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Abstract: The study of dilepton emission from hot hadronic matter provides a unique probe of the properties of the
strongly interacting medium created in heavy-ion collisions. In non-central collisions, the presence of magnetic
fields can induce anisotropic features in the emission spectrum. While the impact of a magnetic field on the dilepton
emission rate has been extensively studied, the detailed higher-order azimuthal anisotropies of the emission
rate—characterized by flow coefficients beyond elliptic flow—remain an open question, particularly in the low in-
variant-mass region, where magnetic-field-induced medium effects are expected to be most pronounced. Here, we
investigate the higher-order azimuthal anisotropies of source-level thermal dilepton emission from a magnetized hot
hadronic medium. Our results reveal a continuous dilepton spectrum with strong Landau-cut contributions at low in-
variant masses due to the background magnetic field. The emission rate exhibits significant azimuthal-angle depend-
ence in this region, characterized by the source-level flow coefficients v,,,. The odd-order coefficients vanish be-
cause of symmetry. The elliptic flow coefficient (v,) is positive and exhibits an oscillatory structure at low invariant
masses—driven by Landau-level quantization of pions—but is negligible at higher masses. Similar behavior is ob-
served for the higher-order coefficients v, and v, with notable structures at low masses and negligible values at
higher masses. These results highlight dileptons as sensitive probes of magnetic-field effects in heavy-ion collisions,
offering new avenues to constrain the strength of magnetic fields and to unravel the properties and dynamics of hot
hadronic matter.
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I. INTRODUCTION

Strongly interacting hot and dense nuclear matter,
composed of quarks or hadrons, is expected to be created
in relativistic heavy-ion collision (HIC) experiments at
facilities such as the Relativistic Heavy lon Collider
(RHIC) at Brookhaven National Laboratory and the
Large Hadron Collider (LHC) at CERN. Such matter may
also exist in the cores of compact astrophysical objects,
such as neutron stars. The collision of two nuclei at ultra-
relativistic energies leads to the liberation of the funda-
mental constituents of nucleons, forming a deconfined
state of quarks and gluons known as the quark-gluon
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plasma (QGP) in local thermal equilibrium [1—4]. The
matter created in HICs undergoes rapid cooling due to ex-
pansion driven by its own pressure gradient, passing
through various stages of evolution. However, direct ob-
servation of this process is strongly hindered by its transi-
ent nature (~ a few fm/c). Consequently, researchers
must rely on indirect probes and observables, such as the
spectra of electromagnetic probes (photons and
dileptons), heavy-quark production, quarkonium suppres-
sion, jet energy loss, collective flow, and J/¥ suppres-
sion, to extract both microscopic and bulk properties of
the created matter. Among these, electromagnetic probes
(photons and dileptons) are among the most effective for
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characterizing the space-time history of the collision
[5—12]. Owing to their large mean free paths, they typic-
ally leave the system without significant interactions and
are therefore expected to carry undistorted information
about the stage at which they are produced. It is import-
ant to note that experimentally measured anisotropic flow
coefficients are extracted from final-state particle multi-
plicity distributions and arise from the space-time evolu-
tion of the medium, including hydrodynamic expansion
and event-by-event fluctuations [13]. In contrast, theoret-
ical calculations of electromagnetic emission typically
provide the local production rate, which must be integ-
rated over the full evolution of the system to obtain ob-
servable quantities.

In the present work, source-level refers to the local
thermal dilepton emission rate from the hadronic source
considered here, before incorporating the space-time
evolution of the medium and final-state effects. The cor-
responding v, therefore characterize the intrinsic azi-
muthal anisotropy of this local emission source and
should not be identified with experimentally measured fi-
nal-state flow coefficients.

In the QGP, quarks and antiquarks can annihilate to
form a virtual photon, which subsequently decays into a
lepton-antilepton pair. The dilepton emission rate from
this process has been widely studied in Refs. [6, 9, 10]. In
heavy-ion collisions, however, several other thermal and
non-thermal sources also produce dileptons, thereby cre-
ating a sizable background [1, 10, 11, 14]. Among these,
the Drell-Yan process is one of the most important and is
well understood within perturbative QCD [1, 11, 15-17].
Dileptons are also produced from the decays of hadronic
resonances such as 7°, p, w, and J/y, and their yields can
be estimated experimentally through invariant-mass ana-
lysis [1]. However, separating the photons and dileptons
originating from the hadronic medium formed after the
phase transition or crossover is challenging. Therefore, a
reliable theoretical estimate of the photon and dilepton
yields from a hot and dense hadronic medium, including
the possible modification of hadronic properties below
the critical temperature, is crucial for identifying electro-
magnetic signals from the QGP. Extensive studies have
shown that the dilepton emission rate from the hadronic
phase is significantly modified in the low-invariant-mass
region [5, 8, 18—20].

It is conjectured that a very strong magnetic field is
produced in non-central or asymmetric HICs at RHIC and
the LHC. The estimated magnitude of the magnetic field
in HICs is around 10"~'® Gauss [21-24], generated by
the rapid motion of electrically charged spectators in the
early stages of the collision. Although it decays rapidly
within a few fm/c, the finite electrical conductivity (~ a
few MeV) of the medium can possibly delay this decay
process sufficiently, allowing a nonzero magnetic field to
persist even during the subsequent hadronic phase follow-

ing the phase transition or crossover from the QGP
[25—27]. The strength of these magnetic fields is compar-
able to the typical energy scale of quantum chromody-
namics (QCD), thereby affecting various microscopic and
macroscopic properties of strongly interacting matter (see
Refs. [28—30] for reviews) and leading to exotic phenom-
ena such as the Chiral Magnetic Effect (CME), Chiral
Vortical Effect (CVE), Magnetic Catalysis (MC), and In-
verse Magnetic Catalysis (IMC). The effects of a magnet-
ic field on the transport properties of hadronic matter, in-
cluding shear and bulk viscosities as well as electrical
conductivity, have been extensively studied in Refs. [27,
31-36]. In addition, the in-medium properties of vector
mesons, such as the ¢ meson, have also been investigated
under a strong magnetic field to understand modifica-
tions of hadronic matter under extreme conditions [37].

The presence of a magnetic field significantly modi-
fies the emission of electromagnetic probes. These fields
can induce anisotropies in electromagnetic emission rates.
Understanding such effects at the level of the local pro-
duction rate is important for disentangling different phys-
ical mechanisms contributing to the overall observed an-
isotropy. Dilepton production from the QGP medium un-
der such conditions has been extensively explored in the
literature by many authors [38—54] using various approx-
imations. Several studies [48, 55—57] have investigated
anisotropies in electromagnetic emission induced by
magnetic fields. However, these analyses often focus on
specific observables or particular phases of the medium,
and a systematic understanding of the angular structure of
dilepton emission remains incomplete. For example, Ref.
[55] investigates the ellipticity of photon emission from a
hot magnetized QCD plasma, while Ref. [48] determines
the ellipticity parameter (v,) for dilepton emission from a
magnetized quark-gluon plasma, showing that v, tends to
be positive and large at high transverse momenta. Ref.
[56] shows that the most favored direction of photon
emission is the plane transverse to the magnetic field,
which is consistent with a positive contribution to the el-
liptic flow coefficient. Higher-order anisotropy coeffi-
cients in photon and dilepton emission from the QGP are
discussed in Ref. [57]. As the system expands and cools
from the QGP state, hadronic matter forms and serves as
a significant source of dilepton production, particularly in
the low-invariant-mass region. Recent studies in Refs.
[58, 59] analyze dilepton production and its elliptic flow
coefficient (v,) from a magnetized hadronic medium in
terms of the spectral function of p°, evaluated from the
electromagnetic vector current correlation function using
the real-time formalism of thermal field theory.

In the present work, we investigate higher-order an-
gular anisotropies of source-level dilepton emission in a
magnetized hadronic medium. The coefficients defined in
this work quantify the anisotropy of the local production
rate and provide a baseline for future studies that incor-
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porate the full space-time evolution of the medium. To
the best of our knowledge, such a study has not yet been
performed.

The article is organized as follows: Section II presents
the general formalism for anisotropy in the dilepton pro-
duction rate, expressed in terms of the spectral function in
a thermomagnetic background. Section III discusses the
numerical results, and Section IV provides a summary
and conclusions.

II. FORMALISM

A. Dilepton emission rate from hadronic medium

In a hadronic medium, dileptons are produced
through hadronic resonances, in which a virtual photon
emitted during a hadronic transition subsequently decays
into a lepton—antilepton pair. The method for evaluating
dilepton production from a hot hadronic medium has
been well established in earlier studies [6, 7, 12, 20,
60—62]. For completeness, we summarize only the main
steps required for our analysis, following the approach of
Ref. [20].

We consider a transition from an initial thermal state
iy =I(P;)) with momentum %; to a final state
|fy = [H(Py); I(p),I(p")), consisting of hadrons with mo-
mentum Py, where the emitted dilepton carries four-mo-
mentum ¢ = p*+ p’*. The transition probability is de-
termined from the squared matrix element [(f|S|i)?,
where the scattering matrix operator is expressed as

S =t.exp {i/d“xﬁmt(x)} , (D

in which 7. denotes the time-ordering operator, and the
interaction Lagrangian density relevant to the electromag-
netic processes is given by [20]

Lin = —e [J,(x) + J1(x)] A(x), ()

where J(x) = efy(x)y,¥(x) and J(x) denotethe con-
served leptonic and hadronic electromagnetic currents, re-
spectively, coupled through the photon field A*(x).
Electromagnetic probes interact only weakly with the
medium (e < 1), whereas the medium itself remains
strongly interacting. Because the electromagnetic coup-
ling is perturbatively small compared with the strong-in-
teraction scale, electromagnetic emission can be treated
as a perturbation on top of an equilibrated strongly inter-
acting medium. This hierarchy of scales justifies expand-
ing the scattering operator to leading non-vanishing or-
der in the electromagnetic interaction. In addition, owing
to their large mean free paths, electromagnetic probes es-
cape the medium with minimal final-state interactions.

Expanding the S-matrix to second order in the interac-
tion,

—1)2
s -5 / dad ot L) L)l ()

The first non-trivial contribution arises from the mixed
hadronic—leptonic term. The corresponding Feynman dia-
gram is shown in Fig. 1; disconnected diagrams do not
contribute to this process and are therefore omitted. Thus,
the transition amplitude becomes [20]

(f|§|i)=—e2/d4x1d4x2(H|JZ(x1)|I><l,l_IJf,(x2)|O>A’}V(x1 —x).
4)

The strong-interaction dynamics are entirely encoded in
the hadronic matrix element (HlJﬁ(xl)ID, whereas the
leptonic matrix element (/,1]J!(x,)|0) can be evaluated ex-
plicitly in terms of free Dirac spinors. Contracting the
photon fields yields the free photon propagator
A (x1 — x).

Performing the space-time integration over the
leptonic vertex produces a four-momentum-conserving
delta function, which fixes the internal photon mo-
mentum to the total dilepton momentum, g = p+ p’. Con-
sequently, the amplitude reduces to a single space-time
integral over the hadronic current, multiplied by the
leptonic current factor.

Finally, by translational invariance, the current oper-
ator can be shifted to the origin. This extracts the overall
energy—momentum-conserving delta function (2m)*s®
(P;—Pr—q), leaving the matrix element of the current
evaluated at the zero space-time coordinate. After
straightforward calculations, the squared matrix element
per unit four-volume is given by [20]

J/II(‘Ll)

\_)_/

H

Fig. 1. Feynman diagram for dilepton production from a
hadronic medium.
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4
KAISIDF = 2m)* 6 (P —Pr—q) % P CH\TONI|TL(0)|H),
(5)

where the leptonic tensor /¥ arises from the spin sums
over the outgoing lepton pair and is given by

I = 4[p*p” + p'p* = (p-p’ +mi)g" ] (6)

with m, denoting the leptonic mass. Assuming local
thermal equilibrium, we sum over the final hadronic
states and average over the initial states with the
Boltzmann weight Z-'e#”! (where 8= 1/T is the inverse
temperature and Z is the partition function). Using the ener
gy—momentum-conserving delta function, 6(P; — Py —q),
the initial energy can be written as P9 = P9, + gy, yielding
a factor of e#®. The delta function is then expressed in
4
Gy € which
cancels the prefactor (27)* in Eq. (5). Using translational
invariance, J;(x)=e"*J/(0)e™"* and inserting a com-
plete set of hadronic states, the product of matrix

elements can be rewritten as ZIHZ_IG_W?<H|Jﬁ(0)|I>

(11J20)H) = / d*xe " (J}(x)73(0)), which leads to [20]

its Fourier representation, 6”(p)=

4
Sz e PRSI = %e-ﬁwﬂv / d*xe (I (x)JH0)).
H1

@)

The dilepton multiplicity from the thermal hadronic me-
dium is then obtained by summing over the final states
and averaging over the initial states, as given by the fol-
lowing relation:

N=Y "Nz ISP ®)

spin I,H

Introducing / d*q6“(q—p—-p’) =1 into the above equa-
tion and performing the phase-space integrations, we ob-

tain the total differential multiplicity [20]

dNn &t ,
Gxdg g ¢ e MY ©

where M*" denotes the Fourier transform of the two-
point vector current correlator, and I* represents the
leptonic contribution, given by

M, = /d4xei“ (100, (10)

2
2mlep

L1 2« Ay s o
Lﬂ :(27-1-)63(1+ qz ) I—TP(C]HCI _ngﬂ )

(11)

From Eq. (9), the differential dilepton emission rate for
four-momentum ¢* can be rewritten as [20]

dn a?

Fxdi o UM @] (12)

where «a is the fine-structure constant, and

mlcp

5 4., 2mi
Lig)= 1- 7 1+ 2 ) We note that the above

expression is valid for ¢* > 4m;, , below which dilepton
production is kinematically forbidden.

In the real-time formalism of thermal field theory, the
correlator assumes a 2 x 2 matrix structure because of the
shape of the contour in the complex time plane. The
Fourier transform of the time-ordered two-point function
is

Mgy =i / d*xe " (T [Ty ()5 (0) Db, (13)

where 7. is the contour time-ordering operator for the
contour ¢, and the thermal indices a,b € {1,2} indicate that
the two points can be chosen on either of the two hori-
zontal segments of the time contour c. It can be diagonal-

ized as
_—
MY =U M 0 U (14)
o -M")"
: n+l  +n . :
with U = Vi N containing the thermal dis-
n n

tribution function n = (¢#4!-1)~!. The diagonal element
M" in Eq. (14) is an analytic function and is related to
the 11 component via

ReM" (q) =Re M}/(q), (15)
ImM" (¢) :tanh(%) Im M4} (q). (16)

Using the spectral representation, one finds

2 2 (g) = elq))

M+}1V —
@ = Gn1 oo + 1

Im M*(q) (17)

where €(¢”) is the sign function. Substituting Eq. (17) in-
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to Eq. (12), we obtain the dilepton production rate (DPR)
as

dN a7 1
déxd*q ~ 3miq? ePwo —

1 L) |[-goImM " (q)].  (18)

To compute the DPR, we require an explicit form of the
local hadronic current. Within the Vector Meson Domin-
ance (VMD) [20, 63, 64] framework, the conserved had-
ronic current is expressed as

Ty () = J5(x) = Fymy, p'(x), (19)

where p#(x) denotes the Heisenberg field corresponding
to the p° meson, and the coupling F, =156 MeV is de-
termined from the decay rate I'jo_,,+,- = 7.0 keV [20]. Sub-
stituting Eq. (19) into Eq. (13) and applying Wick's theor-
em, we obtain

Im M{{(q) = Fym;Im Df(q), (20)

where D/](g) is the 11-component of the exact thermal p,
propagator. Finally, using Eq. (17), Eq. (18), and Eq.
(20), the dilepton production rate is given by [20]

dN a? o o
Fixdig = ﬂqufBE(CIo)L(q YE m AL T, (21)

where fae(x) = (¥ - 1)_l denotes the Bose—Einstein dis-

tribution function, and Alg;T) = —%g“ "ImD,,(q) repres-
ents the in-medium p° spectral function, with D,,(¢q) be-
ing the full p°-meson propagator in the absence of a mag-
netic field.

In a thermomagnetic background, magnetic-field ef-
fects are incorporated only in the hadronic sector through
modifications of the vector-meson propagator. The
leptonic tensor is kept in its vacuum form, under the as-
sumption that the produced dileptons, owing to their large
mean free path and weak electromagnetic interaction, es-
cape the medium with negligible final-state interactions
and are therefore effectively detected outside the strongly
magnetized region. Consequently, magnetic-field effects
in the leptonic sector are neglected, and all magnetic-field
dependence is encoded in the in-medium p° propagator,
leading to the modified spectral function

1
Alg;T,eB) = —gé’” "ImD,,(q), (22)

with D,,(q) denoting the full p°-meson propagator in the
presence of a magnetic field, as discussed in Sec. II. C.

B. Flow Coefficients for source-level dilepton emission
in a background magnetic field

The flow coefficients characterize the angular distri-
bution of dilepton emission and the magnetic-field-in-
duced properties of the medium. In the present work,
however, we focus on the anisotropy coefficients of
source-level dilepton emission. We adopt the geometry
shown in Fig. 2 to study the anisotropy of the dilepton
emission rate in the presence of a background magnetic
field. For simplicity, we assume that the magnetic field is
constant and oriented along the z-axis, while the beam
direction is chosen along the x-axis. In this setup, the
transverse momentum of the dilepton lies in the y—z
plane, which is perpendicular to the beam direction. The
azimuthal angle ¢ is defined with respect to the reaction
plane, i.e., the x—y plane shown in Fig. 2. Thus, ¢ ~ 0 cor-
responds to a direction within the reaction plane, which is
transverse to the background magnetic field oriented
along the z-axis. In relativistic heavy-ion collisions, the
experimentally observed anisotropic flow coefficients are
extracted from the final-state particle multiplicity distri-
butions. These observables are obtained by integrating
the local (source-level) emission rate over the full space-
time evolution of the medium. Consequently, the aniso-
tropy coefficients defined at the level of the local rate
represent intrinsic emission properties and may be modi-
fied by the subsequent space-time evolution of the medi-
um.

In non-central heavy-ion collisions, the differential
dilepton emission rate is typically written as a Fourier ex-
pansion in the azimuthal angle relative to the reaction
plane, as given by [65],

dN 1 dN -
—_— = |1 + 2v, — Pre
d*xd*q 2m d*xMdMgqrdgrdy [ ; va cosin(@—¢ )}1
(23)
4
B = B?
qr:
¢
y
X
Fig. 2. (color online) A schematic diagram of the coordin-

ate frame used in this work.

014101-5



Rajkumar Mondal, Defu Hou

Chin. Phys. C 51, 014101 (2027)

where the coefficients v, quantify the anisotropy of the
differential production rate in momentum space at a giv-
en space-time point, and ¢,. denotes the reaction-plane
angle. The dilepton four-momentum is written as

¢ = (4°.9) = (4".4x-4y-42) = (¢°. 4. qr 08 ¢, g7 sin )

with ¢r = 1/q%+q2, where g; denotes the transverse mo-
mentum. The infinitesimal four-momentum element is

d4q = MdMgrdgrdgdy

where M = /¢ is the invariant mass, and the rapidity
describing the particle's motion is

1 +q,
yzfln(qo f]).
2 qo —4x

In this work, the calculation is performed in the rest
frame of the medium. In a realistic evolving system, this
frame differs from the laboratory frame because of col-
lective flow, and both the dilepton momentum and the
electromagnetic field undergo Lorentz transformations.
For simplicity, we restrict to ¢, =0, corresponding to
vanishing longitudinal momentum in the chosen frame.
Owing to rotational symmetry about the magnetic-field
direction (2), this choice is arbitrary and does not affect
the anisotropy coefficients. Although this restriction sim-
plifies the analysis, it limits direct comparison with ex-
perimentally extracted observables. The anisotropy coef-
ficients v, are then obtained as:

2r
dN
—_ d
/0 Fxdig cos(ng)de
2n .
dN
—d
/0 d*xd4q ‘

These coefficients therefore characterize the angular an-
isotropy of the local emission rate induced, in the present
context, by the external magnetic field. In the zero-field
limit, eB =0, finite temperature modifies the magnitude
of the thermal dilepton production rate but does not intro-
duce a preferred azimuthal direction. Consequently, the
production rate is azimuthally isotropic, and the corres-
ponding anisotropy coefficients v, vanish, providing a
reference for the magnetic-field-induced source-level an-
isotropy studied in this work. They should be interpreted
as source-level anisotropies and provide a baseline for
more realistic calculations that include hydrodynamic or
transport evolution. The denominator in Eq. (24) repres-
ents the total differential dilepton emission rate. The
formalism for dilepton emission from a thermal hadronic
medium was discussed in Sec. II. A.

V=

(24)

C. Rho-meson spectral function in a background
magnetic field

The key quantity in the dilepton emission rate from
hadronic matter is the in-medium spectral function of the
©°, evaluated within the VMD model in the presence of a
background magnetic field [18—20]. This spectral func-
tion is given by the imaginary part of the full p° propagat-
or and encodes the dynamics of the hadronic medium. It
can be obtained by solving the Dyson-Schwinger equa-
tion, which relates the p° self-energy IT* to the bare
propagator D" [20, 66]:

DY = Dyov —DIJO'BH/;{YDQV, (25)

where the bare propagator is

-1 'q
Dpv = —#V+7 .
0(‘]) qz_ %"1‘16( 4 fz) >

We perform a Lorentz decomposition of the p° self-en-
ergy in the presence of a magnetic field to obtain the
spectral function A(q; T,eB) [58]:

HHV(T, EB) = Hlplllv + Hngv + H3P§V + H4PI1V. (26)

Here, " (i=1,...,4) denote the basis tensors construc-
ted from the four-vectors ¢*, u*, and b* available in the
magnetized thermal medium. The medium four-velocity
' and the magnetic-field four-vector »* introduce pre-
ferred directions in addition to ¢*. By constructing the
components of #* and b* transverse to ¢, one can form a
convenient tensor basis #;”, which leads to the Lorentz
decomposition of the p° self-energy in Eq. (26). The cor-
responding scalar form factors IT; (i = 1,...,4) encode the
dynamical information of the thermal medium and the ex-
ternal magnetic field. They are given by

O R
Plf:?» 7)‘2'=g“ _?—?— Bz,
Db | P
Py =, P = —— (D W), (27)
S uh?
1 uv 134
1_Il :ﬁuyuvn s H2 = gyvn _Hl _H3,
1 L, (b-w)? b-u ,
H3 :ﬁ b#bynﬂ + 2 H] - Z?Mﬂbvnﬂ s (28)
1 -
I = — (u, b, I1" = (bW, . (29)
uh?
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In Egs. (27)—(29), the vectors are defined as

qb , bu_
FrTES

q

%qﬂ’ Bt = pt

=t —
1 vaf Lrex : .
where b = ﬁb‘” Fihug, with F:* denoting the electro-

magnetic field strength tensor representing the external
magnetic field. In the local rest frame (LRF) of the medi-

Py (q* —m + 1P

um, these expressions reduce to

ul;‘RF = (1,0), bflllRF = (O, 2),

where 2 is aligned with the direction of the external mag-
netic field. Using the Lorentz decomposition, the full p°
propagator in a magnetic background can then be ex-
pressed as

P

D" (T,eB) = 5
q

(q° —m, + )P

+ —
—m2+1L (P —m2+T3)(q? —m2 +10) =TI} (q* —m2 +T1;)(g? —m2 +13) — 113

(30)
a'q

+ - .
(q* —m} +113)(g* —m; +11,) — I3 q*m;

Here, m, denotes the vacuum (bare) p-meson mass, while
temperature- and magnetic-field-dependent medium ef-
fects are incorporated through the thermomagnetic self-
energy I1*(q;T,eB). The imaginary part of Eq. (30) is
used to obtain the spectral function A(q; T,eB), which is
then employed to calculate the dilepton production rate.
The analytic form of the p° self-energy is derived using
an effective hadronic field theory in which the p meson
interacts with pions via the interaction Lagrangian dens-
ity [67]:

Line = —8pnn (a/lpv) (F'nxdm), (3 1)

where p, and 7 are the isovector fields representing the p
mesons and pions, respectively. The coupling constant
gomr =20.72GeV™? is fixed from the decay width
T)ne = 155.8 MeV.

In the present work, we consider the pion-loop contri-
bution to the p° self-energy corresponding to the
p% — n*n channel, which is the dominant decay mode of
the p meson in vacuum. This choice allows us to investig-
ate the effects of Landau-level quantization of charged pi-
ons on the p® spectral function and the resulting dilepton
emission. We note that interactions of the p meson with
nucleons and other hadronic resonances can provide addi-
tional in-medium contributions that may modify the
dilepton emission rate and the source-level anisotropy
coefficients v,. Their quantitative inclusion is beyond the
scope of the present work.

The corresponding Feynman diagram for the one-loop
self-energy of p° is shown in Fig. 3. To calculate the ther-
momagnetic p° self-energy, we employ the real-time
formalism (RTF) of finite-temperature field theory. In
RTEF, the self-energy, being a two-point function, forms a
2 x 2 matrix; however, only the 11-component is needed
to calculate the analytic self-energy [20]. It can be expre-

0
ssed as Im I (g) = tanh (%) Im IT{](¢) and Re [1*(g) =
Re IT}](g). Using the interaction Lagrangian in Eq. (31),
the 11-component of the p° one-loop self-energy is ob-
tained as [58, 68]:

d'k
2n)*

K (g, k) DYYE (k) DY (p = g + Ko,
(32)

IY)(¢;T,eB) = i/

where K*'(q,k) contains the vertex factors and is given
by:

K*(g.K) = &n K + 09 (g5 = (@K + 7Kg b))
(33)

Here, D)*"(p) denotes the 11-component of the charged

pion propagator and is given by [68, 69]:

DY (p) = > " 2(-1)'Lia,)e™™

=0

{ZHin(p-u)é(pﬁ—mle ; . (34

i —m} +ie

where the sum runs over Landau levels /, @, = —p?/eB,

and m; = /m2+eB(2l+1) is the effective pion mass.

Li(z) denotes the Laguerre polynomial of order /, and

w

q—> u v q—>

Tt
Fig. 3.
o meson [58].

Feynman diagram for the one-loop self-energy of the
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7(x) = O(x) fe(x) + O(—x) fe(—x), where O(x) is the Heav- and p =—(pi+p}). Now, by substituting Eq. (34) into
iside step function. The momentum components are
defined as pj, =g’ p,, with g"=diag(1,0,0,~1) and
g\ =diag(0,-1,-1,0). In this convention, pj= pj—p> the real p° self-energy as

Eq. (32) and performing the dk° integration, we obtain

/‘” - |:ﬁ {N’”(q,k0 —wj.k;) N”V(q,ko—wl,k)}

2f @ - =@l @+ ()

v {N‘”(q,k“ - wik) | N @K = —q°+w';,kz>H
200 U (" +wh)? ~(w})? (q° = wn)* = (w})?

Re [1"(¢; T,eB) = Re I1}.(q,¢B) + Z Z

n=0 1=0

(35)

Here, # denotes the Cauchy principal value. In the above I, .(g,eB) denotes the vacuum contribution in the pres-
expressions, all N*; are defined in Eq. (37). The quantity ence of a magnetic field (see Refs. [58, 68] for details):
|

&k N (g, k) 1
¥ (q.¢B) =i I Nu (q,K ’ 36
vee(4:¢B) =1 ZO:;/ Q)7 -2 +ie (g +K)? - +ie (36)
nl (qka) /(2 )2 ;llllv(q’kJ_’kH)’ (37)
K (q,k, ky) =4(=1)" e K [,2a) L, (2a,). (38)
and wj = \/k2+m], VPE+m, ff = fep(wf), and fP = fye(w?). Similarly, the imaginary part of the p° self-energy is
given by
lg° | = /
ImI1*(g;T,eB) =—t h(
m [1"(g;T,eB) = —tan n;; 27r 4601 o

X {(1 + [+ L2 NG (@K = o k) 66" - wf - W) + NI (. K° = wf k) 6(q” + wf + W) }

+(ff +fr+2ff f,f){N’”(q, K = —w), k) 6(q" — w + wl) + N (¢, K" = ), k) 6(q° + w) — wﬁ)}} . (39)

The different delta-function structures in Eq. (39) cor- e The terms proportional to 6(¢°—w!—w?P) and
respond to distinct physical processes and define branch 0(q° + Wk + wP) correspond to particle decay and produc-
cuts of the self-energy in the complex energy plane (see tion processes, respectively, and give rise to the Unitary-I

Fig. 4 for the special case ¢ = ¢.%): and Unitary-II cuts.
Im(q®)
—,lq% +4(m§r +¢eB) —do T g2 Go ,lq% + 4()11%r +¢B)
| Re(q")
Unitary-II : Landau Unitary-I

Fig. 4.  (color online) Analytic structure of the p° self-energy in the complex ¢° plane for the special case gq=q.;. Here,
7= \/ @+ (/mi+eB- \/m+ 363)2. The Unitary-I cut and a portion of the Landau cut (indicated by the blue line) correspond to the
kinematically allowed region for physical dilepton emission. For a general momentum configuration ¢, the gap between the Landau
and Unitary-I cuts vanishes, resulting in a continuous dilepton emission spectrum [59].
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e The terms involving &(¢°-wf+w?) and
0(q° + wf — wP) correspond to scattering processes in the
medium, giving rise to the {Landau cuts}. Unlike the
eB=0 case, a nontrivial Landau-cut contribution can

0 [e5) (o)
Im I (¢;T,eB) = —tanh ( ') Z

x{o(d

4/11/2(% s ml s mZ)

arise in the physical timelike region. This occurs when

the pions in the loop occupy different Landau levels.
Further, the imaginary part of the self-energy can be

simplified by performing the dk, integration, which yields

> [<1+ﬂ‘+ﬁ+2ﬂ<ﬁ>

koelkz}

E"’) N’”(q,ko —of k) +O( —g° — Bl ) N (q.K° = wf k) }

nl

+(ff+ 7+ 2£ {0 - En) O (= ¢ + B ) Niy(q.K° =~} k)

+0(-¢"-Ef™) (¢ + E™ ) NI (q.K = wf k. )}} (40)

~2 011/2¢,2 2 2
91921\ gy mym)
Here, k: o7 .G = qj +mj —

Killén function is /l(x y,z) X2 +y*+ 22— 2xy — 2yz—2zx,
Ell = ,/qz+(m,+m,,)2 and  E;™ = max(min)(q., E*)

m?, the

mﬂ
with E* = mzm] Ve 2+ (my£m,)*, In particular, E}! and
EP™™ in Eq (40) denote, respectively, the Unitary and

Landau cut thresholds for a particular (n,/). The Unitary-I
and Unitary-II contributions are nonvanishing in the kin-

ematic regions /g2 +4(m2+eB)<q’ <o and -0 < ¢’ <
—+/q?>+4(m2+eB) respectively, while the Landau-cut
contributions are nonzero in the region |¢°| < EM*. The
Unitary-I and Landau cuts encode the kinematically al-
lowed decay and scattering processes of the p° meson in
a magnetized medium [58, 68]. The analytic structure be-
comes clearer when ¢ = ¢.2. In this case, Eq. (40) simpli-
fies because, for a given n, I=n—1,n,n+1 due to the
structure of N*/, which can be expressed as a linear com-
bination of &', &7, and §'*! with appropriate coeffi-
cients (see Ref. [58]). This choice of ¢ =¢.Z leads to a
clear separation between the Unitary and Landau cuts, as
shown in Fig. 4. However, for the general momentum
configuration ¢ considered in our numerical results, the
dilepton production rate exhibits a continuous spectrum,
and such a clear separation between the cuts does not
occur.

III. NUMERICAL RESULTS

In this section, we present numerical results for the
source-level dilepton production rate and its azimuthal-
angle dependence in magnetized hadronic matter. We
study these quantities as functions of the invariant mass
M and the transverse momentum gy with respect to the
beam axis (see Fig. 2), corresponding to vanishing longit-
udinal momentum in the chosen frame (g,=0). At
present, a direct comparison with experimentally meas-
ured observables is not available.

The numerical evaluation of the dilepton production
rate involves a summation over Landau levels. In prac-
tice, this infinite sum is truncated at a finite upper limit.
For the results presented here, we include up to 500
Landau levels, which ensures numerical convergence
over the range of magnetic field strengths and kinematic
variables considered in this work. We have explicitly
verified that increasing the cutoff does not lead to any
significant change in the results within the relevant kin-
ematic domain. We note, however, that the number of
Landau levels required for convergence can, in general,
depend on the value of ¢B as well as on the external kin-
ematics.

Since we are interested in the hadronic stage of the
matter created in HICs, we choose two representative
temperatures, 7 = 130 and 160 MeV. As hadrons are cre-
ated in the later stages of the evolution in HICs, the
strength of the background field is expected to be smaller
than in the QGP phase. Hence, we choose the lower value
of the magnetic field, eB = 0.01 GeV?, and a higher value,
eB=0.05 GeV?, to understand the interplay between
magnetic-field and thermal effects.

Since the magnetic field is oriented along the z-axis, it
breaks rotational symmetry in directions perpendicular to
the beam axis. Consequently, the dilepton production rate
(DPR) is expected to exhibit azimuthal-angle depend-
ence, i.e., anisotropy in the transverse plane relative to the
beam. To investigate this, we analyze various anisotropy
coefficients of dilepton emission under different physical
conditions.

The numerical evaluation of the integral in the de-
nominator of Eq. (24) can be simplified by employing the
spatial symmetries of the magnetized matter in the
present setup [48]. First, we note that, with our choice of
axes, the system remains invariant under spatial rotations
about the z axis, which form the subgroup of the spatial
rotation group that remains unbroken in the case of B # 0.
Invoking this symmetry, we can write
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dN
d*xd*q

dN
d*xd*q

(m—¢) = (¢).

Moreover, because the magnetic field is an axial vector,
there is also a reflection symmetry with respect to the re-
action plane. This symmetry allows us to write

dN
d*xd*q

dN

(¢)=m

(=¢).

Hence, we need to evaluate the integral only in the
first quadrant, i.e., 0 < ¢ <n/2. The results for the other
three quadrants can then be obtained using the symmet-
ries described above.

Figures 5(a)—(d) for gr =0.3 GeV and Figs. 5(e)—(h)
for gr = 0.5 GeV show the variation of the dilepton pro-
duction rate as a function of invariant mass for different
values of the azimuthal angle ¢, magnetic field ¢B, and
temperature 7. For comparison, the Born rate in the ab-
sence of the background field (green dashed line) is also
shown, which is consistent with earlier observations by
Gale and Kapusta in Refs. [7, 18]. Figures 5(a)—(d), as
well as Figs. 5(e)—(h), each contain a set of four panels in
which T increases horizontally and eB increases down-
ward. To begin the discussion, we focus on Figs.
5(a)—~(d). It is evident from the plots that the dilepton
emission rate is highly enhanced in the low-invariant-
mass region compared to the Born rate (in the absence of
eB) owing to the Landau-cut contributions. This is a
purely magnetic-field-dependent effect and can be con-
nected to the process in which a p-meson is absorbed
through scattering with a pion in a lower Landau level,
producing a pion in a higher Landau level in the final
state (and the time-reversed process), because the pion
mass is modified by the external magnetic field, as given
by the expression m; = \/m2+eB(2l+1) (see below Eq.
(34)). The last two terms of Eq. (40) include the Landau-

£ = (p/6)

10°

T=160 MeV
eB=0.01 GeV’

qr=0.3 GeV

T=160 MeV
eB=0.05 GeV

eB=0.05 GeV |

qp=0.3 GeVv qp=0.3 GeV

AN/d*xd%q (emcev ?)an/a*xd’q (Em fGev?)
~5
.
a8

Sy

-12 . . . . . . . .
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8
Invariant Mass (GeV) Invariant Mass (GeV)

i

Fig. 5.
the azimuthal angles ¢ =

to the Born rate (eB = 0).

o
6’4’3

cut contributions. The DPR in the higher-invariant-mass
region is dominated by the unitary-cut contributions cor-
responding to the decay process py — n*n~. These can be
connected to the first two terms of Eq. (40). A detailed
study of the different cut structures and kinematic do-
mains can be found in Ref. [58, 68]. Moreover, because
the lepton masses are negligible compared to the pion
mass, the threshold invariant mass for dilepton produc-
tion aligns with the p-meson mass for all magnetic-field
strengths and temperatures. Furthermore, an increase in
temperature leads to a noticeable rise in the overall mag-
nitude of the DPR, as is evident from the comparison
between Figs. 5(a) and 5(b). This behavior stems from the
enhanced thermal phase space at higher temperatures. It
is worth mentioning that when ¢ is along the z-direction,
the Landau- and unitary-cut contributions are separated,
creating a forbidden gap that is independent of temperat-
ure and the background magnetic field [58]. This arises
because a pion in Landau level n can interact with pions
in levels n—1, n, or n+1 to produce a p-meson. In con-
trast, in our study, g7 points in a different or arbitrary dir-
ection, resulting in a continuous dilepton emission spec-
trum

To study the azimuthal-angle dependence of the DPR,
TTow
we have chosen representative values of ¢ = 7, 16 3

knowledge of dilepton emission in the first quadrant is
sufficient to infer the results in the other three quadrants.
It is clear from the figures that the dilepton production
rate has a nontrivial azimuthal-angle dependence in the
low-invariant-mass region. As the magnetic-field strength
increases, the ¢-dependence becomes qualitatively
stronger, as can be seen by comparing Figs. 5(a) and 5(c).
On the other hand, the rate exhibits negligible ¢ depend-
ence for higher values of the dilepton invariant mass, in-
dicating isotropic emission of high-mass dileptons.

The spikes in the DPR arise from “threshold singu-
larities," which appear whenever the energy of the virtual

£ = (p/6)
o s [ T T ‘ ]

T=160 MeV
eB=0.01 GeV]

gr=0.5 GeV

eB=0.01 GeV]
Gr=0.5 GevV ¥

=130 MeV ™

= S T=160 MeV
eB=0.05 GeV

eB=0.05 GeV

qr=0.5 GeV qrp=0.5 GeVv

AN/a*%d%q (fm*cev ) aN/a*xdq (fm*cev™?)
Ho
5
:
,

-12 . L . . . . . .
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
Invariant Mass (GeV) Invariant Mass (GeV)

(color online) The dilepton production rate as a function of invariant mass for eB = 0.01, 0.05 GeV? and T = 130, 160 MeV at
in panels (a)—(d) for gr = 0.3GeV and in panels (e)—(h) for g = 0.5GeV. The green line corresponds
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photon becomes equal to one of the numerous Landau-
level thresholds. This can be understood from Eq. (40),
where the Kéllén function in the denominator vanishes at
these thresholds, as defined by the unit step function.
While care has been taken to control numerical uncertain-
ties, these features (spikes and discontinuities) are physic-
al in origin and reflect the discrete Landau-level structure
of the charged pion propagators in a magnetic field.
However, this non-smooth nature of the DPR spectrum
does not lead to any generic trend in the azimuthal-angle
dependence. Finally, for a given value of ¢B and 7, the
overall DPR is suppressed at larger values of g, which is
evident from a comparison of Fig. 5(a) with Fig. 5(e).
This is connected with the modification of the effective
temperature of the medium. Therefore, the observed
thermal suppression is primarily due to the Bose-Einstein
distribution appearing in the DPR expression in Eq. (21).
A further reduction can be attributed to the spectral func-
tion, or equivalently the imaginary part of the p° self-en-
ergy (see Appendix), which also involves the Bose-Ein-
stein distribution function. However, obtaining a quantit-
ative estimate requires a complete space-time evolution
of this rate within magnetohydrodynamics, which lies
beyond the scope of the present study. In addition, the
magnitude of the emission rate increases with increasing
temperature due to the increase in thermal phase space.

As discussed earlier, the anisotropy in dilepton pro-
duction can be quantified by analyzing the flow coeftfi-
cients (v,) defined in Eq. (24). The odd flow coefficients,
particularly v, and v, vanish because the dilepton emis-
sion rate is symmetric under the transformation
¢ — m—¢, as discussed at the beginning of this section.
Hence, in this section, we analyze only the even flow
coefficients for dilepton emission.

To reduce numerical fluctuations associated with the
sharp Landau-level threshold structures, we bin the nu-
merator and denominator of v, separately over the invari-
ant-mass intervals and subsequently take their ratio to ob-
tain the binned anisotropy coefficients.

Figures 6(a)—(d) show the variation of the ellipticity
parameter (1,) as a function of invariant mass for differ-
ent transverse momenta in the same setting; namely, in
the horizontal (downward) direction, the temperature
(background magnetic field) increases while keeping
eB(T) constant. The numerical data reveal several qualit-
ative features, which are also influenced by the emer-
gence of spike-like structures associated with Landau-
level quantization and threshold effects. The figure shows
that v, has a strong tendency to remain positive in the
low-invariant-mass region.

A positive value of v, reflects an oblate shape of the
DPR, indicating enhanced dilepton production around
¢ ~0, ie. in a direction transverse to the background
magnetic field, as shown in Fig. 2. Furthermore, v, dis-
plays oscillations that increase with increasing magnetic

field in the low-invariant-mass region, while these oscil-
lations become negligible in the high-invariant-mass re-
gion, suggesting that the DPR becomes nearly isotropic.
This trend is also evident in the earlier figures, Figs. 5(a)-
(h). The figure, for example Fig. 6(a), also indicates a
general upward trend of v, with increasing gr. The g7 de-

qr = 0.3 GeVv gqr = 0.5 GeV ----

‘ ‘
T=0.160 GeV(b)
eB=0.01 GeV” |

T=0.130 Gev(a
\ eB=0.01 GeV” |

0.2 0.4 0.6 0.8 10.2 0.4 0.6 0.8 1
Invariant Mass (GeV) Invariant Mass (GeV)

gr = 0.3 GeVv

gr = 0.5 GeV ----

T=0.130 Gev(e]

T=0.160 GeV(f)
eB=0.01 GeV™ |

eB=0.01 GeV™ |

T=0.160 Gev(h)

T=0.130 GeV(d
eB=0.05 GeV~ |

eB=0.05 GeV~ |

1 . . . .
0.2 0.4 0.6 0.8
Invariant Mass (GeV)

10.2 0.4 0.6 0.8 1
Invariant Mass (GeV)

gqr = 0.3 GeVv

gr = 0.5 GeV ----

‘ T=0.160 Gev(J)
eB=0.01 GeV* |
1

’
'

T=0.130 Gev{i
eB=0.01 GeV* |

"

-0.5 | T 1

T=0.160 Gev{l)
'eB=0.05 GeV” |

0.2 0.4 0.6 0.8 10.2 0.4 0.6 0.8 1
Invariant Mass (GeV) Invariant Mass (GeV)

Fig. 6.
coefficients v, as a function of invariant mass M: v, in panels
(a)—(d), v4 in panels (e)—(h), and vs in panels (i)—(1), for
eB=0.01,0.05GeV> and ¢y =03,0.5GeV at T =130 and
160 MeV. The results are obtained by separately binning the
numerator and denominator of v, over the invariant-mass in-
tervals.

(color online) Source-level azimuthal anisotropy
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pendence of v, becomes more evident at larger magnetic
fields, as observed from Figs. 6(a) and (c) or Figs. 6(b)
and (d).

The results for v, in a magnetized hadronic medium
have been reported previously in Ref. [59]. The present
results also show qualitative similarities with calcula-
tions for a magnetized quark-gluon plasma reported in
Ref. [48].

We now extend our analysis to the higher-order an-
isotropy coefficients v, and vs. These coefficients probe
finer details of the medium in heavy-ion collisions. We
focus on the same kinematic region. The numerical res-
ults for dilepton v, are shown in Figs. 6(e)-(h). As before,
the four panels show results under identical conditions:
temperature (or magnetic field) increases horizontally (or
downward) with constant eB(T). It is observed that the
coefficient v, tends to be positive at low invariant
masses, indicating significant anisotropy in the DPR.
However, the value of v, becomes negligible at higher in-
variant masses. Here also, the ¢y dependence of v, be-
comes prominent with increasing magnetic field.

The results for dilepton vs are presented in Figs. 6(i)-
(1). In these four panels, temperature (or magnetic field)
increases horizontally (or downward) with constant
eB(T). The dilepton v fluctuates at low invariant mass
but remains nearly zero at higher invariant masses. Simil-
ar to v, and vy, the g dependence of vy increases signi-
ficantly with increasing magnetic field. Notably, we ob-
serve well-pronounced modulations in the dependence of
v, on invariant mass. In addition to the alternating sign
pattern, the high-resolution data exhibit other intriguing
features. A comparison of the results in Figs. 6(a)—(1) re-
veals correlated peak patterns across all anisotropy coeffi-
cients, particularly in the low-invariant-mass region. Such
features arise due to the Landau-level quantization of pi-
ons. The oscillations in the flow coefficients v, arise from
the so-called threshold singularities and decrease with in-
creasing magnetic field. In addition, the coefficients do
not show any strong dependence on temperature.

The oscillations in the anisotropy coefficients v, arise
from the so-called threshold singularities associated with
the Landau-level quantization of pions. In the present cal-
culation, no additional finite thermal or collisional width
is introduced for the pion or p propagators. In a realistic
hadronic medium, finite thermal widths and collisional
broadening would smear these sharp threshold structures.
Therefore, the spikes observed in v, should not be inter-
preted as experimentally observable features, but rather
as signatures of the underlying Landau-level threshold
contributions.

IV. SUMMARY & CONCLUSION

Our study demonstrates that a background magnetic
field significantly modifies the local or source-level

dilepton production rate and its azimuthal anisotropy in a
hot hadronic medium. The key findings—enhanced low-
mass dilepton production due to Landau-cut contribu-
tions, strong azimuthal anisotropy quantified by the oscil-
latory behavior of the source-level coefficients (v,) in the
same mass region, and isotropic emission at higher in-
variant masses—provide a clear picture of magnetically
induced effects in a static medium.

These results can be contextualized within the broad-
er literature on electromagnetic probes in heavy-ion colli-
sions. The enhancement of the DPR is consistent with
earlier theoretical studies in the presence of magnetic
fields [68, 70]. The key quantity governing the DPR is
the thermomagnetic in-medium spectral function of the
o° meson, i.e., the imaginary part of the full interacting p°
propagator, evaluated using the real-time formalism of
thermal field theory and the Schwinger proper-time meth-
od. The analytic structure in the complex energy plane in-
dicates that, in addition to the conventional contribution
from the Unitary cut beyond the two-pion threshold, a
non-trivial Landau-cut contribution also appears in the
physical kinematic domain. This arises because the
charged pions involved in the loop can occupy different
Landau levels before and after scattering with the p°
meson. In our calculation, the Landau-cut contribution is
a purely magnetic phenomenon, i.e., it is absent at zero
magnetic field, and it dominates in the low-invariant-
mass region. In contrast, the Unitary cut governs the
high-invariant-mass region, where the sensitivity to the
magnetic field becomes negligible. The most significant
implication of our work lies in the quantification of in-
trinsic anisotropy. The positive and oscillatory v,, togeth-
er with non-zero higher-order coefficients (v, vs), at low
invariant masses establish that a static, magnetized medi-
um is itself an anisotropic source of dilepton emission.
This finding is important because it suggests that the azi-
muthal anisotropy coefficients (v,) measured in heavy-
ion collisions likely receive contributions from two dis-
tinct sources: (i) the collective hydrodynamic flow of the
medium, and (ii) the intrinsic anisotropy induced by the
strong early-stage magnetic field. However, it is import-
ant to emphasize that the anisotropy coefficients defined
in this work correspond to the local (source-level) emis-
sion rate and should not be directly identified with experi-
mentally measured flow coefficients. In relativistic
heavy-ion collisions, the observed anisotropic flow arises
predominantly from the collective hydrodynamic re-
sponse of the medium to initial spatial anisotropies and is
obtained after integrating the local emission rate over the
full space-time evolution of the system. Consequently,
the anisotropies reported here represent intrinsic emis-
sion properties, which may be significantly modified—or
even washed out—by the subsequent dynamical evolu-
tion of the medium.

However, several limitations of this study must be ac-
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knowledged. First, our model assumes a constant, uni-
form magnetic field in a static, infinite medium. In an ac-
tual heavy-ion collision, the magnetic field is extremely
transient, decays rapidly with time, and is highly inhomo-
geneous. Second, we have not considered the concurrent
evolution of the medium—its expansion, cooling, and the
gradual dilution of the magnetic field. These dynamical
aspects are critical for direct phenomenological comparis-
on with experimental data. Third, the hadronic medium is
treated in a simplified manner; potential effects from oth-
er hadronic states or from a phase transition to a quark-
gluon plasma are not included.

Given these limitations, the logical direction for fu-
ture research is clear. To bridge the gap between our stat-
ic, magnetized calculation and the dynamical reality of
heavy-ion collisions, detailed numerical simulations are
essential. Future work should employ phenomenological
frameworks, such as relativistic hydrodynamic or trans-
port simulations, that self-consistently incorporate both
the space-time evolution of the hot medium and that of
the embedded electromagnetic fields. Such simulations
could convolve the intrinsic anisotropic emission rates
calculated here with a realistic fireball evolution to pro-
duce predictions for the final observed v, coefficients.
This would allow a quantitative separation of hydro-
dynamic and magnetic contributions to dilepton aniso-

tropy.

In conclusion, our findings provide strong qualitative
evidence that a background magnetic field acts as an in-
trinsic source of azimuthal anisotropy in dilepton emis-
sion. While definitive claims regarding the use of this an-
isotropy as a clean signature of primordial magnetic
fields in experiments require the aforementioned sophist-
icated integrated simulations, this work establishes a
foundational mechanism and provides benchmark results
for such future endeavors. We also note that the present
analysis is performed in the rest frame of a static medium
with a fixed magnetic-field direction. In realistic heavy-
ion collisions, the medium undergoes collective expan-
sion, and the local rest frame of each fluid element gener-
ally differs from the laboratory frame. A realistic compar-
ison with experimental data would therefore require a co-
variant extension of the present results that incorporates
flow effects and Lorentz transformations of both the
dilepton momentum and the electromagnetic field. There-
fore, the results presented here should be interpreted as
providing qualitative insight into magnetic-field effects
on dilepton production and possibly as an upper bound on
related observables.
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