq. (12) and simplifying, we get

v N o 1
g ImWilq) =Ne Y e Do D ZZ” 2,, 4wlfwnf

feludsy  sie{£l1}s,e{£1} I=0 n=
x [{1 = (@) = £ @)+ 2f (@) (@ NN (0 = —0)o(q° - o — o))
+{1 = FH (@) = (@) + 2f (@) (@ NN = 0)8(6° + o + w})
+ =S (@]) = 17 (@)) + 21 (@) (@) NN = ~0)5(¢° ~ o +a})

+{=rH (@) = @) + 27 (@) N (K = 0 )3(¢° + @) = )] (31)
where, o/ \/k2 — sikperB)?, o = \/pz (M}, — s,k e B)? and
N (g k) = ¢, Teglp#Dh, (p = q + KDy (k). (32)

It can be seen that, Eq. (31) also contains four Dirac delta functions corresponding to the unitary and Landau cuts similar to
Eq. (21), although, the kinematic regions for the different cuts are modified as a consequence of the nonzero background
field as well as the finite values of the AMM of the quarks [48,75,76]. Analyzing Eq. (31),one can find that, the new

kinematic domains for the unitary-I and unitary-II cuts are respectively \/ g2 +4(M; —kserB)* < ¢° < o0 and —o0 <

q° < —\/ g2 +4(M; — kre;B)* whereas the same for the Landau cuts comes out to be

/ 2

The modified analytic structure of WA} (qH) in presence of  and timelike resultant momentum quantified as ¢° > 0 and
external magnetic field with AMM of quarks is shown in qﬁ > 0 (shown as green region in Fig. 2), we find that the
Fig. 2. Again restricting ourselves to the situation where the
physical dileptons are produced with positive total energy

unitary-II cut does not contribute. However, contributions
from a portion of the Landau cut is added to the physical

Im (q°)
P —dy 9, —q. q: 9 Iy <
™~ | L
Unitary-II Landau Unitary-I

FIG. 2. The branch cuts of W/{(g)) in the complex ¢° plane for a given ¢, and B. The points gy and g; refer to gy =

2
\/q% +4(M; —kpesB)* and g = \/q2 + (/M7 +2|e;B| + kreyB — |M; — ksesB|)". The green region corresponds to the physical

dileptons defined in terms of ¢° > 0 and qﬁ > 0.
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region ¢ > 0 and qﬁ > 0 which is purely a magnetic field
dependent effect. The physical processes associated with
this portion of the Landau cut correspond to the emission/
absorption of timelike virtual photon with positive energy
by a quark/antiquark which changes its Landau level by
unity, i.e., the quark in the Landau level [/ goes to the
Landau level /£ 1 after absorbing/emitting the photon.

—

I+1

—

This will lead to an enhancement of dilepton yield in the
low invariant mass region.

Next, we perform the d?k | integral of Eq. (31) by using
the orthogonality of the Laguerre polynomials and evaluate
the remaining dk, integral using the Dirac delta functions
which will be converted to theta functions to ensure
kinematic restrictions discussed above. This leads to the
following expression

00 1 l
v -5 2
GramWisla) =Ne > e > D Y 34 Mg Mg, )
fe{uds} spe{*1} s,e{x1} =0 n=(I-1) k.e{k}
—/ 1 n — 1 In
X ({1 = (@) = £ (@) + 21 @ 1 (@I (R = =00 (° = \[2 + (Mipy, + Map, )
{1 =S @) = £ @) + 2 @D (@A K0 = 010 (=g" = [ + (Mygy, + Moz, ))
+{=f (@) = f (@) + 21 (@) (@ NN (K = =0 )O(=4° = G1in)O(4° + Gimax)
=S @) = (@) + 27 (@] ) (@ NN (K = 0 )O(6° = Guin)O(=0" + Gimas)] (34)
where
N (g ky) _lesBl 1 (1= 8961 (1 = 825.1) (M = sk e B) (M) — 5,k e/ B)
I o M{M{, 195, n9s, f
X [~4|e;B|ndj=! — 5i=1(M — s, M) (M — 5,M}) — 8} (M + s;M])(M + 5,M},)], (35)
Ay k) = =Bl L 0601y (1 = 8087 )isgs, (2 + gy - k) + (1] B) (M B
L (g k) === Mfo( = 8)55, ) (1 = 8305, ) [sisp (ki + g - k) + (M7 — sykpeyB)(Mn — s,k ¢ B)]
1 n
X (B0, (M = s;M])(M + s,M}) = 8]~ (M + s, M] ) (M — 5,M},)] (36)
in which
lesk = ‘M{ - SkaefB| (37)
is the effective quark mass when finite values of AMM of the quarks are considered and
1
ké,'t = 26]2[ qZ(qH +M1f‘k nf; )£ |‘1 |/12(q”,M,m Mifsp)]’ (38)
lesk - Mnfs o
C— mi kM M =M, ), 39
Jmin min <qz |leSk :l:Mnfsl, \/QZ +( Lf sk f p) ) ( )
lesk - Mnfs, >
= N Iy Miss, £ M, )? ). 40
Gmax — Max <QZ |lesk ¥ Mnfsp| \/QZ + ( Ifsy 1 p) > ( )

The presence of the step functions in Eq. (34) dictates the
kinematic domains in which the quantity g" g ImW i (q)) is
nonzero It can now clearly be seen that for ¢° > 0 and
q” > 0, the second term within the third bracket (the

unitary-II cut) of Eq. (34) does not contribute.

Now DPR in the presence of arbitrary external magnetic
field can be obtained by substituting Egs. (27) and (34) into
Eq. (26). Note that, while calculating DPR one needs the
constituent quark mass which depends on the external
parameters, such as, temperature 7', chemical potential yp,
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external magnetic field eB and k. So we will use the NJL
model and its modifications to estimate the dependence of
constituent quark mass of different flavors on external
parameters, i.e., My = M (T, ug, eB, k).

III. THE CONSTITUENT QUARK MASS
IN THE (P)NJL MODEL

In this section we briefly outline few important steps to
calculate constituent quark mass using NJL. model. Since we
want to study the effect of both Polyakov loop and the strange
quark in the DPR from a hot and dense magnetized medium
we will consider both two- and three-flavor PNJL model.
One can always obtain NJL model results starting from PNJL
model by modifying the distribution functions [77].

A. Two-flavor model

The Lagrangian for the two-flavor PNJL model consid-
ering the AMM of free quarks in presence of constant
background magnetic field is given by [70,71]

N 1
L£=¥0x) <iD — i+ yopy + Ee&o"”Fﬁ’f) P (x)

+ G{(P()¥(x))* + (P(x)iyse¥(x))*}
— U(D,B; T) (41)

where the flavor (f = u, d) and color (¢ = r, g, b) indices
are omitted from the Dirac field (¥/¢) for a convenient
representation. In Eq. (41), m = diag(m,, m,) is current
quark mass representing the explicit chiral symmetry
breaking. We will take m, = m,; = m, to ensure isospin
symmetry of the theory at vanishing magnetic field and y,
is the chemical potential of the quark. The constituent
quarks interact with the Abelian gauge fields A,, the
external electromagnetic field A7 and the SU.(3) gauge
field A, via the covariant derivative

D, =0,—ieQ(A, +AS) — iAd. (42)

The factor @ = Q&, where O = diag(2/3.-1/3) and
&k = diag(x,, k), are 2 x 2 matrices in the flavor space,
Fot = (0,A7" — 0,A7") and o = iy*,y*]/2. All the
other details can be found in Ref. [71]. The potential
U(®,®;T) in the Lagrangian (Eq. (41) governs the
dynamics of the traced Polyakov loop and its conjugate
and is given by [78]

UD,D;T) __a(T) 6D
T 2
+b(T)In[1 — 60D + 4(P3 — @*) — 3(DPD)?|
(43)
where

TABLE I. Parameter set for Polyakov potential.
ag ay ay b3
3.51 —2.47 15.2 -1.75
Ty Tp\?
a(T) =a a; | — a =1,
(T) =ao+a, < T) +a; < T)
T,
b(T )_b3<T> . (44)

Values of different coefficients [78] are tabulated in Table I.
Following the argument in Ref. [59] we have chosen
Ty =210 MeV. Now under the mean field approximation
one can show that, the thermodynamic potential for a two-
flavor Polyakov NJL model considering the AMM of the
quarks at finite temperature (7') and chemical potential ()
in presence of a uniform background magnetic field can be
expressed as

(M- mo)
4G

_Z|€fB|

|efB| oodpz

Q= . o Wy s

+U(D,D:T) 32
n,f.s

o ) 3
Pz (Ing™(®,®,T)+Ing™) (@,P,T)]

(45)

where , s, are the energy eigenvalues of the quarks in the
presence of external magnetic field as a consequence of the
Landau quantization of the transverse momenta of the
quarks and is given by

a)nfs = [P% +

with n and s being the Landau level and the spin indices
respectively. The quantities g'*) (®, ®, T) and ¢\~ (®, ®, T)
are defined as

1

{(\/|efB|(2n+ 1—s)+M? —SKfefB)ZHZ
(46)

GH(D, D, T) =14 3(D + De P @nrs=re))e=Plonss=ty)
_|_ e—Sﬁ(O)nfx_/‘q)’ (47)

g(_> (Q’ é’ T) — 1 + 3(@ + @e_ﬂ<wnfx+ﬂq))e_ﬂ<wnfx+ﬂq)
+ e_Sﬂ(wnfx_H‘q)‘ (48)

Now from Eq. (45) one can obtain the expressions for the
constituent quark mass (M) and the expectation values of the
Polyakov loops ® and @ using the following stationary
conditions:

0Q 0Q 0Q

which leads to the following sets of coupled equations
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skpqrB

B
M = m0+6GZ|ef |/

n.f.s

WDprs < Mnfs

)-eax 2t [

< s1<fefB>
nfs Mnf.s‘

X [fH(D,®,T) + f~(P,@,T)], (50)
T) - d - 20% + (OD)D B —PlOnss=Hy) A
- 3 = 3) 5B 3Z|ef | - +5 . (51)
2 1 — 60D + 4(D° + @) — 3(d T gt g
a7) 0-20 1 (0)0 e8] / N
- ® - 6b(T = = 52
{ 2 D600 1 4(@" 1 &) - 3(@0)° Tﬁ%; P (52)
where
M, = \/IefB|(2n+ 1—s)+ M?, (53)
® 2(_D _ﬁ<wnf.\'_”q) _ﬁ(wnf.\'_ﬂq) _3/}(wnf\'_”q)
FHO.B.T) = (®+ ¢ )e +e ’ (54)
1 + 3(@ + q)e_ﬂ(wufx_ﬂq))e_ﬂ(wnf:_”q) + e_3ﬁ(wnf':_ﬂq)
. o + 2®e_ﬂ((0nf,x+.uq))e_/j(“)nf,er.uq) + e—3ﬁ(ﬂ1,,f\-+ﬂ,,)
[ (@, 9.7) ( (55)

- 1 + 3(@ _|_ q)e_ﬂ(wnfs+ﬂq))e_ﬂ(wnfs+ﬂq) + e_3ﬂ(wnfx+/4q) ’

One has to solve Egs. (50), (51), and (52) self-consistently of
obtain 7" and/or y, dependence of M, @, and ® for different
values of background magnetic field. Note that in Eq. (50),
the medium independent integral is ultraviolet divergent.
Since the theory is known to be nonrenormalizable owing to
the pointlike interaction between the quarks, a proper
regularization scheme is necessary. Our preferred regulari-
zation scheme throughout this article is the Pauli- Villars (PV)
regularization which we apply only to the diverging vacuum
terms. One of the most important features of the PV scheme is
that, it preserves the gauge invariance [51]. With PV
regularization, the calculations are more reliable at larger
external parameters like temperature, density and electro-
magnetic fields as it allows for a larger energy scale [79]. Itis
shown in Refs. [66,67] that, when a cutoff scheme is used in
the chiral limit, the transverse velocity of the Goldstone mode
is larger than the speed of light violating the causality.
However with the PV scheme, causality is always guaran-
teed. In Ref. [80], it is discussed that, a sharp three-
momentum cutoff introduces large regularization artifacts
when dealing with inhomogeneous phases.

Let us now outline few important steps describing the
implementation of PV scheme. In case of vanishing
magnetic field, under the PV regularization, the vacuum
integrals can be regularized by making the following

replacements [51]
d*p
| Gt

&Bp N
/( (@ = 3G
i=0

(56)

where @? = p? + M? + b;A*> with the regularized mass
M?* - M2 M? + b;A*. The coefficients C; and b; are
determmed by following constrain relations

N
> =0 and > CM?=0
i=0

i=0

=

(57)

with Cy =1 and by = 0.

In the case of finite magnetic field considering the
nonzero values of the AMM of the quarks, the energy of
quarks are given by w;. = p? —gMgff, where M2, =
(\/|efB| (2n+1-5)+M*—skpe;B) = (Mﬁfs —skpepB)?.
Here, under PV scheme we make following replacements
[66,67,73,81]

> [C e = 365 [Tt o9

where @, s,; = p? + M2 + b;A*. The coefficients are
determined using

ZCMZJ—O for j=0,1,2,...N-1 (59)

with Co =1, by =0 and M? = m%; + b;A*. In all the
treatments in this article, we have used N = 3 with b; =
{0,1,2,3} and C; = {1,-3,3,—1} for convergence.
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B. Three-flavor model

The Lagrangian for the three-flavor PNJL model con-
sidering the AMM of free quarks in presence of constant
background magnetic field is given by

- 1
L="¥(x) <iD — M+ yopy + 56&0”‘”F§’5> P(x)

+ G5 Z{ + (P(x)irsa™¥(x))*}

— K[detP(1 + y5)¥ + det P(1 — y5)¥]
+U(D,D;T).

X)W (x

(60)

In the above, ¥ = (uds)” is the quark field with three
flavors (N;=3) and three colors (N, =3), 7=
diag(m,, my, my) is the current quark mass matrix, and
A% are the flavor SU;(3) Gell-Mann matrices. The isospin
symmetry on the Lagrangian level is assumed, i.e.,
m, = m, = my, while SU /(3)-symmetry is explicitly bro-
ken, so that mg # mg. Gg represents the strength of scalar
coupling and the K term represents the six-point
Kobayashi-Maskawa-t’'Hooft (KMT) interaction that
breaks the axial U(1), symmetry (see [51] for a general
review on three-flavor model). The factor & = Q &, where
0 = diag(2/3,—1/3,—1/3) and & = diag(k,, k;, ), are
3 x 3 matrix in the flavor space. All the other terms are
defined in same manner as in case of the two-flavor model.
Again using mean field approximation one can show that

_ 5. 2 o (B (G lesB| [ dp.
Q=U(D,®;T) + Gy Z (‘P‘P>f+4K<‘P‘P>u<‘P‘P)d<‘P‘P>S—32 el B L0
fe{uds} n.f.s
B _ _
——Z|ef | dpz [1 ¢H(D, D, T) +1ng ) (D, D, T)] (61)
nfs -
where
|€fB| dp Mf SK'fEfB — _
YY) = —N, == S 1= fH(®,®,T)+ f~ (P, D, T)]. 62
@), S I U AL X RV XY (62)

We obtain the gap equations by minimizing the thermodynamic potential given by Eq. (61) with respect to the order
parameters (M, M 4, M, ®, ®) which yields a set of five coupled equations

Mu = my — 4GS <\i’\I’>u + 2K<lil\P>d<lillP>s’ (63)
My = my— 4G (P¥), + 2K (PY),(PY),, (64)
M, = m; — 4G (P¥), + 2K(PY),(PY),, (65)
T _ é — 2@2 (_D(D (D B i _ﬂ(wnfx_ﬂq) _Zﬁ(wnfx*’/"q)-
_4D) & _ eb(r)— T (00) o7 32 |ef | ¢ ¢ . (66)
2 1 — 60D + 4(D* + @) — 3(P Tnfg gt g ]
T ®— 202 + (OD)D B (o= 2P(@nr—y) P @np5tHy)T
—£®—6b(T) _ 3"’ (_% ) o7 3Z|€f | e (67)
2 1—6(D¢+4(d> +(I)’)—3 TnfS L g(+> g(‘>

Again the self-consistent solution of Eqs. (63)—(67) results
in T and/or p, dependence of M,, M,, M, ®, and ® for
different background magnetic field. We would like to
emphasize that, in all the calculations presented in this
paper, no approximation is made while considering the
strength of the magnetic field.

C. Parameters of the (P)NJL model

For the two-flavor model, we take a parameter set of
Table II which has been fitted to the vacuum values of the
pion mass and the pion decay constant decay constant (f ).

For the three-flavor model we have chosen the param-
eters following Ref. [82] and they are tabulated in Table III.
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TABLE II. Parameter set for two-flavor model.

my (MeV) A (MeV) GA?
10.3 744.2 6.21
TABLE III. Parameter set for three-flavor model.

m, =my MeV) my; MeV) A MeV) G,A*> KA’
10.3 236.9 781.2 4.90 129.8

The following values of AMM of the quarks are used
k, = 0.101, k; = 0.175, and ; = 0.049 in units of GeV~!
[83] through out this article.

IV. NUMERICAL RESULTS

We first briefly discuss the numerical results for con-
stituent quark masses of different flavors which are the
main inputs while calculating the DPR in the presence of a
background magnetic field. In Fig. 3 we have shown the
variation of the constituent quark masses (M) as a function
of temperature (7)) at zero baryon chemical potential (up)
for both zero and nonzero values of the background

eB:O
eB:lOmn2 ----
eB:lOmn2,K¢0 e

350

300 -

>
L
2
Z 250 |
3
> 200 |
b=
ES
8 150
2
2 100 }
§ 50 f
(a)
O L L L L L L
0 50 100 150 200 250 300 350
Temperature (MeV)
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N =0
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2 eB=10m,?” -- -- T
2 400 [ eB=10m,% k%0 ~—
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£ 300 f )
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5 200 f eB=10m," ----
= eB=10m, k=0 ——
& 100 | (My)
©
0 ‘ ‘ ‘ ‘ ‘ ‘
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FIG. 3.

magnetic field with and without considering the finite
values of AMM of the quarks using (a) two-flavor NJL
model, (b) two-flavor PNJL model, (c) three-flavor NJL
model and (d) three-flavor PNJL model respectively. The
overall behavior of constituent masses of the low lying
quarks (up and down) are qualitatively similar in all the
cases as it starts from a high value at low 7, remains almost
constant in the smaller values of 7, falls off sharply in a
small range of temperature and finally become nearly equal
to the bare masses of the quarks at high T values
representing the (partial) restoration of the chiral symmetry.
However, the constituent mass for the strange quark
decreases smoothly when compared to that of the up/down
quark, as shown in Figs. 3(c) and 3(d). It is also worth
mentioning that even at 7 = 350 MeV, the s quark mass is
still higher than its current mass. Now, from Fig. 3(a), it can
be seen that in presence of background magnetic field,
the constituent quark mass increases at 7 — 0 limit and the
transitions to the symmetry restored phase take place at the
larger values of temperature. This phenomenon is known
as magnetic catalysis (MC) [33-36], which explains that
the magnetic field has a strong tendency to enhance (or
catalyze) spin-zero fermion-antifermion condensates (‘P'P).
Moreover, when finite values of the AMM of the quarks are
considered at low T the effect of MC slightly strengthen
which leads to small increase in the values of constituent

350
o S LT P
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Variation of the constituent quark mass (M) as a function of temperature for different values of external magnetic field and

AMM of the quarks at yp = 0 using (a) two-flavor NJL model (b) two-flavor PNJL model (c) three-flavor NJL model, and (d) three-

flavor PNJL model.
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quark masses. From Fig. 3(b), one can observe that, as a
result of including the Polyakov loop in the two-flavor
model constituent mass goes to bare quark mass limit at
higher values of T compare to the simple two-flavor NJL
model. In the three-flavor case the effects of magnetic field
and the Polyakov loop are similar as described above.
However, it is important to note that, the magnitude of
electric charge of each quark plays a dominant role in MC
effect [63]. This is manifested in the fact that, increase in
the constituent mass of strange quarks are smaller com-
pared to that of up quarks. A similar effect can also be seen
in constituent mass of down quarks which are not plot-
ted here.

In Fig. 4, the temperature dependence of constituent
quark masses are plotted at finite baryon chemical potential
considering the same physical scenario as previously
mentioned. One can observe that, there are no major
modifications at lower temperatures but the system goes
to (pseudo) chiral symmetric phase at smaller values of
temperature in contrast to the up = 0 case.

Next we present the numerical results for DPR from a hot
and dense magnetized medium. Note that, the results are
evaluated ignoring the lepton mass, i.e., m; =0 and
considering the longitudinal momentum ¢, = 250 MeV.
In Fig. 5 we have shown DPRs at 7 = 125 MeV and
up = 0in presence of a uniform background magnetic field

350
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= ‘ ‘ " eB=0 — —
~ 500 | N eB=10m;’ -~ -=
> S _ 2
() ~. eB=10m;", k=0
2 400 f ~__ (M)
S == \‘\
= ~
£ 300 B
I eB=0 -
5 200 eB=210mn2
£ \ eB=10m; ", k#0 ——
é 100 | up = 600 MeV ) (M)
(©)
0 ‘ ‘ ‘ ‘ ‘ ‘
0 50 100 150 200 250 300 350

Temperature (MeV)

i.e., eB = 10m2 as a function of the dilepton invariant mass

\/? without considering finite values of the AMM of the
quarks using (a) two-flavor NJL model, (b) two-flavor
PNJL model, (c) three-flavor NJL model and (d) three-
flavor PNJL model respectively. For all the cases men-
tioned, the DPRs at eB = 0 (black solid line) are also
shown for comparison. Since we have taken m; = 0, the
only nontrivial theta function in Eq. (24) is @(¢q*> — M7). As

a result the threshold invariant mass for dilepton production
at eB =0 coincides with unitary-I cut threshold of

MW, (q) which is \/q? > 2M (T, up) where M is the
constituent quark mass of flavor f. This feature is observed
in all the plots shown in Fig. 5. Considering Fig. 5(a), one
can observe that, the threshold for dilepton production
starts just below 0.6 GeV which can be understood from
Fig. 3(a) as at T = 125 MeV, up = 0 in two-flavor NJL.
model where the constituent quark mass is around
~0.290 GeV in absence of background field. However,
when the magnetic field is turned on, DPR receives
contributions from both Landau cut as well as unitary-I
cut which is understandable from the discussions below
Eq. (32). In presence of the background magnetic
field without considering the finite values of AMM of
the quarks the thresholds for unitary-I and Landau cuts are
given by
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FIG. 4. Variation of the constituent quark mass (M) as a function of temperature for different values of external magnetic field and
AMM of the quarks at up = 600 MeV using (a) two-flavor NJL model (b) two-flavor PNJL model (c) three-flavor NJL model and

(d) three-flavor PNJL model.
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Dilepton production rate at g, = 250 MeV, T = 125 MeV, pup = 0 at eB = 10m2 using (a) two-flavor NJL model (b) two-

flavor PNJL model (c) three-flavor NJL model and (d) three-flavor PNJL model without considering the finite values of AMM of the
quarks. The DPR at eB = 0 (black solid line) is also shown for comparison.

unitary-I cut: 1/qﬁ >2M; and
Landaucut: /g < (\/szc+2|efB| —Mf>. (68)

Now, at eB=10m2, T =125MeV and uz =0 for
two-flavor NJL model without Polyakov loop,
M, =M, ~0.310 GeV. This explains, when put into
the inequalities previously mentioned, the shifting of
unitary-I cut toward higher values of invariant mass as
well as termination point of the contribution from the
Landau cut which is around ~0.27 GeV. In all the cases
with finite background field, the spikelike structures can be
observed over whole range of allowed invariant mass for
dilepton production. The appearance of spikes at nonzero
magnetic field is a well-known phenomena and can be
explained in terms of ‘“threshold singularities” which
occurs at each Landau level. These threshold singularities
are basically manifestations of the fact that, in Eq. (34), the
Killén function appearing in the denominator vanishes
at each threshold defined in terms of step functions.
In Fig. 5(b) we have shown the variation of DPRs with
the invariant mass for same external parameters using

Polyakov extended two-flavor NJL model. While describ-
ing Fig. 3, we have already discussed that the inclusion of
Polyakov loop results in an increase of transition temper-
ature from chiral symmetry broken to the restored phase
and as a consequence the constituent quark mass remains
almost constant for larger values of temperature (upto
~150 MeV). This explains the shift of the unitary-I cuts
for both zero and nonzero values of eB toward higher
values of invariant mass compared to simple NJL model.
As aresult the forbidden gap between unitary-I and Landau
cut contributions also increases due to the inclusion of
Polyakov loop. In case of three-flavor NJL model (Fig. 5(c))
the position of the unitary-I and Landau cuts can be
explained in a similar fashion as described -earlier.
Moreover, a close observation, reveals that, DPRs at higher
invariant mass are slightly higher in case of three-flavor
models. Later, we will discuss this feature in more detail.
Inclusion of Polyakov loop in the three-flavor NJL model,
depicted in Fig. 5(d), leads to the same qualitative behavior
as seen in case of two-flavor model.

It may be pointed out that, our results for SU(3) PNJL
model at finite magnetic field are in good agreement with
the results presented in Ref. [46] where the authors have
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used the effective fugacity quasiparticle model (EQPM) to
incorporate the effect of “strong” interaction and no
approximations were made on the strength of the magnetic
field as in the present work. Moreover, we have also
checked that our results in the strong field approximation
(also known as lowest Landau level (LLL) approximation)
are in good qualitative agreement with Refs. [44,47] in
which LLL approximation is used. The spikelike structures
as seen in the invariant mass dependence of the dilepton
production rate (DPR) in presence of magnetic field are
also in good agreement with the earlier works cited in
Refs. [43,46,48,84].

In Fig. 6 we have taken the same parameters described in
Fig. 5 except finite baryon chemical potential which is
600 MeV in this case. From Fig. 6(a), where we have used a
simple two-flavor NJL model to calculate DPR from a hot
and dense magnetized medium, one can observe that, finite
values of baryon chemical potential results in a substantial
change in the DPR when compared to the yp = 0 case [see
Fig. 5(a)]. This is a manifestation of the fact that, at
T = 125 MeV, the constituent quark mass in two-flavor
NJL model significantly modified at pp = 600 MeV in
contrast to yup = 0 case as can be seen from Fig. 4(a).

NJL,SU@2) —— (a)
eB=0 —— g,=250MeV ]
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>
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0 02 04 06 038 1 12 14 1.6
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The positions of the unitary and Landau cuts again can be
precisely determined using Eq. (68). Note that, the thresh-
old for unitary-I cut moves toward the lower invariant mass
as the constituent mass decreases. However, the contribu-
tions from Landau cut survives for higher values of
invariant mass when constituent quark mass reduces.
This explains the decrease in the gap between thresholds
of unitary-I and Landau cuts. Moreover, the overall
magnitude of the DPRs for both B =0 and B # 0 cases
increase compared to the up = 0 case shown in Fig. 5(a)
because of the enhancement of the thermal phase space.
The similar effect of inclusion of nonzero baryon chemical
potential is also visible in case of three-flavor NJI model.
However, for Polyakov extended two- and three-flavor NJL
model, at up = 600 MeV [see Figs. 6(b) and 6(d)], there
are no noticeable modifications in DPRs for zero and finite
eB case compared to the up = 0 scenario as depicted in
Figs. 5(b) and 5(d). This is understandable from Figs. 4(b)
and 4(d) where it can be seen that, at 7 = 125 MeV and
ug = 600 MeV, constituent mass of quarks in Polyakov
loop extended models are nearly equal to up = 0 case.
From the discussions of Figs. 5 and 6, we observe
that different thresholds for DPR at zero and nonzero
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FIG. 6. Dilepton production rate at g, = 250 MeV, T = 125 MeV, puz = 600 MeV at eB = 10m2 using (a) two-flavor NJL. model
(b) two-flavor PNJL model (c) three-flavor NJL. model and (d) three-flavor PNJL. model without considering the finite values of AMM
of the quarks. The DPR at eB = 0 (black solid line) is also shown for comparison.
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background fields are strongly related to the constituent
masses of quarks which in turn depends highly on 7, up
and eB. From Eq. (68) we have seen that unitary-I (Landau)
cut shifts toward lower (higher) values of invariant mass as
constituent mass decreases. Moreover, it is well known that
in NJL-type models with increasing temperature and/or
baryon chemical potential the constituent mass goes to bare
mass limit. So it is expected that for sufficiently high values
T and/or up the contributions from unitary-I and Landau
cuts merge with each other and dilepton production can
occur for the whole range of invariant mass. In Fig. 7 we
have plotted DPRs using the four different models for both
zero and nonzero eB at T = 200 MeV and pz = 0. Now in
case of two and three-flavor NJL models at zero ug, as can
be seen from Fig. 3(a) and 3(c), at T =200 MeV the
constituent mass of low lying quarks are less than 100 MeV.
As aresult, in Figs. 7(a) and 7(c), the threshold for unitary-I
cut contributions in zero eB case starts at invariant mass
less than 200 MeV and when finite background magnetic
field is present unitary-I and Landau cut contributions have
merged with each other resulting in production of dileptons
throughout the whole range of invariant mass. One should
also observe that, due to large temperature value considered
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5 107 F
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FIG. 7.

in this plot, the availability of the thermal phase space
increases resulting a substantial change in the overall
magnitude of DPRs in Figs. 7(a) and 7(c) (almost two
orders of magnitude when compared to Figs. 5(a) and 5(c)
where T = 125 MeV). In Figs. 7(b) and 7(d), we have used
Polyakov loop extended models to evaluate DPRs. In this
case there are appreciable changes in the positions of
unitary-I and Landau cuts as well as the in the magnitude of
DPRs. This is because, from Figs. 3(b) and 3(d) one can
observe that, at T = 200 MeV, constituent masses of low
lying quarks are smaller than the same at 7 = 125 MeV.
So, one can infer that, for a particular value of up, the
presence of the Polyakov loop can shift the merging of
unitary-I and Landau cut contributions toward higher
values of temperature.

Now, in Fig. 8, we consider a situation where both
temperature and chemical potential are sufficiently high,
ie., T =200 MeV and pz = 600 MeV. From Fig. 4 it can
be seen that in all the cases at T = 200 MeV the u and d
quarks are in bare mass limit. As a result, irrespective of the
type of models used, unitary-I and Landau cuts have
merged with each other and there is a considerable incre-
ment in DPRs in all four cases compared to Fig. 5.

6
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Dilepton production rate at g, = 250 MeV, T = 200 MeV, pup = 0 at eB = 10m2 using (a) two-flavor NJL model (b) two-

flavor PNJL model (c) three-flavor NJL model and (d) three-flavor PNJL model without considering the finite values of AMM of the
quarks. The DPR at eB = 0 (black solid line) is also shown for comparison.
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FIG. 8. Dilepton production rate at g, = 250 MeV, T = 125 MeV, uz = 600 MeV at eB = 10m2 using (a) two-flavor NJL. model
(b) two-flavor PNJL model (c) three-flavor NJL. model and (d) three-flavor PNJL. model without considering the finite values of AMM
of the quarks. The DPR at eB = 0 (black solid line) is also shown for comparison.

However, it is noteworthy that, since both 7 and up
considered in this case are higher than all the previous
cases, the dilepton yield is highest due to availability of
larger thermal phase space.

So far we have observed that, the 7 and/or up depend-
ence of constituent quark mass of low lying quarks plays a
dominant role in the modifications of DPRs. From Figs. 3
and 4, it can be seen that, inclusion of finite values of the
AMM of the quarks does not yield any significant mod-
ifications in the qualitative behavior of constituent mass. As
a result the changes in DPRs are also not appreciable. For
example, in Fig. 9 we have depicted DPRs at 7T =
200 MeV and pp = 600 MeV in presence of a uniform
background magnetic field, i.e., eB = 10m2 as a function

of the dilepton invariant mass \/? considering the finite
values of the AMM of the quarks using (a) two-flavor NJL
model, (b) two-flavor PNJL model, (c) three-flavor NJL
model and (d) three-flavor PNJL model respectively. As
expected, the results are qualitatively same with the
scenario when the AMM of the quarks is turned off.
However, quantitative differences exists since the expres-
sions for determining the thresholds of unitary-I and
Landau cuts will be modified following Eq. (33).

As the temperature of quark matter produced in HIC is
expected to be of the order of ~300-400 MeV, we have
evaluated DPR for both two and three-flavor system at
higher temperature compared to the previous cases. In
Figs. 10(a) and 10(b) we have compared dilepton production
rate in presence of nonzero background field at 7 =
300 MeV in two and three-flavor NJL and PNJL models
at up = 0 without considering the finite values of AMM of
the quarks. At this high value of 7, the constituent mass of
both u and d quarks, independent of type of models, is in
bare quark mass limit indicating partial restoration of chiral
symmetry. However the constituent mass of s quarks are
still larger than its bare mass as can be seen from Figs. 3(a)
and 3(b). As a consequence of this, in Fig. 10(a), one can
observe the enhancement in the DPRs for three-flavor model
for both eB zero and nonzero case at higher values of
invariant mass when compared to the two-flavor case. In
Fig. 10(b), Polyakov loop extended NJL model is used.
It can be noticed that, the results are almost identical
with Fig. 10(a). This is because at high values of T
considered here, ®, ® — 1 and it is well known that in
this limit NJL and PNJL models lead to similar results [77].
In Figs. 10(c) and 10(d) we have examined the same system
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FIG. 9. Dilepton production rate at g, = 250 MeV, T = 125 MeV, uz = 600 MeV at eB = 10m2 using (a) two-flavor NJL. model
(b) two-flavor PNJL model (c) three-flavor NJL model and (d) three-flavor PNJL model with considering the finite values of AMM of
the quarks. The DPR at eB = 0 (black solid line) is also shown for comparison.

at up = 600 MeV. From Figs. 3 and 4, it can be found that,
at high 7 values, the modifications in the constituent mass of
quarks due to inclusion of finite values of up are insignifi-
cant. So again the results shown in Figs. 10(c) and 10(d) are
almost similar to that in Figs. 10(a) and 10(b). It should be
noted that, one can also study the effects of strange degrees
of freedom in the DPRs considering the finite values of
AMM of the quarks in the similar manner. We expect the
behavior will be similar to what we have shown in Fig. 10.

Finally, we would like to discuss how DPR from a hot
and dense magnetized medium may be modified due to
presence of inverse magnetic catalysis (IMC) effect. In the
absence of quark chemical potential, results from Lattice
QCD simulations [32,37,38,85] show that at vanishing
temperature, finite magnetic field has strong tendency to
strengthen the spin-zero fermion-antifermion condensate,
resulting in Magnetic Catalysis. However, at finite temper-
ature, an opposite effect is observed which leads to the
decrease of pseudocritical temperature for chiral symmetry
breaking with increase in eB, indicating inverse magnetic
catalysis (IMC). It is well known that NJL-type models are
in agreement with the MC effect at 7 = 0, as we have
already seen in Fig. 3, although, they are unable to predict

the IMC at finite temperature. However, there are several
attempts to obtain IMC effect with NJL-type models by
introducing 7 and eB dependent couplings or going
beyond mean-field and so on (see Ref. [86] for a review).
Using these different strategies, if one ensures that, at finite
values of temperature IMC is present, then it will modify
the T-dependence of constituent mass of quarks which will
approach the bare mass limit at comparatively lower values
of T owing to the partial restoration of chiral symmetry.
While discussing Figs. 5 and 6, we have observed that, the
threshold of unitary-I and Landau cuts have strong
dependence on the constituent mass of the low lying
quarks. It is found that, with decreasing values of con-
stituent mass of quarks the threshold of unitary-I cut moves
toward lower values of invariant mass, whereas, the
Landau cut contributions survive up to large values of
invariant mass as M decreases. So in the presence of the
IMC effect, it is expected that the merging of the unitary-I
and Landau cuts (which enables the production of con-
tinuous spectrum of dileptons through out the whole
invariant mass region) will occur at smaller values of
temperature compared to the scenario when the IMC is
absent.
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FIG. 10. Comparison of Dilepton production rate at ¢, = 250 MeV, T = 300 MeV, at eB = 10m? using two and three-flavor NJL
and PNJL models at gz = 0 [in figures (a) and (b)) and up = 600 MeV (in figures (c) and (d)) without considering the finite values of
AMM of the quarks. The DPR at eB = 0 are also shown for comparison.

V. SUMMARY AND CONCLUSIONS

In summary, considering the finite AMM of the quarks,
we have calculated the DPR from hot and dense quark
matter in the presence of an arbitrary external magnetic
field. Employing the real time formalism of finite temper-
ature field theory and the Schwinger proper time formal-
ism, we have evaluated the electromagnetic spectral
function of the vector current correlator at finite temper-
ature, chemical potential, external magnetic field, and
AMM of the quarks in which the constituent quark mass
M = M(T, u, B, k) has entered as an input. The three-flavor
PNJL model with the gauge invariant Pauli-Villiars scheme
has been used to obtain the constituent quark mass in the
mean field approximation. The constituent quark mass is
found to depend strongly on the external parameters like
temperature (7'), chemical potential (x), magnetic field (B)
and AMM (k) of the quarks M = M(T,u,B,x) and it
essentially captures the effect of strong interactions spe-
cifically around the (pseudo) chiral and confinement-
deconfinement phase transition regions. The constituent
quark mass M = M(T, u, B, k) of different flavors is found
to play a primary role in the determination of the thresholds

and intensity of dilepton emission. We have also analyzed
the complete analytic structure of the in-medium spectral
function in the complex energy plane and have found a
nontrivial Landau cut in the physical kinematic region
resulting from the scattering of the Landau quantized
quark/antiquark with the photon; a purely finite magnetic
field effect. We have also compared the whole study with
the three-flavor NJL and the two-flavor NJL and PNJL
models to observe the effects of strangeness and confine-
ment-deconfinement. In all the calculations, we have
considered an infinite number of quark Landau levels so
that no approximation has been made on the strength of the
background magnetic field.

We observe that, in the presence of background magnetic
field, independent of the types of model used, DPR
acquires contributions from both the unitary-I and
Landau cuts owing to the kinematic restrictions for pro-
duction of physical dileptons with positive energy and
timelike four momentum. As a result, the DPR obtained is
found to be largely enhanced in the low invariant mass
region due to the emergence of the Landau cut contribu-
tions, which is purely the effect of finite background field.
The detailed analysis of the analytic structure of the two
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point correlator indicates the non-trivial dependence of the
thresholds of unitary-I and Landau cut contributions on
magnetic field and AMM of the quarks which in turn
affects the constituent quark mass. For a particular value of
T and/or up, we have found that, the width of the forbidden
gap (between the unitary and Landau cuts) is large for both
two- and three-flavor PNJL models when compared to the
scenarios where simple NJL. model is used. However, as the
values of temperature and/or baryon chemical potential
increases the forbidden gap between unitary-I and Landau
cut contributions keep on decreasing and finally merges
with each other enabling the production of a continuous
spectrum of dileptons through out the whole range of
invariant mass. We find that, the presence of Polyakov loop
can shift this merging of unitary-I and Landau cut con-
tributions toward higher values of temperature. At these
high values of T and/or up, a substantial increase in overall
magnitude of DPRs is observed as a consequence of

enhancement in the availability of the thermal phase space.
Finally, at very high values of T and g, the DPRs for both
NJL and PNJL models are found to be slightly enhanced
when the three-flavor model is used due to contributions
from strange quarks. With Pauli-Villiars regularization,
which is used through out this article, the inclusion of
finite values of the AMM of the quarks do not lead to
significant change in values of the constituent mass of
quarks.
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