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We study the origin of the nonmonotonic magnetic field dependence of the lowest charged pion
excitation observed in lattice QCD. In a magnetic field, the charged pion mixes with the longitudinally
polarized charged rho meson, which shares the same quantum numbers. Within the SU(2) , Nambu-Jona-
Lasinio model supplemented by a gauge invariant tree-level z-p mixing operator constrained by the
experimental p* — 7ty decay width, we compare four mass extraction schemes: rest mass reconstruction,
local bosonization, direct determinant solving with Landau projection, and near-pole expansion. The rest
mass scheme cannot reproduce the lattice type turnover, while in the local derivative expansion scheme the
turnover presence but is weak which occurs at large magnetic field. By contrast, the direct determinant and
near-pole schemes both retain a robust nonmonotonic lowest mode. The former is most faithful to the
Landau level kinematics of the charged excitation, while the latter most clearly shows that residue
suppression enhances the effective mixing after canonical normalization. Our results indicate that the lattice
behavior is a genuine quasiparticle mixing effect, but one whose robustness depends crucially on how the

charged meson pole structure is extracted in a magnetic field.
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I. INTRODUCTION

External magnetic fields provide a useful probe of
hadronic structure because they couple directly to electric
charge and spin, and therefore resolve aspects of QCD
bound states that are hidden in vacuum. Such fields are
relevant in several physical settings, ranging from the early
Universe and magnetars to the short-lived but extremely
intense fields generated in noncentral heavy ion collisions
[1-5]. When the magnetic scale becomes comparable with
typical hadronic scales, the response of QCD matter is no
longer perturbative. The magnetic field can affect chiral
dynamics, modify quark and hadron dispersion relations,
and change the internal structure of mesonic bound
states [6—14]. Reviews of QCD in magnetic backgrounds
can be found in Refs. [15-17].

One of the most direct manifestations of the magnetic
field is its effect on charged hadrons. For a pointlike
charged particle, the transverse motion is quantized into
Landau levels, and the lowest charged excitation is
expected to grow roughly with the magnetic scale.
Hadrons, however, are composite objects. Their correla-
tion functions also contain information about binding,
polarization, wave function normalization, and possible
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mixing with other modes. Therefore the charged meson
spectrum in a magnetic field cannot be described by a
simple lowest Landau level dispersion relation.

Lattice QCD calculations have provided important
nonperturbative information on this problem [11,18—
22]. A particularly striking result is that the lowest charged
pion excitation shows a nonmonotonic dependence on the
magnetic field. Instead of increasing monotonically as
suggested by the naive lowest Landau level expectation,
the energy rises at weak field, reaches a maximum at
intermediate field strength, and then decreases as the
magnetic field becomes stronger. Similar behavior has
also been observed for charged kaons. This qualitative
feature indicates that the lattice observable is sensitive
not only to Landau quantization, but also to the inter-
nal dynamics of the charged meson in the magnetic
background.

The magnetic field dependence of light mesons has
been studied in a variety of effective approaches, including
NJL-type models, functional methods, and holographic
models [23-31]. The charged vector meson sector has also
been widely discussed, especially because the magnetic
field separates different spin projections and can strongly
affect the charged p channel [32-34]. More recent works
have explored several possible sources of the lattice trend,
including magnetic field dependent effective couplings
[35], meson mixing [36,37], wave function renormali-
zation effects [38], and inverse magnetic catalysis [39].
These studies have clarified many aspects of meson
spectroscopy in a magnetic field. Nevertheless, reproducing
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the lattice-type turnover in a controlled and robust way
remains nontrivial.

A natural mechanism is the mixing between the charged
pion and the longitudinally polarized charged rho meson. In
vacuum, the pseudoscalar pion and vector rtho meson are
distinct excitations. In a magnetic field, however, rotational
symmetry is reduced and the s, =0 component of the
charged rho meson can have the same residual quantum
numbers as the charged pion. The magnetic background
can therefore induce z* — p* mixing. Such mixing gen-
erates level repulsion between pionlike and rholike modes
and may lower the lightest eigenmode at sufficiently large
magnetic field. In our previous work [40], we focused on
this dynamical mechanism and showed how z-p mixing can
provide a possible origin of the nonmonotonic charged
meson energy observed in lattice QCD.

The present work addresses a different but closely related
issue. Once a magnetic field is present, the word “mass” is no
longer unique. In vacuum, Lorentz symmetry ties together
the pole mass, the rest energy, and the mass parameter
appearing in a low energy effective Lagrangian. In a
magnetic background this equivalence is lost. Charged
excitations are described by Landau level eigenstates rather
than ordinary plane waves, longitudinal and transverse
dynamics are separated, and the residues of composite meson
poles may depend strongly on the magnetic field. As a result,
different operational procedures for extracting a meson mass
can lead to different magnetic field dependences, even when
they start from the same microscopic dynamics.

For this reason, the main goal of this paper is to compare
mass-extraction schemes for the coupled 7+ — p* system.
We work within a common SU(2) , Nambu-Jona-Lasinio
framework and include a gauge invariant z-p mixing
operator constrained by the physical p* — 7%y decay
width. On this common basis, we examine four schemes:
the rest mass construction from the RPA pole at zero spatial
momentum, the local bosonized derivative expansion, the
direct solution of the Landau projected determinant, and the
near-pole quasiparticle expansion with canonical normali-
zation. Since the same microscopic kernel is used through-
out, the comparison isolates the role played by Landau level
projection, locality, and wave function normalization in the
extracted charged spectrum.

We find that the four schemes form a clear hierarchy. The
rest mass construction fails to reproduce the lattice-type
turnover in the physical lowest Landau level energy,
because it first extracts a vacuum like rest mass and only
afterward reconstructs the charged energy. The local
derivative expansion scheme can generate a turnover,
but the effect is weak and appears only at relatively large
magnetic field, suggesting that a strictly local expansion
does not fully preserve the charged pole structure
relevant for the lattice observable. By contrast, the direct
determinant and near-pole schemes both retain a robust
nonmonotonic lowest mode. The direct determinant

scheme gives the most faithful treatment of the charged
Landau eigenmode, while the near-pole scheme makes
transparent that suppression of mesonic residues enhances
the effective mixing after canonical normalization.

Our results therefore refine the physical interpretation of
the lattice behavior. The turnover is not merely a generic
consequence of adding a z-p mixing term to an effective
Lagrangian. It appears robustly only when the charged
meson is treated as a Landau level quasiparticle and when
its pole normalization is handled consistently. In this sense,
the lattice result probes not only mass shifts, but also the
magnetic field dependence of the charged pole structure
and the quasiparticle residues.

This paper is organized as follows. Section II introduces
the mass definitions in a magnetic field and outlines the four
extraction schemes considered here. Section III presents the
common microscopic input, including the NJL. model, the
zt — p;&zo quadratic kernel, and the vacuum matching of

the effective mixing term. Sections IV-VII implement the
rest mass, local bosonized, direct determinant, and near-pole
extraction schemes, respectively. Section VIII compares the
four results, while Sec. IX discusses their implications for
lattice observables and effective descriptions. Section X
gives the outlook.

II. MASS DEFINITIONS IN A MAGNETIC FIELD
AND EXTRACTION STRATEGIES

In vacuum, Lorentz invariance ensures that different
operational definitions of hadron mass coincide. The pole
of the propagator, the rest energy of the excitation, and the
mass parameter appearing in an effective Lagrangian all refer
to the same physical quantity. In a magnetic field, however,
this equivalence is lost. Rotational and Lorentz symmetries
are explicitly broken, charged excitations occupy discrete
Landau levels, and temporal and spatial components of
correlators no longer enter on the same footing. As a result,
the notion of “mass” becomes scheme dependent.

In the present work, we compare four extraction strategies
that arise naturally in effective QCD treatments of charged
mesons in a magnetic background. All four are derived from
the same microscopic z-p quadratic kernel, but they differ in
how they treat Landau level kinematics, locality, and wave
function renormalization. Rather than viewing them as
competing models, we use them as complementary projec-
tions of the same underlying dynamics.

A. Rest mass extraction (RPA pole at zero momentum)

The most direct extension of the vacuum pole definition
is to determine the mass from the condition

det (g, g =0) =0 (1)

where K is the quadratic kernel in the meson sector. This
definition answers the question: What is the energy
required to create a composite excitation at rest?
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In this scheme, the magnetic field enters only through the
quark loop polarization functions. No explicit Landau level
structure is imposed at the meson level. The resulting
quantity is therefore a rest frame pole of the composite
correlator, rather than the energy of a propagating charged
quasiparticle. This construction provides the simplest base-
line for comparison, since it most closely parallels the
familiar vacuum RPA pole definition [41-43].

B. Local extraction from bosonization

An alternative viewpoint is obtained by bosonizing the
underlying quark model and performing a derivative
expansion of the effective action [27,41,44]. In this
approach, the nonlocal quadratic kernel is reorganized into
a local mesonic theory with magnetic field dependent
kinetic and mass coefficients,

Lest = Zy(B)| Dy = mi(B)|p* + - (2)

This scheme answers a different question: what effective
mass parameter governs the charged meson in a local
mesonic description? The magnetic field is incorporated
through the covariant derivative, so Landau quantization is
introduced at the level of the effective meson fields.
However, the coefficients are extracted from a derivative
expansion around small momentum, rather than from the
physical pole itself. The local scheme therefore provides an
EFT reinterpretation of the same microscopic dynamics,
but one that relies on locality and small momentum
expansion.

C. Direct determinant with Landau projection

For a charged excitation in a magnetic field, the
physically relevant mode is not a plane wave but a
Landau level eigenstate. A more kinematically faithful
definition is therefore obtained by projecting the quadratic
kernel onto a fixed Landau level and solving

det Kpp(q0) = 0. 3)

This scheme answers the question: what is the energy of the
lowest Landau eigenmode of the coupled 7z-p system?
Unlike the rest mass construction, Landau quantization is
imposed directly on the external meson state [26,36,45,46].
Unlike the local expansion, the pole is extracted from the
full projected kernel rather than from a derivative expan-
sion. This method is the most direct microscopic determi-
nation of the charged excitation energy in a magnetic
background.

D. Near-pole extraction (quasiparticle effective theory)

Finally, one may expand the Landau projected quadratic
kernel around the unmixed physical poles and canonically
normalize the propagating modes [40,47,48],

Kri(qo) = —qu(B)(CI(Z) - Ei(B)) (4)

In this form, the residues Z,(B) enter explicitly and the
mixing term is naturally expressed in terms of canonically
normalized fields.

This scheme answers the question: what is the mass of
the physical quasiparticle eigenmode once pole normali-
zation is taken into account? Since the effective mixing
scales inversely with the square root of the residues, the
suppression of the mesonic residues can enhance level
repulsion. It is not a different kinematics from the direct
determinant approach, but a quasiparticle reorganization of
the same Landau projected pole structure.

The four strategies thus form a natural hierarchy. The rest
mass scheme is the simplest vacuum-inspired construction;
the local bosonized scheme recasts the problem into a local
effective theory; the direct determinant method solves the
Landau projected charged mode directly; and the near-pole
expansion provides the most transparent quasiparticle
interpretation of the same pole structure. In the following
sections, we implement each strategy explicitly and com-
pare their predictions for the coupled 7+ — p* system in a
magnetic field. Before doing so, we first summarize the
common microscopic input shared by all four schemes.

II1. COMMON MICROSCOPIC INPUT

A. NJL model in a magnetic field

The Lagrangian of the SU(2) Nambu—Jona-Lasinio
(NJL) model is given by

L =y(iD — i)y + Gs[(fw)? + (Frir iy )?]
—~ Gyl ew ), (5)

where y corresponds to the quark field of two light flavor u
and d, /. = diag(m,,, m,) is the current quark mass matrix
of u and d quarks, ¢ = (I,7) with 7 = (¢!, 7%, 7%) repre-
senting the isospin Pauli matrices, and Gg and Gy are the
coupling constants with respect to the scalar (pseudoscalar)
and the vector (axial-vector) channels [41,42,49]. The

covariant derivative, D, = d, — iq{fAf;"t couples quarks to
an external magnetic field B = (0,0, B) along the positive z
direction via a background field, with Landau gauge
A =-Bys}. q; =(-1/3,2/3) is the electric charge of
the quark field. The field strength tensor F,, is defined
by F,, = a[ﬂAa“.

After Hubbard-Stratonovich transformation we have
quarks coupled linearly to auxiliary meson fields

£ = () (iD= mo)(x) = (o + irsE - D

_(@ ) (ipa)
4Gy 4Gy

(6)

where the Euler-Lagrange equations of motion for the
auxiliary fields lead to the constraints
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o(x) = ~2G5ip(x)y (%),
7(x) = =2Ggsp(x)iysty(x),
pu(x) = =2Gyip(x)y, vy (x). (7)
For the quark propagator, we take the Landau level

representation  [15,50]  Sy(r,7) = eiq’(mrl)sf(r -7,
where @(r,,r|) is the Schwinger phase defined by

St ’ ‘
dD(r,.vr)) = —w, with sL = sign(q/B), qy

is the charge of the fermion field. The translation invariant
part of the propagator can be transformed to momentum

space Sp(r—r') = f%e‘”"“"')Sf(p), with

Rty . n_.
Sy(p) = ie ”“;(—1) Glr)
D¢(p) =2[por’ = p’r’ + m]
X [PyL,(2p113) = P_L,_1(2p113)]
+47L - piL,  (2p1l5),
G(p) = ps — p3 — 2nlq;B| — mj, (8)

where P, = 1[1 +iy'y%s]] is the projector. For u-quark
sY = +1, 2 =31, and for d-quark s4 = -1, IZ = 3/%.

B. Gap equation and constituent quark mass

In the QCD vacuum, quark-antiquark pairs condense,
leading to the generation of dynamical masses for quarks.
Assuming isospin symmetry with m, = m,; = mg, the
constituent quark mass my for light quarks is determined
by solving the gap equation my = my + 2GgTrS(x, x).
Then, the gap equation is rotating to Euclidean space

|‘IfB|

mf = my +8G5mfN Z
f=ud

« Z / dP3 1 - 2”F(EF) ’ (9)

where @, = 1 forn = 0, and a,, = 2 for n > 1 is the degree
of degeneracy of spin. np = 1/(e*/T + 1) is the Fermi
Dirac distribution, the energy eigenvalue of quark in the

magnetic field E; = \/ 2n|q,B| + p3 + m}. The resulting

constituent quark mass exhibits the expected magnetic
catalysis at low temperature, in agreement with previous
NJL-type and related effective-model studies of quarks in
external magnetic fields [9,23].

C. Meson quadratic kernel and polarization matrix

We now turn to investigate the properties of mesons. To
keep the Lagrangian minimal, we focus on the z* and p*
sector, and focus on the s, = 0 part of p=. To avoid the
coupling between pi and p3, we restrict ourself to g, = 0.

This is a consistent kinematic truncation for extracting pole
energies of the lowest Landau level at zero longitudinal
momentum. Restoring g, # 0 would enlarge the kernel but
not change the qualitative mixing mechanism. With these
restrictions, we have the Hubbard-Stratonovich trans-
formed Lagrangian

Lys = w(iD —mp)y = yliyst™n™ +iyst zt +y, a7 p™

s

fiad NN 10
4Gy 4GV+ (10)

_|_ yﬂr_p""/‘ + .o ]ll/ —

After integrating out quarks and expand to quadratic order,
the bosonized effective action is

T pip™\ . e
Sest 70, p] :/d4x< Gy ZGV ) —iTrin[S}' = 2X(7,p)]
+ / d*xL e (11)

with S‘}?' = iD —my in the background field, and =
iystn” +iystat +ytpH 4y, oTp ™ the
quark vertices. Throughout this work we work at the
RPA level and retain only quadratic terms in the meson
fields. By expanding the fermion determinant to second
order we have to the second order

meson-

. e L A
—iTrIn[S;' = %] = —iTrlnS;' +3Te(S/2S )+ (12)

So the quadratic meson action is

2y 1 _ 2
Sat=3 / dxd’y®' (x)[G716(x—y) ~T1(x.5)]®() + Siee.
(13)
where ® = (r, p3)7 in the reduced subspace. Here p5 denotes

the longitudinal s, = 0 component of the charged rho meson.
G~ is the “contact” inverse propagator from the HS terms,
and IT is the polarization matrix from the quark loop. St(r?e =
J d*xLy. comes from the tree level counterterm. In the
random phase approximation (RPA), the core ingredient is the
polarization function, which is defined here by

M, IB,

M(x,y) = (HS,, s )

I, = —iTr[(iy’t 7)Sy(r, r’)(iy51+)Sf(r’ )],

153 = —iTr[(P ) S (r, P) (P 0)S,(r . 7)),

1D, = —iTr[(ye)Sp(r, P) (i’ e") S, (7. 1)),
(i

—iTr[(iy’t 7)Sy(r, r’)(y%*)Sf(r’, r)). (14)

The off-diagonal component H/3,,[ and H,3,/, are nonvanishing
in presence of the external magnetic field. They introduce

the mixing between z* and p¥_ at loop level.

[
[
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D. Regularization scheme and model parameters

In the calculation, we use the Pauli-Villars regulation
with three regulators a¢; = {0, 1,2,3}, ¢; = {1,-3,3,—1}.
The model parameters are chosen to be A = 1.2 GeV,
Gg =3.715 GeV~2, Gy = 5.762 GeV~?2 for all schemes
except the bosonization. These parameters correspond to
m, = 0.133 GeV, m, =0.77 GeV. The summation of
Landau level is performed to over 200 Landau levels,
which is sufficient for the range of magnetic field
considered.

E. Weak-field loop-induced 7-p mixing and its role in
the matching

Before fixing the phenomenological mixing strength
from the radiative decay p* — n¥y, we first separate the
part of the mixing vertex that is generated explicitly by the
quark loop in the present NJL truncation. This can be done
most transparently in the weak-field limit. Since the off-
diagonal polarization functions IT}, and IT;, vanish in
vacuum and are odd in the external magnetic field, their
leading contribution is linear in B. We therefore expand the
quark propagator to first order in the magnetic field and
define the loop-induced mixing strength as the coefficient
of the structure igyeB.

This separation is useful for the matching procedure. The
polarization function in background field and the vacuum
pry transition amplitude should not be regarded as two
unrelated effects. At linear order in the external magnetic
field, the magnetic background acts as one soft electro-
magnetic insertion on the quark line. The resulting off-
diagonal z-p polarization is therefore the soft external field
limit of the same quark level triangle diagram that con-
tributes to the vacuum radiative transition p — zy. In this
sense, the weak field calculation identifies the micro-
scopic loop part of the effective pzy vertex within the
present model.

For a quark of flavor f and electric charge g, = Qe ina
constant magnetic field along the z direction, B = BZ, the
translationally invariant part of the propagator can be
expanded as

Si(k:B) = S (k) + S\ (k: B) + O(B?), ~ (15)
where
50 = e
1. gy — 1057 LK v) + M)
S, (k;B) = iq;B Gy (16)
Here k| = (k°,0,0.k%) and K| = (0.k'.k*,0). Keeping

only terms linear in B, the off-diagonal polarization
function for the charged channel becomes

CTrlP S (0SS (p; B)

+ —i2N, /

+y3su><k;3>iyssi,><p>1

loop,vac

= —iqoeBgpn (17)

with p = k + g. After carrying out the frequency integral,
the loop coefficient without external magnetic field can be
written as

12E7 —

loop vac —N M/ d3k
T 3 4B} (g3 -

np Ef) ]
2Ef(q0 4E7)|

4E.%> (1= 2n4(Ey))

(18)

where E; = Vvk? + M?. Evaluating this expression in
vacuum with M = 0.4 GeV and ¢, = m, = 0.133 GeV
gives

GooPYE — (),064556. (19)

The numerical value of gju*"* shows that the quark loop

provides a sizable part of the effective pzy coupling, but it
does not saturate the coupling inferred from the physical
radiative decay. Hence in the following matching, we treat
G Y as the explicitly resolved microscopic contribution,
and determine the remaining local part by matching the full
effective vertex to the experimental decay width.

This prescription also fixes how the magnetic field
dependence is implemented in the later sections. The
quantity gp,, (B) is computed from the quark loop polari-
zation function and therefore carries the magnetic field
dependence generated by the microscopic NJL dynamics.
The part not resolved by this loop calculation is represented
by a local counterterm fixed in vacuum and kept as a
constant effective contribution. Thus the mixing strength

used below has the form g,,(B) = gy (B) + gi<e.

F. Tree-level 7-p mixing operator and vacuum
matching

The weak field calculation above determines the part of
the pzy vertex that is explicitly generated by the quark loop
in the present NJL truncation. To reproduce the physical
radiative transition, however, one has to match the total
effective vertex to the experimental p* — 7%y decay width.
We implement this matching by adding the lowest order
gauge-invariant local operator that is linear in the electro-
magnetic field and connects the charged pion to the
longitudinal charged rho mode,

Liree = Ktree(ﬂ;jFWDu”_ +p;FﬂyDb”+)1 (20)

where 1 = P ap/2 and K. has mass dimension —1.
In a static magnetic field along the z direction, this operator
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reduces in the g, = 0, p5 sector to a term proportional to
pT0ynT. Thus it contributes directly to the off-diagonal
quadratic kernel as

Kg;e(QO;B) = +iqoKiee B,
Kg;e(QO;B) = —iqoKyeeB- (21)

The role of this operator is purely matching. It should not
be interpreted as an independent mechanism unrelated to
the loop-induced polarization discussed above. Rather, the
full low-energy pxy vertex is decomposed into an explicitly
calculated quark loop contribution and a remaining local
contribution that is not resolved within the present trunca-
tion. The latter is represented by L. and fixed by
vacuum data.

To determine the normalization, consider the radiative
decay p(P,e,) = n(p) +7r(q.€,), with P = p +q. For
an outgoing photon, the dual field strength gives
o ie””"/’qaeyﬁ, while the derivative acting on the pion
gives D, & — —ip, . The corresponding amplitude can be
written as

iM= ikexpeﬂ””/’el,'ﬂ€y',;p,,qa. (22)

After summing over final polarizations and averaging over
the three rho polarizations, one obtains

2
MP =2, 9)” 23)

The two-body decay width is therefore

2

Kexp 2 9\3 24
9671'1712 (mp mﬂ) N ( )

F(p = 27) =

Using the experimental partial width T exp(pi - 1ty)
0.068 MeV, we obtain ey, ~0.222 GeV~'.

For use in the quadratic meson kernel, the coupling must
be expressed in terms of the normalization convention of
the composite pion and rho fields. In the pole-based
schemes considered below, namely the rest mass, direct
determinant, and near-pole extractions, we define the
vacuum wave function normalizations from the slopes of
the diagonal polarization functions at the physical poles,

aH;m(‘IO) gvac ‘)pr(%)
6(]5 22 ’ r (3(1(2) 22 ’

qy=mz q5=m,

vac __
YASES

(25)

With this convention, the inverse pole residue is Z}*°, and
the canonically normalized mixing strength contains the
factor (Zy*Z%*)~1/2. The vacuum polarization functions
entering this definition are

4
M, (o) = i / %Tr[iysr-sw)iysﬁs@)]

| T aE—g

, (26)

4
M, (a0) = =1 [ 35T e S S(p)]

Kdk (AE; 2M\ 1—=2np(E
:SNC/ (=L 1rED o)
22\ 3 ' 3E;) 4B -g2

Numerically, for the parameter set used in the pole-based
calculations, this gives Z7* = 0.109 and Z)* = 0.413.
The full vacuum transition strength inferred from the
decay width must then be reproduced by the sum of
the loop contribution and the local remainder. With
o exp . .. .
Kexp = €Ypr » the matching condition is

loop,vac tree
TG _K
I T Ipm _Kew 073337 Gevl.  (28)

vac7vac
VZ5Z, e

Using the weak field loop result g}j’;’*’*v“ = 0.064556, this
fixes

giee =0.09104 GeV~'. (29)

The total mixing coefficient used in the pole-based extrac-
tion schemes is therefore

9p(B) = gpr" (B) + g, (30)
Here g (B) is calculated from the off-diagonal quark
polarization function at finite magnetic field, while gjz° is
kept as the constant local remainder fixed by the vacuum
radiative decay. This prescription keeps the magnetic field
dependence that is explicitly generated by the microscopic
loop calculation, while ensuring that the total vacuum pzy
coupling is normalized to experiment.

In the local bosonized scheme, the same matching logic
is used, but the wave function normalization are not the
pole residues above. They are instead obtained from the
derivative expansion around vanishing external momen-
tum. Consequently, the numerical value of the local tree-
level remainder differs from that in the pole-based schemes.
This point will be discussed separately in the local
extraction section.

The ingredients introduced above—the NJL model in a
magnetic background, the Landau level quark propagator,
the quadratic kernel in the (z*,pf_,) sector, and the
matched local mixing operator—provide the common
microscopic input for all four extraction schemes. What
differs in the following sections is not the underlying
dynamics, but how this same kernel is projected onto

074036-6



COMPARATIVE STUDY OF MASS EXTRACTION SCHEMES AND ...

PHYS. REV. D 114, 074036 (2026)

physical masses or energies. We begin with the most direct
extension of the vacuum pole definition, namely the rest
mass construction.

IV. REST MASS EXTRACTION (RPA POLE AT
ZERO MOMENTUM)

We start from the most direct extension of the familiar
vacuum pole definition. In NJL type approaches, the meson
mass in vacuum is usually determined from the pole of the
random phase approximation (RPA) propagator at zero
spatial momentum. In a magnetic field, the simplest
generalization is to apply the same prescription to the
coupled z-p kernel and define the mass through

detX(qg,g =0;B) =0 (31)

This construction answers the question: what is the energy
required to create the composite excitation at rest?

This definition provides a natural baseline, because it
stays as close as possible to the usual vacuum RPA pole
construction. At the same time, it is also the least adapted
to the kinematics of a charged excitation in a magnetic
field. The magnetic field enters through the quark loop

|
/ dk3
m,n=0

4N eB dk
M, (00.B) = z/ :

4N eB
Hmt(q07 B) =

(Hl (nom)s(q0) + [(k%; ), (n.m)

polarization functions and the mixing kernel, but no
explicit Landau level structure is imposed on the external
meson state. The resulting quantity is therefore a rest-frame
pole of the composite correlator, rather than the energy of a
propagating charged Landau eigenmode. For this reason,
the rest mass scheme is best viewed as a reference point for
the later analysis. It isolates how much of the magnetic field
effect can already be captured by the composite pole at
g = 0, before one incorporates Landau level projection or
quasiparticle normalization more explicitly.

In the charged z* — pE_ system, the quadratic kernel
takes the form )

Q]TS_HMI(‘]O?B) —ngp(f]o’B) +K;{Se>
H?m(QO? ) ]nge ﬁ - H/)/}(qO’ B)
(32)

’C(CIO,B) = (

The tree counterterm is the truncated to g, =0, p — p3
sector, and contribute to the kernel as (21). In the meson
rest frame ¢ = (qq,0), the polarization function are
given by

_&;BHZ(n,m)] 12(610))’

<H1<n, m)13(40) [(k% ) (. m) + 25 Han, ’”ﬁ ’2@0))’

4N .eB dk et .
I, (q0. B) = —i—= "M Z /ﬁ(—l) MH3(n, m)1y(q0) = ~iqoeBgpe (40, B). (33)
m,n=0

where n and m are Landau levels in the u- and d-quark
propagator respectively, I, and I5 are the functions encod-
ing the Matsubara sum are defined in (A1) in Appendix A,
and H,; are integrals over Laguerre polynomials generated
by the integral over perpendicular momentum. The defi-
nitions and analytical expressions of H; are included in the
Appendix B. The other off-diagonal component is given by
Hipzﬂzj‘,:iqoeBg},?p(qo, ). With gl°°p(q0,B) describes
the loop-induced mixing
/ dk3

Hence the off-diagonal component of the kernel can

|
gpr (qo.B) = 1) H3(n,m)15(qq)-

(34)

be rewritten as —igyH(qy,B) E—Hfm + K% and
iqoH(qo.B) =TI, + K¢, with H(B)z(glp(;gugrree)w

in the kernel denotes the combined loop-induced and

tree-level mixing coefficient, with gjz° determined in
Sec. III.
The rest mass spectrum is obtained by solving

= s ey ) -
=0, (35)

deth qO,

for real gy = m..(B). In the absence of mixing, the pion
and longitudinal tho masses are determined independently
from the diagonal components. When mixing is present, the
eigenvalues of the coupled system define two rest-frame
pole masses.

In Fig. 1 we present the magnetic field dependence of
unmixed charged pion rest mass m,, as well as the lower rest
mass m_(B) of the mixed system. We also present the
energy of the lowest landau level by adding the corre-
sponding kinetic energy E, = (m2 + eB)!/2. Although
the lower eigenvalue of rest mass in the mixed system
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FIG. 1. Rest mass extraction. Solid lines show the unmixed
charged pion rest mass and the lower mixed rest mass eigenvalue
obtained from the RPA pole condition at q = 0. Dashed lines
show the corresponding reconstructed lowest Landau level
energies, Eppp = (miy + eB)'/2. Although the mixed rest mass
decreases at large magnetic field, the reconstructed LLL energy
remains monotonic.

exhibits a nonmonotonic behavior with magnetic field over
the range considered, its corresponding LLL energy Ej . is
monotonic increasing with magnetic field. The inclusion of
7-p mixing in such scenario produces only a modest
quantitative shift relative to the unmixed case.

In the rest mass scheme, the pole is determined in
the meson rest frame, and the lowest Landau level
(LLL) energy is subsequently reconstructed through
E, = (m2y + eB)"/2. As long as the extracted rest mass
squared remains positive, the LLL energy is bounded from
below by \/eB. However, lattice simulations show that at
sufficiently large magnetic field the lowest eigenmode falls
below v/eB, implying that the effective mass parameter
entering the dispersion relation cannot remain strictly
positive. Within the rest mass prescription adopted here,
the mixing effect modifies the rest mass only moderately
and does not drive it negative. As a result, the LLL energy
in this scheme never drops below the \/eB baseline and
therefore cannot reproduce the nonmonotonic behavior
observed in lattice QCD.

The rest mass scheme therefore provides the simplest
definition of mass in a magnetic background. Its failure to
reproduce the lattice turnover is not merely quantitative; it
reflects a structural limitation of describing a charged
excitation in a magnetic field without imposing Landau
level kinematics on the external meson state.

V. LOCAL EXTRACTION

The failure of the rest mass construction shows that, in a
magnetic field, the relevant charged excitation cannot in
general be described by extracting a vacuum style pole at
¢ =0 and then reconstructing the lowest Landau level
energy afterward. A natural next step is therefore to
reorganize the same microscopic kernel into a local
mesonic effective theory, in which the external magnetic

field enters directly through covariant derivatives acting on
charged meson fields.

This leads to the local extraction, or bosonization, scheme.
Instead of determining the spectrum directly from the full
nonlocal kernel, we bosonize the underlying quark model
and perform a derivative expansion of the effective action.
The result is a local quadratic mesonic theory in which the
magnetic field dependence is encoded in effective kinetic
coefficients, mass parameters, and mixing terms. This
construction answers a different question from the rest mass
scheme: what effective mass and mixing parameters govern
the charged meson system in a local effective theory?

A key feature of this approach is that the nontrivial
Schwinger phases appearing in the quark polarization
functions are automatically reorganized into covariant
derivatives of the effective charged fields [44]. In this
sense, the bosonized description incorporates the gauge
structure of the external magnetic field already at the level
of the meson effective action. At the same time, however,
the expansion is performed around small external momen-
tum, so the resulting coefficients are local quantities rather
than pole residues of the physical charged mode. The local
scheme therefore provides an effective field theory reinter-
pretation of the same microscopic dynamics, but not yet a
direct extraction of the Landau projected quasiparticle pole.

We now derive the local quadratic action in the
coupled 7= — p°_ sector and identify the corresponding
magnetic field-dependent parameters entering the local
mass extraction.

A. Local expansion of the pion sector

We illustrate the procedure by first considering the
diagonal pion sector. The z* 7~ component in the quadratic
action in (13) comes from the corresponding term in

LTr(S,28,%) (12)

§@

atn

= % X 2N Tr / d*xd*ye!®uxy)HPa) ()

x 8,(x = y)(ir*)Saly = x)a* (x)~ () (36)

together with the contact term 1 [ d*x s,

126y
S¢(x—y) is the translation invariant part of the fermion
propagator, while ¢/®«(*)+®(>) js the Schwinger phase.
The combined Schwinger phase satisfies

-, where

®, (x.3) + ®,(y.x) = 0, / " A, + 0, / Y ar (),

:(I)n_(y?x):q)iu(x’y)‘ (37)

which corresponds to a Wilson line associated with the
finite displacement of the charged pion in the background
magnetic field. To obtain a local effective action, both the
pion field and the phase factor must be expanded con-
sistently around x. Expanding to second order in (y — x),
we write
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B(3) = m(3) + (3= PO () + 3 (3 = = 098 )

o ) . 10A*(x) (—ie)?
@, (yx) — 1 — - —je—
e @0 = 1 — jeAr(x)(y X), les =5 >

(v =2x),(y=x), + (A () (y = x), )2 + -+ (38)

Combining these expansions, the polarization contribution can be rewritten in terms of covariant derivatives
D, =0, —ieA,(x).

1
§@

wia = N / 7Tr§u (x = Y)ir’Sq(y = x)iy’ [ﬂ_ () + (v =x)' Dz (x) + 5 (v = %) (v = %) Dy Dy (X)] mi(x)  (39)

plus the contact term. Likewise there is also a term Sf_)ﬂ. The two terms linear in (y — x)* in Si(ﬁ)ﬂ_ and Sf_)ﬂ+ can be

summed up to give a surface term which vanishes in the sense of coordinate integration. Collecting kinetic and mass terms,
the pion contribution to the effective action becomes

@ 1 1 1
s? =5 [ {zﬁz”(wmv + (D) =3 (Z—GS—m% (I P+ 12 P) . (40)

where the wave function renormalization in the above expansion are defined by the following

2~ [z [ 28 & "4" TS, (p) i) Sa() (622, 2, (41)

For later convenience, we restrict ourself to the condition g, = 0, the anisotropic form

s =5 [ |2boom. 2+ 1D0nP) = 22017 P 4 s ) - (=) (m P+ e 2
is obtained, with Z) = Z% and Z} =zl = 72
> oy, / To(S, () (i7)3a(p) (ir")).
Zl = —iN, / f)’ t[(05055,(p)) (ir*)3a(p) ir")).
zZk = zN/ ’; r[(07075.,(p))(ir*)Sa(p) (ir)]- (43)

B. Local expansion of the rho sector

The local expansion of the rho sector proceeds analogously but yields a tensor structure characteristic of a massive vector
field. Before local extraction, we project onto the physical longitudinal polarization that can mix with the pion.

At g, = 0, the transversality condition g - p = 0 implies py, = 0, leaving only the longitudinal s, = 0 component p;.
Applying this projection to the Proca kinetic term in a magnetic field, the quadratic action reduces to

2 1 _ 1
57 =3 [ | 200wt P + 10upi ) - ZE (Dot P+ 1DupiP) = (5 =3 ) UoiP 4 5P 44
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with the coefficients derived in the same way as in the pion sector,

Tr[S,( 3Sd(l?)73]»

Z) = —in, / ’)’ (95055, *Sa(p)r).

P

r[(0] 973, (p))r*Sa(p)r’]- (45)

C. Local expansion of the mixing term

Finally, we consider the off-diagonal mixing. Restricting to the charged sector and the longitudinal rho component, the
quadratic mixing contribution contains two pairs of terms

S+ 820 = 4N [ xS, ) Sao0) i i () ()
+iN,Tr / d*xd*yS ,(x, y)r* S, (y. %) (ir’)py (x)7* (),
S+ 50, = 4N [ xS ) i), 27 (1) )
N [ S, () (ir)Suv n () (46)

Performing the same local expansion as above for the 7(y) and pj (y) fields, summing all the mixing terms above, and

integrating by parts to turn the terms like z7_D,p,f into p, D,z_, we have the mixing term in the gauge-invariant form up to a
surface term

S = / d*x(Hp ) (x)Dz7_(x) + Hec.) (47)

in the external magnetic field, only H) = H,, survives. Explicitly,

4 S.(p)r*S4(p)(ir”)). (48)

which is real and unique once Hermitian conjugation is accounted for.

D. Summary of local bosonic action
Collecting all terms, the local quadratic action in the z* — p¥_ subspace at g, = 0 reads

2 1 o 11
s = [ s 3240D0a P+ 100w ) = 52210, P4 D1 ) = (5= 2 ) (' + )

1 1 1 1
+ 32100 + 1D ) =32 (Dpi P+ 10105 P) = (56 =3 ) oi P+ o3P
+ (Hp + Kuee ) (p3 Do~ + p3 Do) } (49)

where we have also added the tree level term in the mixing term. This serves as the starting point for the local mass
extraction discussed below. After explicitly carrying out the trace and the momentum integral, the explicit mass term, loop
mixing term and wave function renormalization in the above bosonized Lagrangian (49) are

074036-10



COMPARATIVE STUDY OF MASS EXTRACTION SCHEMES AND ...

PHYS. REV. D 114, 074036 (2026)

deB [d
m2 = —N, 22 p3§ (= 1) [H, (n,m) b, — 2|, B|(nHy (n, m) + 2H, (n.m)I}].

4eB dp
m} = -N . E )" Hy (n,m) o, — ((2n]q,B| + 2p3)H i (n,m) + 4|q,B|Ha(n, m))I1],

4eB [ dp
H/m :Ncmfﬁ/—32(—1)’"+”H3(n,m)111 = lp(;z?peB,

n,m

4eB [ d
zl = —Nc—/ﬁz(_l)m+n[W1H1(”vm) + 4lq,BIW2Hy (n, m)],

n.m

H,(n,m) +4|q,B|W,H,(n, m)],

1 [dp
2 = Ny, [ 25D (1)m bt ), =21 B| (o n.m) -+ 2885, ).

2

n,m

1 [dp
Zy=N.- / 32( 1) [Hy(n, m)I}, — ((2n|q,B| + 2p3)Hs(n.m) + 4|q,B|Hs(n,m))I'], (50)

where W, presents the combinations defined by W,
W3 = —8E;(nlq,B| + p3)I5 +

= —8n|q,B|E21} +
(2E2 + 6n|q,B| + 6p3)I, — I'. H; are integrals over Laguerre polynomials generated by

(2E% + 6nlq,B|)I5 — 1!, W, =31, —4E2IL,

the integral over perpendicular momentum. The definitions and analytical expressions of H; are included in the
Appendix B. 1! are the Matsubara sum in loop functions, with the analytical expressions also presented in the Appendix A.

In the block that mixes @, = (m,,p3)7,
(49), with the matrix /Cj,.

(zllqo 2L+ 1)[eB| -
,Cloc:
+iCI0Ht0t(B)

2 1 —_1L _ 2
the mass terms are Mo eft =36, m2 and mp off = 3G, — Mp-

The off-diagonal term H,,(B) = (g}f}ie + goPYeB contains
both tree level and loop order mixing terms. The eigenmass
corresponds to the lowest Landau level is obtained through
the pole condition

det Koo = 0, (52)

with the Landau level n = 0, this generates two eigenm-
odes, with energies

1 o e
Eizﬁ\/hz—kE,z,qLEﬁi\/(h2+E,2,+E§)2—4E,2,E[2,.

(53)

where  E2 = (ZL|eB| + m2 )/ 70, B2 = (Z}|eB| +
1
m2 o)/ Zp and h = (g5 + gie®)eB/\/ Z4Z).
Before turning to the numerical results, we briefly
comment on the vacuum matching in the local scheme.
Since the bosonized effective action is normalized through

a derivative expansion at vanishing external momentum,

the quadratic Lagrangian can be written as L@ =1 dD 1 Ko P, according to

_iqutot(B)
zﬂqé — Z}(2n+1)|eB| -

b
peff
|

the tree-level mixing parameter entering the local
Lagrangian must be matched using the corresponding local
normalization factors, rather than the pole residues adopted
in the pole-based schemes. The weak field limit of the loop
mixing in the local expansion yields go?"* = 0.0633257.
Together with the tree level term, they would produce the
partial decay width of rho meson in vacuum

1
(957" + 55°)/\ ZH(0)Z)(0) = — Ky  0.73337 GeV~!
(54)

where e = V4za. le,(O) and Z,Il(O) are extracted from the
definition (43) and (45), while the quark propagator take
the form without magnetic field. The tree level parameter is

loop, vac _

obtained according to giiee =" ZH( )Zﬂ( 0)—gpr

0.00068 GeV~!. This shows that, within the local normali-
zation of the bosonized scheme, the explicit loop contri-
bution already accounts for most of the vacuum pry
coupling, leaving only a very small local remainder to
be absorbed into the tree term.
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FIG. 2. Local bosonized extraction without mixing. The solid
lines show the unmixed LLL energies of the pion and longitudinal
rtho modes obtained from the local derivative-expanded quadratic
action Ej = (Z|eB| + my ) /Zl/‘,. The dashed lines show the
corresponding effective mass parameters, ﬁié,eff = mé,eff/ Zg,. In

this local scheme, the unmixed charged modes remain monotonic
functions of the magnetic field.

E. Numerical result

In the numerical calculation, we use the Pauli-Villars
regulation ~ with  three regulators a; = {0, 1,2,3},
¢; ={1,-3,3,—1}. The model parameters are chosen to
be A=1.25GeV, Gy = 3.1 GeV~2, Gy = 9.31974 GeV~>
and my =35 MeV to reproduce the vacuum pion mass
0.135 GeV and 0.77 GeV. One should notice that in the
NJL RPA method the vector coupling Gy, is usually smaller
in the same Pauli-Villars regulation. In this derivative
expansion method, however, the model requires a much
larger coupling in the vector channel to reproduce the same
rho mass in vacuum. This is because in the vacuum rho mass

definition \/ (e = 110)/ Z)(0), the loop contribution I3 is
evaluated at zero external momentum instead of the pole and
this is quite the nature of the local expansion. In vacuum, the
vector correlator has the transverse form II*(g) =
(¢"q" —q°g")T(q*), so II"(q) x g’ in particular
[1*(0) = 0. That means: a strictly local loop term ~p#p,

0.10
0.08
0.06 |

I >L
z}.z}

0.04 |
0.02 |

0.00

FIG. 3. H

generated by a conserved vector current is constrained to be
absent. In Pauli-Villars regularization, those cancellations are
often especially exact, so seeing the mass type loop integral
go to zero is actually consistent with the symmetry expect-
ation. This implies the tho mass in a local bosonized EFT
should come primarily from the tree piece, while the loop

mainly builds the kinetic structure. So retuning Gy, to force

mb® = 0.77 GeV is usually a sign that the “bosonized local

quadratic form” we are using for the rho is missing the correct
momentum structure, not that QCD really wants Gy
that large.

For the chosen parameter set, the derivative expansion
yields magnetic field dependent kinetic coefficients and
effective mass parameters. As shown in Fig. 2, we first
present the unmixed pion and longitudinal tho meson mass
defined by 2 = m]z[’eff/Z‘,‘r and 7 o = mﬁ_eff/Zﬂ,
together with the corresponding LLL energies. Similar to
results in Secs. IV and VI the unmixed LLL energies all
exhibit monotonic dependence on magnetic field.

In the left panel of Fig. 3 we present the anisotropic wave
function renormalization of the charged pion and longi-
tudinal rho meson. The magnetic field breaks rotational
symmetry and separates longitudinal and transverse
dynamics. Z+ and Z! coincide at vanishing magnetic field,
as required by Lorentz symmetry, but are strongly sup-
pressed as eB increases. This suppression reflects the
increasing dominance of low Landau levels and the reduced
sensitivity of the polarization functions to the external
momentum.

Although the wave function renormalizations become
small at large magnetic field, they do not change sign. In
Appendix D we analyze their large-eB behavior analyti-
cally by separating the Landau level sums into the n,
m>0, n=0, m>0, and m =0, n > 0 sectors and
performing the Pauli-Villars summation before the asymp-
totic expansion. We find that all four coefficients remain
positive in the large field limit and approach zero with

power law behavior. In particular, Zl‘l ~ C,ll/ (g,B)* with

0.07

00 05 10 15 20 25 30 35
eB (GeV?)

Local bosonized coefficients as functions of the magnetic field. Left panel: longitudinal and transverse wave function

renormalization Z p and Z$ for the charged pion and longitudinal charged rho mode. Right panel: loop-induced mixing coefficient

loop

gpn~ = H,,/eB extracted from the local derivative expansion. The suppression of the kinetic coefficients enhances the normalized
mixing, while the loop coefficient itself decreases with increasing magnetic field.
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C,u > (. Thus, the strong suppression observed in Fig. 3
corresponds to an approach to zero from the positive side.

The loop order mixing coupling g® defined in (50) is
presented as a function of eB in the right panel of Fig. 3. In
contrast to the constant tree-level contribution, the loop
induced mixing originates from Landau level sums involv-
ing Laguerre polynomials and phase-space integrals. The

increasing localization of transverse wave functions and the

reduction of phase space lead to decrease of g;f;fp with

increasing magnetic field.

We then compare the lower eigenmode E_ of the mixed
" —p; system obtained from (53) with the unmixed
charged-pion energy in the lowest Landau level. The result
is shown in Fig. 4. At small magnetic field, the mixed
eigenvalue remains close to the unmixed pion mode. As eB
increases, the lower branch eventually develops a non-
monotonic behavior. Compared with the pole-based
schemes discussed later, however, the effect is much weaker
here and sets in only at relatively large magnetic field. This
weaker behavior can be understood from the structure of the
effective mixing in the local scheme. The relevant quantity
entering the canonically normalized quadratic Lagrangian is

h(B) ~ (gp® + gi=°)eB(Z4Z))~"/2. Although the local

wave function renormalizations Z,‘l(B) and ZE(B) decrease
with increasing magnetic field and therefore enhance the
effective mixing, the tree-level contribution in this scheme is
numerically very small, while the loop-induced mixing itself
does not grow with B. As aresult, the residue enhancement is
not sufficient to generate a strong turnover at moderate field,
and the downward bending of the lower mode appears only
much later.

The local bosonized scheme therefore still captures part
of the underlying mechanism: residue suppression can
amplify z-p mixing and eventually distort the lowest mode.
At the same time, the present result shows that this effect is

1.4
121
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8 08}
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&

w04t
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FIG.4. Lower mixed eigenmode in the local bosonized scheme.
The red solid line shows the lower eigenvalue E_ of the coupled
7T —pl system obtained from the local derivative-expanded
quadratic action. The blue dashed line shows the unmixed
charged-pion LLL energy. The local scheme produces a turnover
only at relatively large magnetic field.

not robust within a strictly local derivative expansion. In
this approach, the turnover is delayed and quantitatively
weak, indicating that the local expansion does not fully
retain the charged pole structure relevant for the lattice
observable. This motivates the next step of the analysis:
returning to the nonlocal quadratic kernel itself and
extracting the spectrum by imposing Landau level projec-
tion directly on the external meson state.

VI. DIRECT DETERMINANT
WITH LANDAU PROJECTION

We now return to the full nonlocal quadratic kernel and
extract the charged excitation energy by solving it directly
in a Landau level basis. This step goes beyond both the rest
mass and local expansion schemes. Unlike the rest mass
construction, the external meson is no longer treated as a
plane-wave mode in the rest frame; unlike the local
bosonized approach, no derivative expansion around small
momentum is introduced. Instead, the relevant charged
mode is projected directly onto a fixed Landau level before
the pole condition is imposed.

For a charged particle in a magnetic field, the physical
transverse eigenstates are Landau levels rather than plane
waves. The quantity most closely related to the lattice
observable is therefore not a rest mass, but the energy of the
lowest Landau eigenmode of the coupled system. This
motivates solving

det KCp11.(g0) =0, (55)

with the quadratic kernel projected onto the lowest Landau
level of the charged meson sector.

This construction answers a more directly physical
question: what is the energy of the lowest charged
Landau eigenmode in the coupled z-p system? Since the
pole is obtained from the full Landau projected kernel, the
method retains the nonlocal structure of the microscopic
dynamics while incorporating the correct kinematics of the
external charged meson state.

For a charged relativistic scalar mode in a constant
magnetic field, the dispersion relation takes the form
E2 =m? + p2+ (2n+ 1)eB. For mesons at rest along
the field direction p, = 0, the physical energy of the lowest

Landau mode is Ej;; = Vm? + eB. This quantity is
directly related to the energy extracted from long-time
decay of charged correlators in lattice simulations. To
implement this kinematics consistently in the coupled
z-p system, the quadratic kernel must be evaluated between
Landau level wave functions of the external meson states.
To derive the quadratic action in Landau level basis for
fixed Landau level n with g, = 0, we expand the charged
meson fields in Landau eigenmodes:
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a(x) = Z T (Qos 43) P g, (X1 )~ DITIBE,
n’q,‘"q:

P3 ()C) = Z pn(q()’ q3)§0n,q1 (xl_)e_i%ﬂriqﬂ' (56)
n.qy.q;

Here ¢, ,, are the standard gauge dependent Landau wave
functions. In the above expression we keep g3 for com-
pleteness. In the calculation, one should restrict to g3 = 0
to avoid coupling between p; and p,. Then the boson
quadratic action becomes a sum over Landau levels:

2 1 dq
Séff) :EZ/Z—;QZ(QO)’C((]O;B,n)@n(QO>,

K, ,B,n
p(qO ))7 (57)
’C/)p(qo; B’ n)

]Clm(qo; B? I’l)

K(gy;B,n) =
<qo n) <’C,m(6102 B’ n)

with ®, = (x,,,p,)?, and K(qo; B, n) is the 2 x 2 Landau
projected kernel of Landau level n. The different compo-
nents of the kernel are connected to the polarization
function by

A Hlm,n(qo’ B)?

’Cpp = E - pr,n(qoa B)’

ICPﬂ = _Hgﬂ.n(‘]O’ B) + ’Cg;e(qo’ B),
]Cltﬂ = _Hi/).n(qo’ B) + nge(qo’ B) (58)

One should notice that the kernel I, ,(go.B) and
I1,, ,(qo. B) are different from the ordinary RPA polariza-
tion function in last section. In the rest mass scheme, the pole
condition determines the mass of the composite bound state.
It is the energy cost to create a pion at rest. It does not
describe the motion of a charged pion in an external
magnetic field. On the other hand the kernel
K.z(qo; B,n) is evaluated in a Landau level basis for the
pion field. I1,; ,(go. B) is the quark loop projected onto the
pion Landau mode n, i.e. with the appropriate Landau wave
functions on the external pion legs. This “projection onto n”
is exactly what is missing when one computes I1(g) as a
function of continuous ¢, and then sets ¢, = 0. The key
point is that Landau levels enter through the external
pion mode projection, not through the internal quark
Landau sums alone. The “Landau projected” polarization
function is

H!ﬁ](ﬁz,n(qo’B):/d4Xd4y(p;;(x)H¢1¢z(x’y;B)(pn<y)’ (59)

where I, 4, (x, y; B) is the coordinate-space quark loop, for charged pion and rho this quark loop has nonvanishing Schwinger
phases. ¢, (r) is the standard wave function of charged pion at Landau level n, which is given by

fﬂn(") — e—ip0t+ipgz¢n pl(?l_) — e—ip0t+ip3z

(%Jr‘u_p] 1?2

2r e 2

(60)

== H, <X+ SJ_P11> e,
V2rl\/2'nl\/x "\l

where [ = 1/+/eB is the magnetic length. H,, (x) is the Hermite polynomials, and s | = sign(eB). The wave functions satisfy
the conditions of normalizability and completeness. The “Landau projected” polarization functions in the kernel (58) are
defined through

Moo =i [ Tah()ir50)S, )i e )37 1),
H/)p,n =i lr’ Tr[(pjl(r’)(y%‘)Sf(r, r/)(737+)Sf(r,’ r)(pn(r)],
B = =i [ Tl ) ()8, e )3, 0],

MLy =i [ o)) ) )3,7 Ph(0)] (61)

We focus on the case where the external pion and rho are in the lowest Landau level, namely take n = 0 in the above
expressions. After taking all the integrals, we finally arrive at
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Moo == [E53 [Vilnmis(an) + |06+ 02)7:(nm) + 53 Vol | ()

n,m=0

Mo = =25 [ 5555 [Vanmis(an) + |-+ m2)¥s () + S Vo) )]

n,m=0

. 4N_.eB [ dks
Hizzo = (—lmf%) e /
. 4N eB dk . 00
IT, 0 = —(+imsqo) —— 3 / : Z (n,m)5(qo) = +igy eB gi",
|
with
4N dky; &
loop __ c 3
==y [C2 S nnmi@). (63
3z (27) l;)

Obviously, Hermiticity gives KC,, = K7,. The functions
I5(qp) and I5(g,) encodes the Matsubara sum in the quark
loop, the result are presented in Appendix A. The “Landau
projected” polarization function defined in (61) has com-
plicated coordinate and momentum integrals, such integrals
generates coefficients Y;(n,m) in (62), we include the
details of calculation in Appendix C. Same as in the
rest mass section, the off-diagonal component of the kernel
can be rewn'tten as —igoH(qo. B) = —I13, + K% and

P
iqoH (g0, B) = —TT3, + Ke°, with H(B) = (g + i) eB
in the kernel denotes the combined loop-induced and tree-
level mixing coefficient, with gi® determined in Sec. III.

The spectrum is obtained by solvmg (59), yielding two
mixed eigenmodes g, = E.(B). In this formulation, the
Landau level structure is incorporated directly in the
polarization functions. The determinant has the generic
structure K, (qo. B)K,,(q0. B) — qgH*(B) = 0. As the

magnetic field increases, both the diagonal Landau level
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> L —— Eg iy
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Y3(n, m)Iy(qo) = —igoeB gy,
n) 2, g

(62)

energies and the off-diagonal mixing term grow with eB.
Their competition produces level repulsion between the
pionlike and rholike modes.

Using the same parameter set presented in Sec. III, we
solve the determinant equation in the LLL sector. Before
introducing mixing, it is useful to examine the unmixed
LLL energies extracted from the diagonal Landau projected
kernels, since these provide the direct baseline for the
charged quasiparticle spectrum. The unmixed LLL energies
of the charged pion and the longitudinally polarized
charged rho meson are obtained from the diagonal
Landau projected kernels. As presented in the left panel
in Fig. 5, the resulting pole energies E,(B) and E,(B)
increase monotonically with the magnetic field and exhibit
the expected v/eB behavior at large field strength, reflect-
ing Landau quantization. When converted to rest masses
via my = (Ej — eB)'/?, the charged pion mass increases
monotonically with eB, while the longitudinal rho mass
shows a mild nonmonotonicity consistent with pre-
vious model studies [32]. In the absence of mixing,
therefore, the charged pion sector does not exhibit any
turnover, indicating that the quark-antiquark binding and
Landau quantization are insufficient to explain the lattice
observations.

&
w 0ol - unmied Eninthe LLL
’ —— direct detK=0 with Landau-projected N
0.0 . . . . . .
00 05 10 15 20 25 30 35
eB (GeV?)

FIG. 5. Direct determinant extraction with Landau projection. Left panel: unmixed pion and longitudinal rho energies obtained from
the diagonal components of the Landau projected kernel, together with the corresponding rest mass parameters m, = (E(ZI5 - eB)l/ 2,
Right panel: lower mixed eigenmode obtained by solving the full Landau projected determinant, compared with the unmixed pion LLL
energy. The direct determinant scheme yields a robust nonmonotonic lowest mode.
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The resulting lowest eigenvalue from solving the pole
condition (55) is presented in the right panel of Fig. 5. At
intermediate magnetic fields, the repulsive mixing effect
dominates over the diagonal growth of the pion channel,
driving the lower eigenmode downward and generating a
nonmonotonic behavior. Unlike the rest mass scheme, here
the lowering of the eigenmode does not require a negative
squared mass parameter; it emerges directly from a fully
dynamical interplay between Landau quantization and z-p
mixing.

The direct determinant scheme therefore provides the first
extraction in which the quantity of interest is directly the
energy of the lowest charged Landau eigenmode. Unlike the
rest mass construction, it does not rely on a reconstruction of
Landau kinematics, and unlike the local expansion scheme,
it does not require a derivative expanded mesonic EFT. The
pole is obtained directly from the Landau projected quad-
ratic kernel, making this the most kinematically faithful
scheme in the present comparison.

VII. NEAR-POLE EXTRACTION
(QUASIPARTICLE EFFECTIVE THEORY)

While the direct determinant scheme captures the
charged Landau level kinematics most faithfully, it does
not by itself make transparent why the mixing becomes so
effective. To expose the mechanism more clearly, we keep
the same Landau projected quadratic kernel but expand it
near the physical poles and rewrite the system in terms of
canonically normalized quasiparticle fields. This leads to
the near-pole extraction, which provides the clearest
interpretation of the turnover in terms of residue enhanced
7-p mixing.

In the near-pole scheme, the energy eigenvalues are
extracted by expanding the Landau projected quadratic
kernel around the unmixed physical poles and then canoni-
cally normalizing the corresponding modes. In this sense,
the near-pole construction is built on the same Landau level
kinematics as the direct determinant approach, but reor-
ganizes the result into a quasiparticle effective theory. This
makes it possible to identify directly how wave function
renormalization modifies the effective mixing strength.

For each of pion and longitudinal rho channel, we
expand the Landau projected quadratic kernel (57) written
near the physical pole as

Ky (q0: B.n) ~ =Z(q5 — E*(B. n)). (64)

where E(B,n) is the unmixed pole energy, and Z is the
corresponding residue factor. In the present work we focus
on the lowest Landau level, n = 0, and restrict to g, = 0.
First turn off mixing, and define energies by

ICJTﬂ(qO = E,,;B,n = 0) = O’
K:/)p(QO :Ep;BJ’l:O) =0, (65)

with the polarization function defined in (62) in Sec. VL.
These are the unmixed pion and rho energies at lowest
Landau level. Crucially, near the pole, each diagonal kernel
can be expanded in ¢3,

Ky
K L 2 —E2),
Jm,O(QO) a(q(Z)) qﬁ:E}!(qo ﬂ)
aIC)).O
K:/)/),O(q())z a(é%) R E’)(q%_Elz}), (66)
4=Ep

with the residues defining the wave function renormaliza-
tions,

_ alsz,O
a(q5)

_ a]C/)p.O
a(‘]%) @=E}
(67)

Z,(B.n)=

R Z,(B,n) =
q(]fE/r

For the off-diagonal term in the kernel (57), we recall the
loop-induced mixing gju® defined in (63), and the tree-level
mixing gp7¢ is determined in Sec. IIl. Together, they
give the off-diagonal term K,,(g¢.B) = +igoH(B) and
Kyy = K}y, where H(B) = (eB)(gpx® + gi).

The canonically normalized fields are then defined
through 7. =+/Z,x and p. = \/Z_p/). In the canonical

basis ®, = (., p.)7, the near-pole LLL quadratic kernel is

2_F2 —igoh(B
KL (go) (?0 o T (2)). (68)
iqoh(B) 9, — E;

After canonical normalization at the pole, the quadratic
kernel takes the form of a two-level system with an
effective mixing strength

H(B) _ eB(gs® + ¢

7.2, VZ.Z,

This construction answers the following question: once the
charged excitation is projected onto the physical Landau
level, how does canonical normalization reshape the
effective 7-p mixing and the resulting quasiparticle spec-
trum? In particular, the near-pole scheme makes explicit
that the off-diagonal mixing is enhanced by the factor
(Z,,Zp)‘l/ 2, so that a strong suppression of the mesonic
residues can substantially increase the level repulsion even
when the underlying microscopic mixing kernel itself
remains moderate.
The eigenmodes are determined by solving

h(B) = (69)

det KX (g0) = 0. (70)

The near-pole scheme differs conceptually from both the
determinant-based approaches: It does not solve the full

074036-16



COMPARATIVE STUDY OF MASS EXTRACTION SCHEMES AND ...

PHYS. REV. D 114, 074036 (2026)

0.0
0.0

1.5 20 25 30

eB (GeV?)

05 1.0 3.5

FIG. 6. Near-pole wave function renormalizations extracted
from the slopes of the Landau projected diagonal kernels at the
unmixed physical poles. The pion residue changes moderately,
whereas the longitudinal rho residue is strongly suppressed with
increasing magnetic field. This suppression is a key source of the
enhanced effective mixing in the near-pole formulation.

nonlocal kernel without normalization. Besides, compared
with the local bosonization scheme, the near-pole extrac-
tion evaluates the residues at the physical pole rather than at
vanishing momentum. This makes the enhancement
directly tied to the physical quasiparticle normalization
rather than to a derivative expansion, providing a
clearer dynamical interpretation of the turnover. Because
the effective mixing strength scales inversely with
(Z,,Zp)‘l/ 2, suppression of the residue can enhance level
repulsion in this framework. Thus, this scheme makes
explicit how wave function renormalization modifies the
strength of mixing in the coupled system.

The unmixed LLL energies E,(B) and E,(B) are the
same Landau projected pole energies already obtained in
Fig. 5 of Sec. VI from the diagonal kernel. The resulting
pole energies E,(B) and E,(B) increase monotonically

with the magnetic field and exhibit the expected v/eB
behavior at large field strength. They are repeated here only
to emphasize that the near-pole scheme does not introduce

15 20 25 30

eB (GeV?)

05 1.0

FIG. 7. Mixing strength in the near-pole scheme. Left panel: loop-induced coefficient gy

different kinematics, but rather a different organization of
the same pole structure.

The wave function renormalizations extracted from the
near-pole slopes of the diagonal kernels are presented in
Fig. 6. The pion and rho channels exhibit qualitatively
different magnetic field dependence. While Z,(B)
decreases only moderately with increasing field, Z,(B)
is strongly suppressed in the LLL and becomes very small
at large eB. This strong suppression of the rho residue plays
a central role in enhancing the canonically normalized
mixing.

Importantly, the suppression of Z, does not imply a sign
change. In Appendix E we analyze the large-e B behavior of
the Landau projected polarization function analytically.
Separating the internal Landau level sums into the
n,m>0,n=0,m>0,and m = 0, n > 0 sectors, we find

2.757N

M2
c 2
P b0 74,8 {Zi ciM; 1“<A2)] >0 ()

where M} = m7 + a;A* is the regulated mass in Pauli-
Villars. Therefore the pole residue decreases asymptotically
as 1/eB, but approaches zero from the positive side. This
confirms analytically that the strong suppression seen in
Fig. 6 does not lead to a zero crossing.

The loop-induced mixing coupling g,,,, P(B), defined
in (63), is displayed in the left panel of Fig. 7. Its
B-dependence is moderate and decreases slowly with
increasing magnetic field. The more quantity is the canoni-
cally normalized mixing strength i(B) (69) shown in the
right panel of Fig. 7. Owing to the explicit eB factor and,
more importantly, the strong suppression of the pole
residues, especially in the rho channel, i(B) increases
rapidly with eB. The near-pole scheme therefore makes
transparent that the nonmonotonic behavior is controlled by
residue-enhanced level repulsion in the canonically nor-
malized quasiparticle basis.

1.5 20 25 3.0

eB (GeV?)

o L L
00 05 1.0

loop extracted from the Landau projected off-

diagonal kernel and evaluated at the pion pole. Right panel: canonically normalized mixing strength #(B) = ¢B gi,(;?p + G5 /N2 Z,.
The rapid growth of (B) is driven mainly by the suppression of the pole residues rather than by an increase of the microscopic loop

coefficient.
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FIG. 8. Lower mixed eigenmode in the near-pole quasiparticle
scheme. The dashed blue line shows the unmixed pion LLL
energy, while the red solid line shows the lower eigenmode
obtained from the canonically normalized near-pole kernel. The
turnover reflects residue-enhanced level repulsion between pion-
like and rholike Landau modes.

Solving the pole condition (70) of the near-pole kernel
yields two eigenmodes corresponding to mixed pion-rho
states. The lower eigenmode E_ is presented as the blue
line in Fig. 8. At weak fields, the lower eigenmode closely
tracks the unmixed pion LLL energy. At intermediate
fields, increasing mixing induces strong level repulsion,
causing the lower eigenvalue to bend downward. This
behavior is a direct consequence of the residue enhanced
mixing between a light pion and a heavier longitudinal rho
mode in the same Landau level.

The near-pole scheme therefore provides the clearest
dynamical interpretation of the nonmonotonic behavior: the
turnover is driven by residue enhanced level repulsion
between pion like and rho like Landau modes. Its limitation
is that the expansion assumes the mixed pole remains
sufficiently close to the unmixed one. At very large
magnetic field, where the pole shift becomes substantial,
the direct determinant solution of the full Landau projected
kernel is quantitatively more reliable. Taken together,
the two schemes play complementary roles: the direct-
determinant approach gives the most faithful charged mode
spectrum, while the near-pole expansion makes the under-
lying mechanism most transparent.

VIII. COMPARATIVE ANALYSIS

We now compare the four extraction schemes introduced
above: rest mass reconstruction, local bosonization, direct
determinant solving with Landau projection, and near-pole
expansion. All four are derived from the same microscopic
NIL kernel and differ only in how the same coupled z-p
dynamics are projected onto physical masses or energies.
Their differences therefore do not reflect different under-
lying physics, but different ways of representing the same
charged meson system in a magnetic background.

The comparison reveals a clear hierarchy. The rest mass
and local expansion schemes provide useful reference

n
&)

n
o

-
o

\_.—" 2 12
72X~ - rest mass (M o +€B)

unmixed E| || (GeV)
o

o
&)l

)2 3

bosonization ((m? o¢+ZxeB)/Z!\

------ Landau-projected K;:(qo,B,n=0)=0
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FIG. 9. Unmixed charged-pion LLL energy obtained from
different extraction schemes. The rest mass and local bosonized
schemes reconstruct the charged energy from vacuum-style or
local effective quantities, while the Landau projected determinant
scheme extracts the charged pole directly from the LLL-projected
microscopic kernel. The near-pole scheme uses the same un-
mixed Landau projected energy as the direct determinant ap-
proach.

descriptions, but neither gives a fully robust account of
the lattice type turnover. By contrast, the direct determinant
and near-pole schemes, both built on the Landau projected
charged pole structure, retain a pronounced nonmonotonic
lowest mode. Among them, the direct determinant
approach is the most kinematically faithful, while the
near-pole scheme makes the mechanism of residue
enhanced mixing most transparent.

We first compare the unmixed charged pion energy in the
lowest Landau level, as shown in Fig. 9. The rest mass and
local bosonization schemes both start from vacuum style or
small momentum constructions and only introduce the
Landau level contribution at the level of an effective
mesonic description. As a result, they lead to similar
LLL energies. By contrast, in the direct determinant
scheme with Landau projected kernel the external pion
is projected onto the Landau basis already at the level of the
microscopic kernel, so the resulting LLL energy is lower
and more directly tied to the charged quasiparticle pole.
The near-pole scheme shares the same unmixed Landau
projected energies, since it is built from the same diagonal
kernel and differs only in how the pole is reorganized near
the physical excitation.

The comparison of the mixed lower eigenmode is shown
in Fig. 10, where the lattice data are also included as a direct
reference. At weak magnetic field, all four schemes remain
close to each other and to the lattice points, reflecting the
fact that the mixing is still modest and the charged mode is
dominated by the pionlike lowest Landau level. The
difference among the schemes becomes evident in the
intermediate field region, where the lattice data begin to
deviate from the simple LLL trend and develop a turnover.

The rest mass reconstruction fails to reproduce this
behavior. Although the mixed rest mass itself can decrease
with increasing magnetic field, the physical LLL energy
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FIG. 10. Comparison of the lower mixed eigenmode obtained
from the four extraction schemes: rest mass reconstruction, local
bosonization, direct determinant solving with Landau projection,
and near-pole expansion. The orange points with error bars
denote the continuum-extrapolated charged-pion lattice data from
Ref. [22], shown as a reference for the lattice observable. The
vertical dotted lines mark the field region where the lattice data
start to deviate from the simple LLL trend and where the turnover
occurs.

reconstructed as Ejy; = (mZy + eB)'/? remains too rigid
and continues to rise. This makes the rest mass scheme
incompatible with the lattice trend once the data bend
downward.

The local bosonized scheme generates a nonmonotonic
lower mode, but the turnover is delayed and the energy
remains substantially above the lattice data in the inter-
mediate-field region. This indicates that a local derivative
expansion can retain part of the mixing mechanism, but
does not fully capture the charged pole structure that
controls the lattice observable.

By contrast, the two Landau projected pole-based
schemes show the closest qualitative connection to the
lattice result. The direct determinant solution produces a
turnover in approximately the same magnetic field range as
the lattice data, showing that the nonmonotonic behavior
can already emerge from the full Landau projected quad-
ratic kernel. The near-pole scheme also gives a robust
decreasing tendency after the peak, and makes transparent
that the downward bending is driven by residue-enhanced
level repulsion. Quantitatively, the direct determinant curve
give the most close turnover region compared to lattice
result, while the near-pole curve tends to bend downward at
larger fields because it relies on an expansion around the
unmixed poles. Thus Fig. 10 supports the interpretation that
the lattice behavior is tied to the Landau projected charged
quasiparticle pole, rather than to a vacuum-style rest mass
or to a strictly local mass parameter.

Taken together, the four schemes reveal a clear hierarchy.
The rest mass construction misses the lattice-type turnover
because the charged excitation is not treated as a Landau
eigenmode from the outset. The local bosonized expansion
retains part of the mixing mechanism, but the effect is weak
and delayed. By contrast, both Landau projected schemes

produce a robust nonmonotonic lowest mode. The direct-
determinant approach provides the most faithful descrip-
tion of the charged quasiparticle spectrum, whereas the
near-pole expansion gives the clearest dynamical interpre-
tation in terms of residue enhanced level repulsion. Thus,
the comparison indicates that the lattice behavior is tied
primarily to the Landau projected charged pole structure,
with wave function normalization controlling the strength
of the effective mixing.

IX. IMPLICATIONS FOR LATTICE AND EFT

The comparison of extraction schemes clarifies what is
actually probed in lattice simulations of charged mesons in
a magnetic field. Lattice calculations extract the lowest
energy eigenmode from Euclidean correlation functions.
For a charged excitation, this quantity is most naturally
associated with the pole of the Landau projected propa-
gator, rather than with a rest mass parameter defined at
vanishing spatial momentum and then supplemented by a
simple dispersion relation. In this sense, the direct deter-
minant and near-pole schemes provide the closest theo-
retical counterparts to the lattice observable.

This comparison also shows that the nonmonotonic
behavior of the charged pion mode should not be inter-
preted as a generic consequence of introducing z-p mixing
into any effective description. The rest mass construction
fails to reproduce the turnover because its dispersion
relation is too rigid, while the local bosonized expansion
retains only a weakened and delayed version of the effect.
By contrast, the turnover remains robust in the two Landau
projected pole-based schemes. The lattice result should
therefore be understood not simply as evidence for mixing,
but more specifically as evidence for a quasiparticle mixing
phenomenon in which the charged pole structure in a
magnetic field is essential.

It should be emphasized that the wave function renorm-
alization are not themselves model independent observ-
ables. In the present NJL formulation the meson fields are
introduced as Hubbard-Stratonovich auxiliary fields and
possess no bare kinetic terms, so that their pole normali-
zation is generated entirely by the quark polarization
functions. In a theory with explicit meson fields, such as
a quark-meson model, the quadratic kernel contains an
additional bare Kkinetic contribution, and the total Z,
therefore need not exhibit the same strong suppression
found here. Accordingly, the quantitative enhancement of
the canonically normalized mixing through (Z,Z,)~"/? is
model dependent. However, this does not imply that the
nonmonotonic lower eigenmode is tied exclusively to the
limit of small Z,. The physical pzy transition fixes the
canonically normalized vacuum mixing strength, so a
different Z, is accompanied by a different local mixing
coefficient. Moreover, the mixing term contains an explicit
factor proportional to eB. Thus, even in a model where the
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total Z, remains of order unity, sufficiently strong z-p
mixing can still generate level repulsion and a nonmono-
tonic lower branch. What is model dependent is the field
scale and strength of the turnover. This distinction is
consistent with the direct-determinant result of Sec. VI,
where the nonmonotonic mode already appears in the full
Landau projected kernel without introducing the near-pole
wave function renormalization.

From the effective field theory point of view, the analysis
highlights two requirements. First, the effective description
must contain the gauge-invariant 7 — p—electromagnetic
coupling that allows mixing in a magnetic background.
Second, it must treat the normalization of the charged
modes consistently. The present results show that the size
of the microscopic mixing kernel alone is not enough to
determine the spectrum. What matters physically is the
canonically normalized mixing strength, which can be
strongly enhanced when the mesonic residues are
suppressed.

More generally, the results show that in strong magnetic
fields the notion of hadron “mass” becomes intrinsically
scheme dependent, while the physically relevant charged
excitation is controlled by pole structure, Landau level
kinematics, and residue behavior taken together. The non-
monotonic behavior of the charged pion is therefore not
simply a mass shift, but a manifestation of how magnetic
fields reshape the quasiparticle content of hadronic modes.

The same lesson is expected to apply beyond the z-p
system. Whenever a magnetic background allows mixing
between charged hadrons with the same quantum numbers,
the resulting spectrum may depend sensitively on how the
charged pole is defined and normalized. The framework
developed here therefore provides a useful starting point for
studying analogous effects in other channels, such as kaons
and their vector partners.

X. OUTLOOK

The mechanism identified here, mixing between charged
hadronic modes with the same quantum numbers in a
magnetic background, amplified by the suppression of
quasiparticle residues, is expected to be more general than
the 7% —pE_, system studied in this work. A natural
extension is the K* — K** system, where lattice simula-
tions also indicate nonmonotonic behavior. It would be
particularly interesting to examine whether the same
hierarchy found here persists there as well, namely whether
the turnover remains robust only in Landau projected pole-
based extractions while becoming weaker in strictly local
descriptions.

On the lattice side, the present analysis points to several
concrete directions. Since the turnover is most naturally
associated with the charged Landau projected quasiparticle
pole, it would be valuable to study not only the lowest
charged pseudoscalar mode but also the corresponding
vector channel in the same magnetic field range. In
particular, a more direct information on residue, or on
the behavior of vector channel correlators in the longi-
tudinal sector, would provide an important test of the
residue enhanced mixing mechanism suggested here.

Several improvements of the present framework are also
worth pursuing. On the microscopic side, it would be
important to compute the full quark-level pzy triangle
vertex in the magnetic field, so that the magnetic depend-
ence of the mixing can be determined more directly rather
than split into an explicit loop part plus a local matched
remainder. It would also be valuable to include finite-width
effects of the rho meson in a more systematic way, in order
to test how stable the pole-based picture remains once the
vector mode acquires a sizable imaginary part.

More broadly, the present study suggests that strong
magnetic fields reshape hadron spectroscopy not only
through shifts of mass parameters, but through changes
in the very definition of the relevant quasiparticle excita-
tion. Understanding this interplay between Landau level
kinematics, pole structure, and residue suppression may
therefore be essential for connecting lattice QCD, effective
field theory, and microscopic quark models in magnetized
QCD matter.
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APPENDIX A: MATSUBARA SUM IN THE LOOP

The functions 7,(g,) and I3(q,) encodes the Matsubara
sum,
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with Ej, = 2n|q,B| + k3 + m} and EJ, = 2m|q,B| + k3 + mj.
The Matsubara sum in the loop in parameters

p :/% I 1-2np(Ey)
0d 2n py+E; 2E;,
oo [dpe 11 —2np(E,)
Ou 27 pi+ E2 2E,
I — /@ 1 _ 1 —2ng(E,) B 1 —2np(E,) ’
2n (py + E3)(pr +E;)  2E(Ej—E;) 2E.(E;—Ep)
I — /@ 1 _ 1-2np(E) | (Ej—3E)(1-2ngp(E,)) nr(E,)
2n (p%+ E2)?*(pi+ E%)  2E,(E% — E%)? 4E}(E% - E2)? 2EYEL —2EY
I = /% 1 _ np(E) (3E] = TE;)ni(E,)
: 2z (pg+ED)(pp + E3)  8EN(ER—E;)  8EL(E; - E;)

1 =2ng(E;)  (-10EZE; 4+ 3E; 4+ 15E;)(1 = 2np(E,)) (A2)
2E,(EG - ED)? 16E; (E; — E3)° ‘

APPENDIX B: LANDAU LEVEL PARAMETERS H; IN THE LOOP INTEGRAL

The parameters in (32) and (49) are obtained through loop functions which all contain integral over perpendicular
momentum. Such integral are translated into the following integrals over Laguerre polynomials

H" = /du e ¥ (L (2u) Ly () + Ly ()L, (2u)),
= [ due Ll (o).
HI™ = /du e H (L, (2u)Lyyy () = Ly ()L, (2u)),

Hy = [ e L 20) (0= 2)Lcs 1) + 4= DL () + 40l (w)
L1 (200)((1 = )L () + 4 = DL, (0) + 8L (1) = Foo + Fomr,

Hy = [ due Ll (2u) (= 4L () + 40 = 2L a(0) + L), (B1)

These integrals can all be carried out analytically using the following basic integral

L(m+n+a+1)(=1)m2!*a
3m+n+a+1

—m Fl-m,—n,—m —n—a,9), (B2)

Jom= /du e_%u“Lf,Z@u)Lﬁ(u) =

as well as the relations between Laguerre functions
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uL{(u) = =(a+ 1)L (u) + (a + 21+ 1)L§(u) = (1 4+ 1)L{, (u),
Ly (x) = Liy(x) = Ly, (x). (B3)

The analytical expression for H; defined above are then

H?m - J21.n—1 + JO

m—1.,n°
nm __ gl
H2 - Jm—l,n—l’
nm __ 70 0
H3 - ‘]m,n—l - ]m—l.n’
F =02n=-3)0°_,, —nJS, —(n-1)J°
n—1,m n—1,m n,m n—2,m

+4(2n - 3)("}1—2,m - J:I—Z,m—l) —4(n - 1)(Jr11—1,m - J}t—l,m—l) —4(n— 1)(J;11—3,m - J}l—?),m—l)

+ 4(2)’1 - 3)(‘12 - 2"%—3,7!1—1 + ‘Ii—&m—Z)

n—=3,m
- 4(” - 2)("31—2,111 - 2‘]31—2.111—1 + ‘I%z—Z,m—Z) - 4(” - 1)(J%z—4,m - 2(” - 1)‘,%:—4,m—l + J%—4,m—2)’
Hgl’m = [(2n>‘]i11—1,m—1 - n‘]:z,m—l - nJ)11—2,m—l - 4‘]r11—1,m—l}
n—2

+4 E [(2r + 2)Jl,m—l —(r+ DI = (r I)J;l’—l,m—l - 2J1,m—1]
r=0
n-3

+4) (n=2=n)[Q2r+2)J} 0 = (r+ Dy ey = (r+ DI ] (B4)
r=0

APPENDIX C: LANDAU PROJECTED POLARIZATION FUNCTION

Take the Landau projected pion polarization function I1,, ; in (61) as an example, we briefly show the procedure of the
calculation.

Moy = =2 [Tl (7)ir)S.. ) ir)Su(r ) )

. d*q d*k ) )

= —2iN, / dz'ldzf’i/ 7753 1276(po + qo — ko) [228(p3 + g3 — k3)]? x e[S, (q)ir* Sa(k)iy’]
(27)* (27)

(=)o) 1 (o)

22 e 22 (p;pl(?l>¢jp1(?l-)‘ (Cl)

P - )
X equ'(rl_/l)+’kl'(rl_rL)e_‘f;

§, and S are the Fourier transformation of the translation invariant part of the quark propagator. ¢,,, are the wave function
of the Landau level defined in (60). Consider the lowest Landau level n = O in the external line, inserting the explicit
expression of the Landau level wave function, and combining with the Schwinger phase in the quark propagator, the integral
over 7, and 7 can be performed, giving

o oy o _am)e) N N e 7
/dxdx//dydy/e”ﬂ_'(rL_rL)+lki'(rL_rL)e 212 (p;pl(ﬂL)ngpl (VL) = 277.'2[23 Zz<qL kl)2. (CZ)
Inserting this back to (61), it becomes
; ) [ diq &k 2 2 ,~PGLK )P e[S (Vi3S ()i
U,z j—0 = —2iN 2n2l (2r) (22)° 276(po — qo + ko) [278(p3 — g3 + k3)]Pe™" T e[S (q)iy> Sa(k)iy’].  (C3)

The Dirac trace in (Cl) is evaluated as
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; . — _ - (_1)n+m
Tr[S,(q)iy’ S, (k)iy’] = e C LD
' n.;o (g5 — 2nlq,B| — g3 — m3][k§ — 2m|q,B| — K} — m7]
X {S(ko% - k3Q3 - mumd)[Ln(zq%_l%)Lm_l (2[(5_[(21) + Ln—l (2qillzt)l’m(2kil£21)}
+ 64k, -G L) 23 B)L! _ (2K3 )} ()

Plugging in the Dirac trace and 7, 7 integral into (C1), and carrying out the integral over g, and g3, one arrives at

2, g4 R
I, -0 = —21'N6271'212/d61;616ke‘lz(ff’i_ki)ze_%qilze_y‘zﬂ2
(27)
© -1 n+m
XD (8Kt — ks = )L (3 P)L 1 (6K2F) + Lys (2 PILy (6.

n,m=0

+ 64k -G LY (3qE )L}, (6K31)}, (C5)

where G,,,, = (po + ko)* = 2n|q,B| = (p3 + k3)* = m7 and G, = kg — 2m|q B| — k3 — m7. The integral over g, in (C5)
can be carried out analytically using where we have used the integral

© 2 2
X1 Ly ()], (xy)dx = 277 71 (§ — a)ryre L {— “ _} c6
/ (), (x9) po -y L (o)

Inserting back to (C5), one has (p — ¢, and work in the g, = 0 limit)

. 'k S (-1)m 8 _spep(l 12
H?Zﬂ,j:() = _4lNc/ (271.)4 Z Glt,nGd,m ? {(kO(pO + kO) - k% - m2) |:e sk <5 L, (_Skilz) Ly (6/(%_[2)

n,m=0

12 16 2 p 12
~L(=2RP Lo )| - Sretirny (- 2ar), ean &

the integral over k . can also be carried out analytically using (B2), yielding Y| and Y,. One can then arrive at the
polarization I1,  in (62). For other Landau projected polarization function, there is another coefficient Y;. We present the
definition of Y; below

e T Y

S 3 (14 n)(14m)’

Ya(nm) = (5—n1+)1m / due¥ [L,, (- % u) L (4)+ 5L, (- % u) Lm(u)] __ im: (F”glf:;? ((’11 i ;’:)) . (8)

APPENDIX D: LARGE-FIELD BEHAVIOR OF THE WAVE FUNCTION RENORMALIZATION
IN THE LOCAL BOSONIZATION SCHEME

In this appendix, we examine the asymptotic behavior of the wave function renormalization obtained from the local
bosonization scheme in the limit of a strong magnetic field. We present the derivation in some detail for the longitudinal
coefficient of the charged p meson, Z,‘l, while the corresponding results for Z+, Zl',, and Z+ are summarized at the end of this
appendix.
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1. Longitudinal wave function renormalization for p
meson Zﬂ

The longitudinal wave function renormalization of the
charged p meson is given by (50)

4 B [d
Z,lll = ¢ / Ps Z m+n W3 (l’l, m)
n.m

+ 419, B|WyH,(n.m)]. (D1)
where Wy =—8e¢2(nq, B+ p3)15+(2¢2+6nq,B+6p3)15—
1, W, =31, — 4e21. Here H,(n, m) and H,(n, m) denote
the corresponding overlap functions of the Landau level
wave functions. The explicit expressions for /;,; are
presented in Appendix A, H,, are given in Appendix B.
For the asymptotic expansion it is important to perform
the Pauli-Villars (PV) summation before expanding in
inverse powers of the magnetic field. We introduce

M? = m; + a;\?, (cos €y, ca,03) = (1,-3,3,-1),

(ao,al,az,a3) = (0,1,2, 3), (DZ)
such that the PV coefficients satisfy
3 3
ICEDSVES VRTINS

These cancellations are essential for obtaining the correct
large-B behavior.

We separate the Landau level summation into three
sectors,

l l l l
Z/’ - ZJ n,m>0 + Z/};ﬂ:O,m>0 + z

p:m=0,n>0" (D4)
The (n,m) = (0,0) contribution vanishes because of the
corresponding Landau level overlap functions.

a. Contribution with n, m > 0. For finite nonzero n and
m, we introduce the dimensionless longitudinal momentum
p3 = x\/q,B. After first carrying out the PV summation
and subsequently expanding at large ¢,B = %eB, one
obtains

A6
Y = gy v mex) + 0((@.B) 2. (DS)
A° 2
WY = maw(nm. ) + O((q,B) ). (D6)

where f, and f, are dimensionless functions independent
of the magnetic field. Since dp; = /¢q,Bdx and the overall
prefactor in Eq. (D1) is proportional to eB, both terms in
Eq. (D1) contribute at the same order. Consequently,

6
[ _ N 4
AS = C 0] , D7
pin,m>0 (tu) pin,m>0 + ((QM ) ) ( )
with
C/‘lnm>0 /dx Z )" fw, (nym, x)H,
n,m>0
+4fw,(n,m,x)H,]. (D8)
Numerically, we find
C) oy = 0.189916 > 0. (DY)

Thus, the contribution from Landau levels with both indices
nonzero is positive and decreases as (g, B)~>.

b. Contribution with n = 0 or m = 0. The sectors with
one vanishing Landau level index require separate treat-
ment. In these sectors the fixed-x expansion used above is
not uniform in the vicinity of x = 0. It is therefore more
convenient to keep p3 fixed, perform the PV summation,
and carry out the p; integration before taking the large-
B limit.

Consider first n = 0 and m > 0. In this case H, = 0, and
the leading nonvanishing contribution after the PV sum-
mation gives

o
II pin=0,m>0 -3
Z ——————+ 0 B , D10
pin= ()m>() (tu)z + (<QM ) ) ( )
where
N,
C/‘ln 0m>0_27[2 |:l CM41 ( ):|
< [SCEY v 0.m)|. (DI1)
m=1 m

The Landau level sum is convergent and evaluates to
o CU"p (0, m) = —0.697656. For the PV parameters

m=1 p3
used in the present calculation,

3 2
M-
> eiMiln (—2> <0. (D12)
A
i—=0
It therefore follows that Cﬂ;n:O,m>0 > 0.
Similarly, for m = 0 and n > 0, one obtains
I c| 0.1>0
V4 =220 4 0((g,B D13
psm=0,n>0 — (tu) + ((qu ) ) ( )

with
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cl

pm=0.1>0 = 16;2 [; M} In (%2)] [f: (_,113)” Yl(n,O)]. (D14)

n=1

The second Landau level sum gives .2, "V H,(n,0) = —0.641302. Together with Eq. (D12), this

yields Cl.,, g0 > 0.
Combmmg the three sectors, the large-field behavior of Z, | is therefore

C” =m0 + C” A6C”

B Ty (D15)
Since
C/‘L”:O’mw >0, C/‘J‘;m:O,n>0 >0, C), pnm>0 > 05 (D16)
we conclude that
H C I ||
gorme (@.B? 0. G =Cruom>0t Comonzo > 0- (D17)

Thus, although Zﬂ decreases rapidly with increasing magnetic field, it approaches zero from the positive side and does not
develop a zero crossing in the large-field limit.

2. Other wave function renormalizations

The large-field asymptotic behavior of the remaining wave function renormalizations can be obtained following the same
procedure. We therefore only summarize the results below.

For the transverse charged-p coefficient, we again separate the contributions with both Landau level indices nonzero and
those with one vanishing index,

Z Zlnm>0+Z n= 0m>0+Z

p; psm=0,n>0"
A6 CJ)_}’I m CJ)_m: n
= CLn m>0 + om0 + pm=0.120 ’ (D18)
(4.B)’ 9.B q.B

where

L Ne (§(=1)" el m(M
Conzom=0 = 42 Z m Hyom Zc,-Mi In(— ||,
m=1 i=0
Ne (SN (-1)" > M?
Cém*O,n>O T 82 <Z n H4,n0> {Z ¢;M7 In <F . (D19)
n=1 i=0

Numerically we find ) %, m) H, g, = 0.577054 and ) % 1 - H4 20 = 036521, with >3 c;M? ln(—j) > (0. The
coefficients of the leading 1/(g,B) terms are positive. Consequently,
Cornom>0 T Crim—o>0
Zk — e PR S 0. (D20)
peB—>oo tu
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For the charged pion, the longitudinal coefficient can similarly be written as

I _ Sl l I
Z” - Zn;n,m>0 + Zﬂ;n:O.m>0 + Zﬂ;m:O,n>0’

A6 Cl‘”’l: m C‘I‘Z'm: n
= 3 Cﬂ';n,m>0 #=0m>0 m=0.120 P (D21)
(tu) q.,B q.B
with
I Ne [1
Cﬂ'n m>0 — __C/ dx Z <_1>m+n[fW1 (n7 m, x)Hl,nm + 4fW2 (n, m, 'x)HZ,nm] =0.199 > 0,
o 4 -1 n,m>0
H Ne (S~ e (M) [$> D"
Cﬂ;l’l:(),m>0 = _2”2 Z ¢;M; In F Z ) Y, (0, m) )
i=0 m=1
N, [< M? ©_(—1)"
Cl om0 =~ o [Z c;M?1n (F)} {Z e (n,O)]. (D22)
i=0 n=1

The relevant Landau level sums are 3% CU"y,(0,m) = -0.732426, 3=, Cy,(n.0) = ~0.618066, while

m=1 ;2 n=1

>3 eiM? ln(f—z) > 0. It follows that both leading coefficients are positive, and hence

cl oot Cl
;n=0,m>0 w;m=0,n>0 > 0. (D23)

eB—oo tu

Finally, for the transverse charged-pion coefficient, the sector with both Landau level indices nonzero behaves as

1 _ ~71 1 1
Zﬂ - Zﬂ;n.m>0 + Zﬂ;n:().m>0 + Zn';m:(),n>()’

AS A A°
= 3 Cin m +—a Cz%n— m t =3 C#m— n>0> D24
(B o0 F (g B ot ¥ g s Crinmono D2
with
N 1
CIJT_;H.ITL>O = ﬂ_C/ dx Z (_1)m+n [H4.nmflo - 2(’11_]4.;1m + 2H5,nm)f],] =0.408 >0
0 n,m>0

N. 2 (=1)™
Czjr_;n:O,m>0 ) Z< 2 H4,om = 0.837486,

2n° =~ m
Nc > (_l)n
Cmonz0 =7 6ﬂ22 S~ Hao = 0731146, (D25)
n=1
Combining the three contributions gives
L AS L L L
Zﬂ eB_—N:o (q B)3 (Cn;mm>0 + Cﬂ;n:(),m>0 + Cn';m:O,n>O) > 0. (D26)

APPENDIX E: LARGE-FIELD BEHAVIOR OF THE WAVE FUNCTION RENORMALIZATION IN THE
NEAR-POLE EXPANSION

In this section, we prove the positivity of the wave function renormalization Z, in the near-pole expansion at large eB
limit. Again, we decompose I, in (62) into I1,, o = 11,,.,, ;y~0 + IL,).0—0 m>0 + IL,p.m—0 n>0- In the following we will first
derive the expression for each sector in the large-eB limit, then prove the positivity of Z,.
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a. Contribution from n > 0 and m > 0. We first consider
the sector in which both quarks occupy excited Landau
levels. To determine the asymptotic behavior at large
magnetic field, we use the fact that the unmixed longi-
tudinal-p pole satisfies E; = eB + m;(B) ~ eB, where
m3(B) grows only mildly at large eB. It is therefore

convenient to introduce

2
s=-20 , ks = x+\/q,B. (E1)

q.B

At the p pole this gives asymptotically

E? 3

Sm 12

After the rescaling, the integrand can be systematically
expanded in powers of M?/Q. The Pauli-Villars conditions
cancel the lower-order terms in this expansion. The first
nonvanishing contribution from the n, m > 0 sector is
therefore strongly suppressed and takes the form

AS 1

(n,m>0)
H/)/),n,m>0 - ( B)3 2 C

El

n,m>0
C/()p = 87r2

/ dxF,,(x)  (E3)

n,m=1

Fum(x) = (‘ (m + x2)772 + (m + x2)3/2

2(7n + 6x2) 1 1
(21’[ +X2>7/2> YIVnm _2O<( +

Yy m- (E4
m+x2)7/2 (2n+x2)7/2) 2,nm ( )

b. Contribution from n = 0 and m > 0. We next consider the boundary sector in which the u-quark occupies its lowest

Landau level, n = 0, while m > 0. In this case Y g, =

II

For a given Pauli-Villars mass M; =

(m2 + a;A?)"/2, we define A =

— 2;"—;,‘ and Y, 5, = 0, so that the longitudinal polarization reduces to

N, 0
ppn=0 — _p (tu) Z Yl,OmI/P;),\r/l:O(m)’ (ES)
=1

VK3 +M? and B =

VK3 + M? + mq,B. At zero

temperature, the corresponding one-dimensional ks-integral can be evaluated analytically,

© (A+B)(AB-K+M?) 1
IpOi = d 3
0 AB[(A+B)-qf] 2

where

dy

{<4M2 + mq,B — o

" gy I )] e

0 0

2 —C

=) o

for ¢ <y_;, with y.; = (/M? +m(q,B) £ M;)>.

arctanh, 2= ¢ (E7)
V=)o - Y+i—¢€

We now introduce the large-field scaling variable g3 = s(q,B).

Assuming that the pole remains below the corresponding two-quark threshold, m — s > 0, the large-Q expansion gives

Ji(SCIuB)_m lntu—l—lnM\/_ O((q,B)Ing,B). (E8)
10) = gm0 1 O(q,B)). (59

After the Pauli-Villars summation, the regulator-independent logarithmic terms cancel, and one obtains

Iy (m) =

Substituting Eq. (E10) into Eq. (ES):

1 25—
B3 s’ > <Zc M21n—> +O((¢,B)*Inq,B).

(E10)
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N, M? _
pr.n:O = _? (chMzz IHF> SnO(‘g) + O((tu) ! In tu)’ (Ell)
where
- 1 2s—m - 1 2s—m
S = Yion———= Yion———. El12
nO(S) mz::l 1,0m tu 2(7’]’1 —S)Z ,nz::l 1,0m tu 2(m_s)2 ( )

®(z, p,a) denotes the Lerch transcendent.
c. Contribution from m = 0 and n > 0. For the complementary boundary sector m = 0 and n > 0, one has Y ,p = —
and Y, ,0 = 0. We can derive the large-eB limit of the polarization function in the similar way, and obtain

1
3n

i (Zc M0 )10(9) + Of(a,8) 1n g, ), (E13)
with
S (s)—iy SIS YRR DI P e (E14)
MO T T g —s)r 12 \3 T 2) 2 \3T 2
d. Wave function renormalization. Combining all the sectors above, the polarization function to the leading order is
M0 = =25 (M) (505 + S,0(9) + O((0,8) Ing, ). (E15)
The corresponding contribution to the wave function renormalization is
al—Ipp,O 2 ! -2
Zpo =15 (e ln— (S0(5,) + Sho(s,)) + O((4,B)*Ing,B).  (E16)
aqo qé:Eg qu i
with
, s 2 , s 1 s
=—=®(=,3,1-5], S =——0(-,3,1-- E17
nO(S) 3 (3 S) mO(s) 24 (3 2) ( )

As discussed above, the large-field longitudinal-p pole satisfies s, — 3/2. Numerically,
"0(3/2) =~ 1.254, ' 0(3/2) ~—4.011. (E18)

Therefore, in the large-eB limit, we have

1 275N, M?
Zyo = 0B 2 (Zc M?In )>o. (E19)

For pion, the proof is quite similar.
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