
Production of K +K − pairs through the decay of ϕ mesons

Xin-Nan Zhu ,1,2,3,* Xin-Li Sheng ,4,† and Defu Hou 1,‡

1Institute of Particle Physics and Key Laboratory of Quark and Lepton Physics (MOS),
Central China Normal University, Wuhan 430079, China

2Institut für Theoretische Physik, Johann Wolfgang Goethe–Universität,
Max-von-Laue-Strasse 1, D–60438 Frankfurt am Main, Germany
3Helmholtz Research Academy Hesse for FAIR, Campus Riedberg,
Max-von-Laue-Strasse 12, D–60438 Frankfurt am Main, Germany
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We develop a theoretical framework for the production of KþK− pairs through the decay of ϕ mesons
produced from a thermal background, based on the Nambu-Jona-Lasinio (NJL) model. The differential
production rate of KþK− is related to the self-energy of the ϕmeson, incorporating the contributions of the
quark loop at leading order and the kaon loop at next-to-leading order in the 1=Nc expansion. We
numerically evaluate the invariant mass spectrum of the KþK− pair both in vacuum and at finite
temperature. The inclusion of the kaon loop results in a finite width of the spectrum, improving agreement
with experimental data. We also investigate the spin alignment of the ϕ meson induced by its motion
relative to the thermal background. In the NJL model with only chiral condensates, we find that deviations
from the unpolarized limit of 1=3 are negligible.
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I. INTRODUCTION

In noncentral heavy-ion collisions, the two initial nuclei
carry a large amount of angular momentum, which is
partially converted to the vorticity field in the quark-gluon
plasma (QGP). The quarks in the QGP will be polarized
through their spin-orbit coupling to the vorticity field and
then combined into baryons or vector mesons with non-
trivial polarizations [1,2] [one can read, e.g. Refs. [3–8] for
recent reviews]. Therefore, heavy-ion collisions provide a
unique platform for phenomena related to spin. One typical
example is the global spin polarization of Λ hyperons
measured by the STAR Collaboration at the Brookhaven
National Laboratory (BNL) [9,10], which is believed to be
evidence of the vorticity field and the large orbital angular
momentum in the QGP.
The vector meson’s spin alignment, in some early works,

is proposed to be induced by vorticity fields in a similar
way as the Λ polarization [2,11,12]. In 2023, the STAR

Collaboration observed a significant positive deviation
from 1=3 for the spin alignment of the ϕ meson [13].
Vorticity and magnetic fields can contribute to the spin
alignment, as discussed in Refs. [14–24], but the theoretical
estimations for these contributions are several orders of
magnitude smaller than experiment results [14,15]. To
explain this discrepancy, it was proposed that the fluc-
tuation of vector meson fields, which effectively describes
the strong interaction, is the dominant source for the spin
alignment [14,25–27]. One can also refer to Refs. [28–30]
for discussions on the fluctuation of gluon fields, which
also describes the effect of the strong interaction but
works at higher temperature than the vector meson field.
Assuming that this fluctuation is isotropic in the rest frame
of the QGP, the motion of the meson relative to the QGP
will break the symmetry between its moving direction and
transverse directions, leading to stronger transverse fluc-
tuations than the longitudinal fluctuation in the meson’s rest
frame [27]. Consequently, the longitudinally and trans-
versely polarized mesons have different properties and
therefore different distributions, resulting in the nontrivial
spin alignment. One can also refer to [31–33] for dis-
cussions on the spectral function of vector meson in a
thermal medium, which also provide possible explanations
for the spin alignment.
In experiment, the ϕ mesons are reconstructed via their

strong decay ϕ → Kþ þ K−, corresponding to a resonance
peak in the invariant mass spectrum of the KþK− pair.
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The spin alignment is then related to the polar angle
distribution [13,34]:

dNKþK−

d cos θ�
∝ ð1 − ρ00Þ þ ð3ρ00 − 1Þ cos2 θ�; ð1Þ

where θ� denotes the polar angle between the daughter Kþ
meson’s momentum direction and the spin quantization
direction, observed in the rest frame of the ϕ meson, and
NKþK− is the number of KþK− pairs. In this paper, we
investigate the production of a ϕ meson from a thermal
medium and its decay to a KþK− pair. The production rate
of final-state KþK− pairs is related to the propagator and
self-energy of the intermediate ϕ meson, which will be
calculated using the Nambu-Jona-Lasinio (NJL) model
[35–41] in this paper. This model serves as a low-energy
effective theory for quantum chromodynamics, and has
been proved successful in describing the chiral phase
transition and meson properties [40,42,43].
Within the NJL model, the gluon degrees of freedom are

integrated out and reduce to four-fermion interactions.
Mesons are usually described as bound states of quark-
antiquark pairs, while their propagators are calculated via
the random phase approximation with self-energy contrib-
uted by a single quark loop [38]. However, such a self-
energy is related to processes sþ s̄ → ϕ and ϕ → sþ s̄,
which is unphysical below a critical temperature due to the
lack of quark confinement. In experiments, the dominant
decay channels of ϕ mesons are ϕ → Kþ þ K− and ϕ →
K0

L þ K0
S [44], and therefore, a more consistent description

of the ϕmeson should also include these physical channels.
In the framework of the NJL model, they correspond to
kaon loop contributions to the ϕ meson’s self-energy.
Compared to the contribution of the quark loop, the kaon
loop contribution is identified as a next-to-leading order
correction in the expansion in 1=Nc [45–49]. However, in
this paper, we will show that it plays a crucial role at low
temperatures, especially for reproducing the KþK− invari-
ant mass spectrum in vacuum.
This paper is organized as follows. In Sec. II, we present a

general discussion for theKþK− pair production rate through
theϕmesondecay andbuild its relation to theϕmeson’s self-
energy; the spin alignment of theϕmeson is then extracted in
Sec. III. We present in Sec. IV the theoretical framework of
the three-flavor NJL model, including the treatments to
quarks, mesons, and the effective vertex between them.
Numerical results for the KþK− pair production rate in
vacuum as well as at finite temperature are present in Sec. V,
and then the spin alignment of the ϕ meson is calculated in
Sec. VI. It is worth noting that the propagators for quarks or
mesons in this paper differ from those in textbooks by an
imaginary unit i. For example, the Feynman propagator in
this paper is S̃Fðx − yÞ≡ −ihTψðxÞψ̄ðyÞi, which contains
an additional −i compared to Ref. [50]. The conventions for

propagatorswill not affect our results for properties of quarks
and mesons.

II. K +K − PAIR PRODUCTION THROUGH ϕ
MESON DECAY

For ϕmesons, the dominant decay channel is ϕ → Kþ þ
K− with a branch ratio of 49.1%. In experimental studies of
the ϕ meson’s spin alignment, this decay channel is usually
considered to reconstruct the ϕ mesons. Therefore, in this
section, we will derive the KþK− pair production rate
through the decay of ϕmesons. In parallel to the calculation
of the dilepton production rate [31,32,51–53], we write
down the S-matrix element for scattering from an initial state
i to a final state f with a KþK− pair:

Sfi ¼
Z

d4x
Z

d4yhf;KþK−jJKν ðxÞDμν
R;vacðx−yÞJμðyÞjii;

ð2Þ

where Dμν
R;vacðx − yÞ is the retarded propagator for the ϕ

meson in vacuum. Here JμðyÞ is the source current coupled
to the ϕ meson, which should be the strangeness quark
current if the initial state is the quark-gluon plasma. For the
NJL model considered in this paper, the initial system
consists of quarks and mesons, and thus, the source current
JμðyÞ contains both the strangeness quark current and also
the kaon current. In Eq. (2), JKν ðxÞ is the kaon’s current
given by

JKν ðxÞ≡
Z

d4x1

Z
d4x2φ�ðx1ÞΓvac

ν ðx; x1; x2Þφðx2Þ; ð3Þ

where φ is a complex scalar field denoting kaons and
Γvac
ν ðx; x1; x2Þ is the effective three-meson vertex in vacuum

for the processϕ → Kþ þ K−. The phenomenon considered
in this process is illustrated by Fig. 1. The quark-antiquark
pair (or KþK− pair) in the QGP forms a ϕ meson at
spacetime point y. Then the meson propagates from y to

FIG. 1. Kaon pair production from the decay of an intermediate
ϕ meson. The ϕ meson is formed at spacetime point y from
coalescence of an s quark and s̄ antiquark and then decays at
spacetime point x to a KþK− pair. If the initial state contains
kaons, the ϕmeson could also be formed throughKþ þ K− → ϕ.
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another point x and decays to aKþK− pair at x. Theϕmeson
is created at the hadronization stage and thus is related to the
temperature of the QGP. However, since the lifetime of theϕ
meson (about 45 fm=c) is much longer than the lifetime of
the fireball, we expect that the propagating of the ϕ meson
from y to x and the decay processϕ → Kþ þ K− areweakly
affected by the QGP. This is why we use the vacuum
propagator and vacuum vertex in Eqs. (2) and (3). If we
study short-lived vector mesons, such as the ρ meson in the
ρ → πþ þ π− process, we expect that the strong decay
happens inside the QGP region and the vacuum propagator
and vertex should be replaced by the in-medium ones.
We consider a box quantization with box volume V ¼

L3 and L being the length of box sides. The kaon field is
then quantized as

φðxÞ ¼
X
p

1ffiffiffiffiffiffiffiffiffiffiffiffi
2EpV

p ðape−ip·x þ b†peip·xÞ; ð4Þ

where p ¼ ð2π=LÞðnx; ny; nzÞ takes discrete numbers. In
the infinite volume limit, the sum over nx, ny, nz is replaced
by a momentum integral, limV→∞

P
p → V

R
d3p=ð2πÞ3.

Substituting the quantized kaon field into JKν ðxÞ in Eq. (3)
and then applying JKν ðxÞ to the state hf; KþK−j, we obtain

hf;KþK−jJKν ðxÞ¼
1

2V
ffiffiffiffiffiffiffiffiffiffiffiffi
EþE−

p

×
Z

d4q
ð2πÞ4Γ

vac
ν ðq;pþ;p−Þe−iq·xhfj; ð5Þ

where p� are momenta for Kþ and K−, respectively, with
E� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
� þm2

K

p
being their on-shell energies. The effec-

tive vertex in momentum space is the Fourier transform of
Γvac
ν ðx; x1; x2Þ,

Γvac
ν ðq;p1; p2Þ

¼
Z

d4q
ð2πÞ4

d4p1

ð2πÞ4
d4p2

ð2πÞ4 e
iq·xþip1·x1þip2·x2Γvac

ν ðx; x1; x2Þ:

ð6Þ

The momentum conservation for the decay process ensures
that Γvac

ν ðq;p1; p2Þ has a nonvanishing value only if
qþ p1 þ p2 ¼ 0. Thus, we can in general extract a delta
function for momentum and express the vertex as

Γvac
ν ðq;p1;p2Þ¼ ð2πÞ4δð4Þðqþp1þp2ÞΓ̃vac

ν ðp1;p2Þ: ð7Þ

With the S-matrix (2), we can now evaluate the transition
probability per unit spacetime volume,

Rfi ≡ lim
τV→∞

jSfij2
τV

¼
Z

d3pþ
ð2πÞ32Eþ

d3p−

ð2πÞ32E−

×
Z

d4y e−ip·yhijJ�μ2ðy=2ÞjfihfjJμ1ð−y=2Þjii

×Dμ1ν1
R;vacðpÞΓ̃vac

ν1 ðpþ; p−Þ½Dμ2ν2
R;vacðpÞΓ̃vac

ν2 ðpþ; p−Þ��;
ð8Þ

where τ and V denote the interacting time and the volume
of the system, respectively, and the meson’s propagator in
momentum space is defined as

Dμν
R;vacðqÞ≡

Z
d4q
ð2πÞ4 e

iq·ðx−yÞDμν
R;vacðx − yÞ: ð9Þ

Assuming that the initial state is a thermal bath, we obtain
the production rate of the KþK− pair by summing over the
final state and taking the canonical ensemble average over
the initial state,

nKþK− ¼
X
f

X
i

1

Z
e−Ei=TRfi; ð10Þ

where Ei denotes the energy of initial state i, T is the
temperature, and Z is the canonical partition function.
Using the spectral function, the result can be expressed as

nKþK− ¼ −2
Z

d3pþ
ð2πÞ32Eþ

d3p−

ð2πÞ32E−
nBðωÞ

× Γ̃vac�
μ ðpþ; p−ÞρμνðpÞΓ̃vac

ν ðpþ; p−Þ; ð11Þ

where pμ ¼ pμ
þ þ pμ

− is the total momentum of the KþK−

pair, ω ¼ Eþ þ E− is the total energy, and nBðωÞ ¼
1=½expðω=TÞ − 1� is the Bose-Einstein distribution. The
spectral function ρμνðpÞ is related to the imaginary part of
the ϕ meson‘s self-energy as

ρμνðpÞ ¼ −½Dαμ
R;vacðpÞ��½ImΠR

αβðpÞ�Dβν
R;vacðpÞ; ð12Þ

where the retarded self-energy is defined by a current-
current correlation,

ΠR
μνðpÞ≡ −i

Z
d4y θðy0Þe−ip·yh½JμðyÞ; Jνð0Þ�i: ð13Þ

III. RELATING K +K − PAIR PRODUCTION
TO THE ϕ MESON’S SPIN ALIGNMENT

In general, the momenta p� for K� can be described by
fpμ; θ�;ϕ�g, where pμ is the total momentum of the KþK−

pair, θ� and ϕ� are the polar angle and the azimuthal angle,
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respectively, of Kþ ’s momentum relative to a specified
direction in the rest frame of the KþK− pair. Then the
momentum integral measure d3pþd3p− is replaced by
jJ jd4pdθ�dϕ�, where jJ j is the determinant for the
Jaccobi matrix for the variable substitution. An explicit
calculation shows that

d3pþd3p− ¼ 1

2
EþE−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4M2
K

M2
ϕ

s
d4p sin θ�dθ� dϕ�; ð14Þ

where ω is the energy andMϕ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2 − p2

p
is the invariant

mass of the KþK− pair. Then the differential production
rate reads

dnKþK−

d4pd cos θ�dϕ� ¼ −
1

4ð2πÞ6
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4M2
K

M2
ϕ

s
nBðωÞ

× Γ̃vac�
μ ðpþ; p−ÞρμνðpÞΓ̃vac

ν ðpþ; p−Þ:
ð15Þ

As spin-1 particles, the ϕ mesons have three spin states:
λ ¼ 0;�1. Therefore, the spectral function can be projected
to the 3 × 3 spin space as

ρμνðpÞ ¼ −
X

λ;λ0¼0;�1

ϵ�μðλ; pÞϵνðλ0; pÞξλλ0 ðpÞ; ð16Þ

where the spin polarization vectors are given by

ϵμðλ; pÞ ¼
�
p · ϵλ
Mϕ

; ϵλ þ
p · ϵλ

MϕðωþMϕÞ
p

�
: ð17Þ

Here ϵλ, λ ¼ 0;�1 are 3-component vectors which are
properly normalized as ϵ�λ · ϵλ0 ¼ δλλ0 . It is easy to check that
these vectors are perpendicular to pμ, pμϵ

μðλ; pÞ ¼ 0,
ensuring pμρ

μνðpÞ ¼ 0. These vectors satisfy ϵ�0 ¼ ϵ0 and
ϵ��1 ¼ −ϵ∓1, while the direction of ϵ0 is also known as the
spin quantization direction. In experiments, the most widely
used choice is the event plane direction ϵ0 ¼ ð0; 1; 0Þ or the
momentum direction ϵ0 ¼ p=jpj. In this paper, we consider
the motion of the ϕmeson relative to a thermal background,
which breaks the symmetry between the direction of motion
and the perpendicular directions. As a consequence, it is
convenient to choose the spin quantization direction as the
momentum direction. Then the spin polarization vector in
the rest frame of the ϕ meson with a magnetic quantum
number λ ¼ 0 (λ ¼ �1) is parallel (perpendicular) to the
direction of p, which will be referred as longitudinally
(transversely) polarized in later discussions. In this case, the
spin quantization direction is

ϵμH ¼ 1

Mϕ

�
jpj;ω p

jpj
�
; ð18Þ

corresponding to the so-called helicity frame [34,54]. In this
frame, ξλλ0 in Eq. (16) is diagonal in spin space and the
spectral function can be decomposed into longitudinal and
transverse components as

ρμνðpÞ ¼ −ϵμHðpÞϵνHðpÞρLðpÞ

þ
�
gμν −

pμpν

p2
þ ϵμHðpÞϵνHðpÞ

�
ρTðpÞ: ð19Þ

Substituting Eq. (19) into Eq. (15), the differential produc-
tion rate of KþK− pairs is now expressed as

dnKþK−

d4pdcosθ�dϕ� ¼
1

4ð2πÞ6
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−

4M2
K

M2
ϕ

s
nBðωÞ

×

�
jϵμHðpÞΓ̃vac

μ ðpþ;p−Þj2½ρLðpÞ−ρTðpÞ�

− Γ̃vac�
μ ðpþ;p−ÞΓ̃vac

ν ðpþ;p−Þ

×

�
gμν−

pμpν

p2

�
ρTðpÞ

�
; ð20Þ

where ρL;T represent spectral functions for longitudinally
and transversely polarized modes, respectively:

ρLðpÞ ¼ −ϵHμ ðpÞϵHν ðpÞρμνðpÞ;

ρTðpÞ ¼
1

2

�
gμν −

pμpν

p2
þ ϵHμ ðpÞϵHν ðpÞ

�
ρμνðpÞ; ð21Þ

with ρμν being related to the ϕ meson’s self-energy and
propagator as shown in Eqs. (12) and (13).
In experiments, the ϕ meson’s spin alignment is mea-

sured through the polar angle distribution of KþK− pairs as
shown in Eq. (1). Comparing Eq. (20) to Eq. (1) we can
then extract the spin alignment ρ00 as a function of
momentum pμ. In the vacuum case, the effective vertex
Γ̃vac
μ ðpþ; p−Þ must be a linear combination of the relative

momentum qμ ≡ pμ
þ − pμ

− and the total momentum pμ.
However, the linear part in pμ does not contribute in
Eq. (20) because of pμϵ

μ
H ¼ 0 and pμðgμν − pμpν=p2Þ ¼ 0.

Therefore, Eq. (20) reduces to the following form:

dnKþK−

d4pd cos θ�dϕ� ∝ ½qμϵμHðpÞ�2½ρLðpÞ − ρTðpÞ� − q2ρTðpÞ:

ð22Þ

Supposing that the produced kaons are on the mass shell,
we can prove that ½qμϵμHðpÞ�2 ¼ ðM2

ϕ − 4M2
KÞ cos2 θ� and

q2 ¼ 4M2
K −M2

ϕ, and therefore, the spin alignment reads:

ρ00ðpÞ ¼
ρLðpÞ

ρLðpÞ þ 2ρTðpÞ
; ð23Þ
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as expected. A detailed calculation for the KþK− pair
production rate and the spin alignment will be given in
Sec. V in the framework of the NJL model.

IV. SUð3Þ NJL MODEL

A. General framework

As shown by Eqs. (12), (13), (20), and (21), the calcu-
lation of the KþK− pair production rate needs the explicit
expression of the ϕ meson’s self-energy and propagator. In
this paper, we implement the SUð3Þ NJL model to describe
quarks, mesons, and interactions between them. The
Lagrangian density reads [37,39,55,56]:

L ¼ ψ̄ðiγμ∂μ −mÞψ þ GS

X8
a¼0

½ðψ̄λaψÞ2 þ ðψ̄iγ5λaψÞ2�

þ GV

X8
a¼0

½ðψ̄γμλaψÞ2 þ ðψ̄iγμγ5λaψÞ2�

− K½det ψ̄ð1þ γ5Þψ þ det ψ̄ð1 − γ5Þψ �; ð24Þ

where ψ ¼ ðψu;ψd;ψ sÞT is a column vector of Dirac
spinors, m ¼ diagfmu;md;msg is a diagonal matrix in
flavor space with diagonal elements being bare masses
for u, d, and s quarks, respectively, and λa, a ¼ 0; 1;…; 8
are 3 × 3Gell-Mannmatrices. Herewe have included scalar
and vector four-fermion interactions as well as the six-
fermion Kobayashi-Maskawa-t'Hooft interaction, with GS,
GV , and K representing the corresponding coupling con-
stants. Under themean-field approximation, the Lagrangian
is converted to

LMF¼
X

f¼u;d;s

ψ̄fðiγμ∂μ−MfÞψf−2GS

X
f¼u;d;s

σ2fþ4Kσuσdσs;

ð25Þ

where we have included the chiral condensate
σf ≡ hψ̄fψfi. The quark’s dynamic mass Mf is defined by

Mf ¼ mf − 4GSσf þ 2K
Y
f0≠f

σf0 : ð26Þ

For a thermal equilibrium system at finite temperatureT, the
total thermodynamic potential is given by

ΩMF ¼
X
f

ð2GSσ
2
f − ΩfÞ − 4Kσuσdσs; ð27Þ

where the contribution from quark with flavor f ¼ u, d, s,
reads:

Ωf ¼ 2Nc

Z
d3p
ð2πÞ3 ½Ef þ 2T lnð1þ e−Ef=TÞ�: ð28Þ

Here the quark’s on-shell energyEf ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þM2

f

q
depends

on its dynamic mass Mf. By minimizing ΩMF with respect
to chiral condensates, i.e., ∂ΩMF=∂σf ¼ 0 for f ¼ u, d, s,
one can evaluate σf and consequently obtain the dynamic
masses.
Since the NJL model is non-renormalizable, we need to

employ a regularization scheme to avoid ultraviolet diver-
gences in momentum integrals. For the thermodynamic
potential (28) and other loop integrals in later discussions,
we separate them into the vacuum parts, which are inde-
pendent to temperature, and themediumparts, which rely on
the temperature through the fermi-Dirac distribution or
lnð1þ e−Ef=TÞ. The medium parts vanish at zero temper-
ature and do not need any regularization because high-
momentum contributions are automatically suppressed by
thermal distributions. For the vacuum parts, we apply a hard
cutoff for integral variables. In later discussions, we will
calculate self-energies of kaons and ϕmesons as well as the
ϕKþK− vertex for mesons with nonvanishing 3-momentum
p. In order to ensure the covariance of these quantities, we
always perform the hard cutoff in the local rest frame of the
consideredmeson. The self-energy or the vertex in the frame
where the meson has nonzero 3-momentum is then obtained
by performing the Lorentz boost.We take quark baremasses
mu ¼ md ¼ 5.5 MeV, ms ¼ 140.7 MeV, the cutoff of
momentumΛ ¼ 602.3 MeV,GS ¼ 5.058 GeV−2, andK ¼
155.9 GeV−5, as given in [43], which are determined by
fitting physical masses and decay constants of mesons in
vacuum. Here the cutoff parameter Λ applies to all quark
loop integrals in this work. On the other hand, when
evaluating the ϕmeson’s self-energy, we go beyond leading
order in the 1=Nc expansion by including the meson-loop
contributions. This meson loop is dynamically independent
of the quark sector and thus could be regularized inde-
pendently to the quark loop by introducing another hard
cutoff parameter ΛM ≠ Λ. This parameter and the vector
coupling GV are determined by comparing the invariant
mass spectrum of the KþK− pair to the one observed in

FIG. 2. Dynamical masses for light quarks (u and d) and the s
quark as functions of temperature.
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experiment [13]. The results reads asGV ¼−1.0621GeV−2

and ΛM ¼ 0.719 GeV.
We show in Fig. 2 the dynamic masses for u, d, and s

quarks as functions of temperature. Due to the isospin
symmetry, u and d quarks have the same mass, which is
lower than the mass of the s quark. As the temperature
increases, the dynamic masses decrease as indicated by the
crossover of chiral phase transition.

B. Kaon mass and coupling with quarks

We now focus on the K� mesons in the framework of the
NJL model. The propagator of the kaon obeys a Dyson-
Schwinger equation, which has the following solution:

DKðpÞ ¼
4Gþ

4

1 − 4Gþ
4 ΠKðpÞ

; ð29Þ

where the pseudoscalar coupling is Gþ
4 ¼ GS − Kσd=2 and

the self-energy of kaon reads:

ΠKðpÞ≡ −iNc

Z
d4q
ð2πÞ4 Tr½γ5S̃uðqÞγ5S̃sðq − pÞ�: ð30Þ

Here S̃u and S̃s denote propagators of u and s quarks,
respectively, which are assumed to have the following on-
shell form:

S̃fðqÞ ¼
γ · qþMf

q2 −M2
f

: ð31Þ

Below a critical temperature, kaons can exist as stable
particles with the pole mass determined by the gap equation
1 − 4Gþ

4 ΠKðpÞ ¼ 0. Then, under the dipole approxima-
tion, the propagator in Eq. (29) can be approximated as

DKðpÞ ≈
g2KusðpÞ

q2 −M2
KðpÞ

; ð32Þ

where the effective coupling strength between the kaon and
u, s quarks is determined by

gKusðpÞ ¼
�
∂ΠKðpÞ
∂p2

				
p2¼M2

K

�
−1=2

: ð33Þ

We note that, at finite temperature, the kaon’s dynamic
mass MK and coupling strength gKus are functions of the
kaon’s momentum relative to the thermal background.
Figure 3 presents MK (a) and gKus (b) as functions of
temperature for kaons with momenta jpj ¼ 0, 0.5, and
1 GeV. In these figures, we concentrate on the temperature
interval 0.05 GeV < T < 0.2 GeV. For T < 0.05 GeV,
MK and gKus are nearly independent of the temperature.
Numerical calculations show that the variations of MK

and gKus at T < 0.05 GeV are δMK ∼ 10−5 GeV and
δgKus ∼ 10−3, which are sufficiently small compared to
vacuum values of MK and gKus. This is why properties at
T < 0.05 GeV are not shown here. Above 0.2 GeV, we
cannot find a real root for the gap equation of the kaon,
indicating that Eq. (32) is no longer a good approximation.
We observe from Fig. 3 that MK increases, while gKus
decreases, for increasing temperature. Kaons with larger
momenta have smaller masses, but gKus is nearly indepen-
dent of jpj.

C. Self-energy and propagator of the ϕ meson

For a vector meson in the NJL model, the propagator
obeys the Dyson-Schwinger equation, as illustrated in
Fig. 4,

DμνðpÞ ¼ 4GVΔμνðpÞ þ 4GVΔμαðpÞΠtot
αβðpÞDβνðpÞ; ð34Þ

where DμνðpÞ denotes the full propagator of a meson with
momentum pμ, Δμν ≡ gμν − pμpν=p2 is the projection
operator ensuring that the propagator is perpendicular to
momentum, i.e., pμDμνðpÞ ¼ 0, and Πtot

αβ is the meson’s
total self-energy. In this paper, we focus on the ϕ meson,
which consists of s and s̄. Therefore, the leading order
contribution to the self-energy is from a s quark loop.
However, this corresponds to a decay channel ϕ → sþ s̄,
which is unphysical at low temperatures. In experiments, ϕ

FIG. 3. Dynamic mass of K� (a) and effective coupling strength gKus (b) as functions of temperature T for a kaon with momentum
jpj ¼ 0 (red lines), 0.5 GeV (blue dashed lines), and 1 GeV (gray dotted lines).
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mesons can decay to KþK− or K0
LK

0
S pairs with branch

ratios of 49.1% and 33.9%, respectively. To address these
physical decay channels, we introduce contributions of
kaon loops to the ϕ meson’s self-energy. The total self-
energy is illustrated by

Πtot
μν ¼ ΠQ-loop

μν þ ΠK-loop
μν þ ΠK-tad

μν ; ð35Þ

where ΠQ-loop
μν and ΠK-loop

μν are contributions from the quark
loop and the kaon loop, respectively, as shown in Figs. 5(a)
and 5(b). The kaon loop is incorporated in the self-energy
as a higher order correction in 1=Nc relative to the quark
loop, with Nc ¼ 3 denoting the number of colors. We
also include ΠK-tad

μν to denote contributions from Figs. 5(c)

and 5(d), which is the same order as ΠK-loop
μν . We emphasize

that the model in this paper keeps the isospin symmetry
between u and d quarks, indicating that K�, K0

L, and K0
S

have identical properties except their charges. For the ϕ
meson’s self-energy, the contribution of a KþK− loop is
exactly the same as that of a K0

LK
0
S loop.

Using propagators of a quark and kaon, we express
ΠQ-loop

μν and ΠK-loop
μν as follows:

ΠQ-loop
μν ðpÞ ¼ iNc

Z
d4q
ð2πÞ4 Tr½γμS̃sðqÞγνS̃sðq − pÞ�;

ΠK-loop
μν ðpÞ ¼ −iNKf2ϕKK

Z
d4q
ð2πÞ4 Γ̃μðq − p;−qÞ

× ½Γ̃νðq − p;−qÞ��D̃KðqÞD̃Kðq − pÞ; ð36Þ

where NK ¼ 2 is because we have considered two identical
decay channels, ϕ → Kþ þ K− and ϕ → K0

L þ K0
S, and

fϕKK ¼ 2 accounts for the flavor factor from Gell-Mann
matrices [43]. Here S̃sðqÞ is the propagator of an s quark,
given in Eq. (31), while D̃KðqÞ ¼ 1=ðq2 −M2

KÞ is the
propagator of the kaon. For the contribution of ΠK-tad

μν , we
do not perform explicit calculations but simply assume that
ΠK-tad

μν ∝ gμν and impose the constraint pμΠtot
μνðpÞ ¼ 0. It is

straightforward to obtain

ΠK-tad
μν ðpÞ ¼ −gμν

pαpβ

p2
ΠK-loop

αβ ðpÞ: ð37Þ

Such an assumption has been widely used in literature and
has been verified by direct calculations [46,57].
We focus on moving ϕ mesons in a thermal medium. In

the helicity frame, the ϕ meson’s propagator and self-
energy are decomposed into longitudinal and transverse
components in a similar way as Eq. (19). For the Dyson-
Schwinger equation in (34), we derive the following
solutions:

DL=TðpÞ ¼
4GV

1þ 4GVΠtot
L=TðpÞ

: ð38Þ

With the help of Eqs. (12) and (21), we obtain spectral
functions for longitudinally and transversely polarized
modes:

ρL=TðpÞ ¼ −
				 4GV

1þ 4GVΠtot
vacðpÞ

				2 ImΠtot
L=TðpÞ; ð39Þ

where Πtot
vacðpÞ is the self-energy in vacuum, i.e., at zero

temperature. Since the vacuum is Lorentz invariant, the
longitudinally and transversely polarized modes have the
same self-energy Πtot

vacðpÞ ¼ limT→0Πtot
L=TðpÞ. However, at

finite temperature, Πtot
L and Πtot

T could have a finite differ-
ence, leading to a nontrivial spin alignment.

D. ϕK +K − vertex

For calculations of the decay process ϕ → Kþ þ K− and
the kaon loop contribution to the ϕmeson’s self-energy, the

FIG. 5. Contributions to the self-energy of the ϕ meson: (a) leading order contribution from a s-quark loop, (b) contribution from a
kaon loop, and (c),(d) corrections at the same order as (b). Solid lines with arrows indicate the quark propagators, and dashed lines the
propagators of kaons.

FIG. 4. Dyson-Schwinger equation for a vector meson. Here
dotted lines denote full propagators of the meson, black dots
denote the four-fermion vertex, and the shaded circle denotes the
meson’s self-energy.
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ϕKþK− vertex is an essential element. In the NJL model,
this vertex is described by a triangle quark loop, as shown
in Fig. 6. Using Feynman rules, we can write down the
effective vertex:

Γ̃μðpþ; p−Þ ¼ −NcgKusðpþÞgKusðp−Þ

×
Z

d4k
ð2πÞ4 Tr½γ

μS̃sðk − pþ − p−Þ

× γ5S̃uðk − p−Þγ5S̃sðkÞ�; ð40Þ

where p� denotes momenta of outgoing K� and the
momentum of the incoming ϕ meson is p ¼ pþ þ p−.
The factors gKus are the coupling strength between K� and
u, s quarks. In principle, we should also take the coupling
between the ϕ meson and s quarks into account. In this
paper, however, such a coupling is included in the propa-
gator of the ϕ meson and thus does not appear in Eq. (40).
In the vacuum case, the vertex Γ̃μ

vacðpþ; p−Þ can be
expressed as a linear combination of Lorentz vectors pμ ¼
pμ
þ þ pμ

− and qμ ¼ pμ
þ − pμ

−,

Γ̃μ
vacðpþ;p−Þ¼ qμΓ1;vacðpþ;p−ÞþpμΓ2;vacðpþ;p−Þ: ð41Þ

At finite temperature, the decomposition of Γ̃μ becomes
much more complicated because of the thermal back-
ground. In general, we have

Γ̃μðpþ; p−Þ ¼ qμΓ1ðpþ; p−Þ þ pμΓ2ðpþ; p−Þ
þ ðu · pÞuμΓ3ðpþ; p−Þ

þ 1

u · p
ϵμναβqνpαuβΓ4ðpþ; p−Þ; ð42Þ

where uμ ¼ ð1; 0; 0; 0Þ denotes the rest frame of the thermal
background. The coefficients can be evaluated numerically
using Eq. (40), whose properties will be shown in the
upcoming subsection.

E. Contribution from the kaon loop
to the ϕ meson’s self-energy

Before we numerically calculate the spectral function,
we now implement some simplifications for the contribu-
tion from the kaon loop ΠK-loop

μν in Eq. (36). An explicit
calculation for ΠK-loop

μν incorporates three closed loops: two
from effective three-meson vertices and one from the kaon
loop, making the calculation extremely complicated. To
simplify our calculation, we apply the dipole approxima-
tion (32) for the kaon propagator and note that the
propagator is peaked around the mass shell. Then what
matters for our calculation is the case that both of the
kaons’momenta in ΠK-loop

μν are nearly on-shell. Focusing on
the effective vertex in Eq. (40), we restrict ourselves to
p2þ ¼ p2

− ≈M2
K and Mϕ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðpþ þ p−Þ2

p
≈ 1.02 GeV.

HereMK is a function of temperature and kaon momentum
as shown in Fig. 3. Then the kaon’s momenta can be
parameterized as follows:

pμ
þ þ pμ

− ¼

 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

M2
ϕ þ p2

q
; 0; 0; jpj

�
;

pμ
þ ¼ ðEþ; jkj sin θ; 0; jpj=2þ jkj cos θÞ; ð43Þ

FIG. 6. Effective vertex between ϕ and K� mesons. Solid lines,
dashed lines, and dotted line denote the propagator of the quark,
the outgoing kaons, and the incoming ϕ meson, respectively.

FIG. 7. Real (b) and imaginary (a) parts of Γ1ðpþ; p−Þ in Eq. (42) as a function of temperature. Momenta pμ
� are taken according to

Eq. (43), and Mϕ is set to 1 GeV (red solid line), 1.02 GeV (blue dashed line), and 1.04 GeV (gray dotted line).
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where Mϕ denotes the ϕ meson’s invariant mass and θ
denotes the angle between the ϕ and kaon three-momenta.
The parameter jkj is determined by mass-shell conditions
p2þ ¼ M2

KðpþÞ and p2
− ¼ M2

Kðp−Þ. We then show in
Fig. 7(a) the real and imaginary parts of Γ1 in Eq. (42)
as functions of temperature. The coefficient Γ4 ¼ 0 for all
the considered cases, while Γ2 and Γ3 are at least two orders
of magnitude smaller than Γ1, allowing us to approximate
the effective vertex as

Γ̃μðpþ; p−Þ ≈ ðpμ
þ − pμ

−ÞΓ1ðpþ; p−Þ
≡ ðpμ

þ − pμ
−ÞΓonðMϕ; jpjÞ: ð44Þ

We also checked that ImΓ1 is nearly independent of jpj;
therefore, in Fig. 7(a) we only show results for jpj ¼ 0.
Since the kaon’s mass is an increasing function of temper-

ature, we may have
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

ϕ þ p2
q

< 2MK if the temperature

is high enough, indicating that the ϕ meson cannot be
generated as a kaon resonance. As a consequence, the kaon
loop does not contribute to the imaginary part of the ϕ
meson’s self energy, and thus, the corresponding effective
vertex is less important. This is why we did not show ImΓ1

for Mϕ ¼ 1 GeV with T > 0.115, Mϕ ¼ 1.02 GeV with
T > 0.145 GeV, andMϕ ¼ 1.04GeVwith T > 0.161 GeV
in Fig. 7(a). On the other hand, the real part of Γ̃ is nonzero
only ifMϕ > 2Ms. Figure 7(b) shows ReΓ1 as a function of
temperature for several sets of ðMϕ; jpjÞ. In particular, for
the case of Mϕ ¼ 1.04 GeV and jpj ¼ 0 GeV, we have a
sudden change at T ¼ 0.161 GeV. This is because, above
this temperature, the ϕ meson production from the combi-
nation of kaons is forbidden and thus we set
ReΓ1 ¼ 0 by hand.
Substituting the approximation (44) into Eq. (36), we

derive ΠK-loop
μν as follows:

ΠK-loop
μν ðpÞ¼−8ijΓonðMϕ; jpjÞj2

×
Z

d4q
ð2πÞ4

ð2qμ−pμÞð2qν−pνÞ
½q2−M2

KðqÞ�½ðq−pÞ2−M2
Kðq−pÞ� ;

ð45Þ

where Mϕ ¼
ffiffiffiffiffi
p2

p
is the invariant mass. Since MK is a

slowly varying function of the kaon’s momentum, we
further assume MKðqÞ ≈MKðq − pÞ ≈MKðp=2Þ at finite
temperature. These assumptions will greatly simplify the
calculation for ΠK-loop

μν . They may not be significant enough
at high temperature or in a high momentum region.
However, in this paper, we restrict ourselves at T ≤
0.15 GeV and the ϕ meson’s mass around its vacuum
value, where the validity of the assumptions has been
checked by our numerical calculations.

V. NUMERICAL RESULTS FOR K +K − PAIR
PRODUCTION RATE

A. Invariant mass spectrum in vacuum

Within the framework of the NJL model, we now focus
on the KþK− pair in vacuum. Since the vacuum is invariant
under Lorentz transformation, the longitudinally and trans-
versely polarized modes are degenerate and only depend on
the invariant mass of the KþK− pair. The differential
production rate of the KþK− pair in (20) then reduces to
the following invariant mass spectrum:

dnKþK−

dMϕ
∝

1

Mϕ
ðM2

ϕ − 4M2
K;vacÞ3=2jΓvac

on ðMϕÞj2ρðpÞ; ð46Þ

where we have used the approximation (44) for the meson’s
effective vertex. Here Mϕ denotes the mass of the inter-
mediate ϕmeson or, equivalently saying, the invariant mass
of the final state KþK− pair. The spectral function ρðpÞ is
given by Eq. (39) with the self-energy determined by
Eqs. (35)–(37). Numerical results within the NJL model
framework are shown in Fig. 8, where we compare our
results with the invariant mass spectrum observed in
experiments [13]. Here we rescaled our result by a constant
factor such that the peak value coincides with the exper-
imental data. From Fig. 8, we observe that our calculation
can nicely reproduce the spectrum of the KþK− pair. We
observe that our NJL model calculation underestimates
(overestimates) the invariant mass spectrum at energies
below (above) the peak position. Consequently, the shape
of our results deviates from the Breit-Wigner distribution.
Such a deviation arises because the imaginary part of the
self-energy is not a constant but a function of the invariant

FIG. 8. Invariant mass spectrum of the KþK− pair calculated
by the NJL model in vacuum (red solid line), compared to the
KþK− pair yields measured by the STAR Collaboration (gray
circles) [13]. The experimental data are measured for Auþ Au
collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 27GeV at 20%–60% centrality and summed
over rapidity jyj < 1 and transverse momentum 1.2GeV<
pT < 1.8GeV.
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mass, as illustrated in Fig. 9(a), whereas the width
parameter in the Breit-Wigner distribution is assumed to
be independent of the invariant mass.

B. Invariant mass spectrum
at finite temperature

At finite temperature, unlike in vacuum, the spectral
functions ρL and ρT are different if the ϕ meson (or
equivalently saying, the KþK− pair) has a nonzero velocity
relative to the thermal background. Then the production
rate of KþK− pair in (20) is converted to

dnKþK−

dMϕd3pd cos θ�
∝ fTðpÞ þ δfðpÞ cos2 θ�; ð47Þ

where we have introduced two auxiliary functions fTðpÞ
and δfðpÞ. They are defined as follows:

�
fTðpÞ
δfðpÞ

�
≡ 1

ω
nBðωÞðM2

ϕ −M2
K;vacÞ3=2jΓvac

on ðMϕÞj2

×

�
ρTðpÞ

ρLðpÞ − ρTðpÞ

�
; ð48Þ

where ω ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

ϕ þ p2
q

denotes the total energy of the

KþK− pair in the rest frame of the thermal background.
According to Eq. (39), the spectral functions ρL=T are
affected by the temperature through the imaginary parts of
self-energies, ImΠtot

L=T . At finite temperature, these func-
tions depend on the invariant mass Mϕ and the momentum
jpj. We present ImΠtot

T and ImðΠtot
L − Πtot

T Þ as functions of
Mϕ in Figs. 9(a) and 9(b), respectively. We note that the
transversely polarized mode degenerates with the longitu-
dinally polarized mode when jpj ¼ 0, leading to
ImðΠtot

L − Πtot
T Þ ¼ 0. However, ImΠtot

T and ImΠtot
L have

nonvanishing values even if jpj ¼ 0, as indicated by the

solid lines in Fig. 9(a). At temperature T ¼ 0.1 GeV,
shown by the red solid, dashed, and dotted lines in
Fig. 9(a), corresponding to jpj ¼ 0, 1, and 2 GeV, respec-
tively, ImΠtot

T as a function of Mϕ is nearly identical to the
one at zero temperature (gray solid line). This is because at,
low temperatures, e.g., T ≲ 0.1 GeV, the masses of the
quark and kaon are almost independent of the temperature,
as shown by Figs. 2 and 3. In this temperature region,
only the kaon loop contributes to ImΠtot

T , indicating that
the intermediate ϕ meson is purely generated as a kaon-
pair resonance. At a higher temperature, such as T ¼
0.15 GeV, the quark loop starts to contribute to ImΠtot

T
when Mϕ > 2MsðTÞ. As a consequence, the blue line in
Fig. 2(a) undergoes a sudden change at 2MsðTÞ. We also
observe that ImΠtot

T is negative definite and thus the
spectral function in Eq. (12) is positive definite. On the
other hand, from Fig. 9(b), we find that the difference
between ImΠtot

L and ImΠtot
T is 4 orders of magnitude

smaller than ImΠtot
T , which is also much smaller than

predictions from other models [58–60]. This means that
the transversely and longitudinally polarized modes have
nearly the same property in the framework of the
NJL model.
Using the self energy of the ϕ meson, we show the

invariant mass spectrum of the KþK− pair at different sets
of temperature T and momentum jpj in Fig. 10. At
T ¼ 0.1 GeV, the spectral function, shown by the red
solid and dotted lines, is nearly independent of jpj and is
almost the same as the spectrum in vacuum in Fig. 8. This
behavior is again attributed to the weak T- and jpj-
dependence of the quark and kaon masses in the region
of T ≲ 0.1 GeV. At temperature T ¼ 0.15 GeV, the loca-
tion of the peak shows a significant positive shift. When the
momentum jpj ¼ 0, only the imaginary part of the quark
loop contribution has a nonvanishing value in the consid-
ered invariant mass region and the spectral function shows a
much broader width compared to the vacuum case. On the

FIG. 9. (a) Imaginary part of the ϕmeson’s self-energy for the transversely polarized mode as a function of the meson’s invariant mass.
(b) ImðΠtot

L − Πtot
T Þ as a function of the meson’s invariant mass. We focus on the ϕ meson with momentum jpj ¼ 0 (solid lines), 1 GeV

(dashed lines), and 2 GeV (dotted lines) at temperatures T ¼ 0 (the gray line), 0.1 GeV (red lines), and T ¼ 0.15 GeV (blue lines). In
panel (a), the position of 2Ms at T ¼ 0.15 GeV is indicated by the dashed vertical line.
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other hand, when jpj ¼ 2 GeV, both the kaon loop and the
quark loop contribute to ImΠtot

T=L, leading to a double-
peaked structure, shown by the blue dotted line.

VI. NUMERICAL RESULTS FOR
THE ϕ MESON’S SPIN ALIGNMENT

In this section, we focus on the ϕ meson’s spin align-
ment. In practice, what is usually used is the spin alignment
averaged over a given region of invariant mass, transverse
momentum, and rapidity. By fixing the momentum jpj
while averaging over the invariant mass region Mmin <
Mϕ < Mmax, we introduce the average spin alignment
ρ̄00ðpÞ that satisfiesZ

Mmax

Mmin

dMϕ
dnKþK−

dMϕd3pd cos θ�

∝ ½1 − ρ̄00ðpÞ� þ ½3ρ̄00ðpÞ − 1� cos2 θ�: ð49Þ

Compared to Eq. (47), we obtain

ρ̄00ðpÞ −
1

3
¼ 2

RMmax
Mmin

dMϕδfðpÞ
3
RMmax
Mmin

dMϕ½3fTðpÞ þ δfðpÞ� : ð50Þ

If ρL ¼ ρT , we have δf ¼ 0 and thus ρ̄00ðpÞ ¼ 1=3, as
expected. In the framework of the NJL model, we take
Mmin ¼ 1 GeV and Mmax ¼ 1.04 GeV and present in
Fig. 11 the average spin alignment as a function of jpj
and temperature T. The spin alignment first decreases and
then increases as jpj increases. At T ¼ 0.1 GeV, ρ̄00
reaches its minimum value at jpj ¼ 0.72 GeV, while at
T ¼ 0.15 GeV the minimum value corresponds to a larger
jpj. Such behavior indicates that the motion of the ϕmeson
relative to the thermal background breaks the symmetry
between longitudinally and transversely polarized states,
but this symmetry will be restored at sufficiently large
momentum. Deviations of ρ̄00ðpÞ from 1=3 are negative,

indicating that the longitudinally polarized modes have
smaller probabilities. However, the magnitude of the
deviations is just 10−5 at T ¼ 0.1 or 0.15 GeV, and even
smaller at T ¼ 0.05 GeV. This is because in this paper we
only include the chiral condensate, which keeps the trans-
lation invariance. Taking into account tensor condensates
could induce a larger spin alignment, in parallel to the
strong force field proposed in Refs. [14,25], which will be
addressed in future studies.

VII. SUMMARY

The experimental observation of the ϕ meson’s spin
alignment in heavy-ion collisions [13] has attracted interest
in studying the ϕ meson in medium properties. In experi-
ments, the ϕ meson is reconstructed via its strong decay
ϕ → Kþ þ K−, while its spin alignment is determined by
the polar angle distribution of the daughter Kþ meson’s
momentum in the ϕ meson’s rest frame. In this paper, we
focus on the process that a ϕ meson is formed in the QGP
from a quark-antiquark pair (or a pair of kaons) and
subsequently decays to KþK− outside the QGP region.
An analytical expression for the differential production rate
of final state KþK− pair is derived, which is related to the ϕ
meson’s self-energy and propagator. We then parametrize
the production rate using the four-momentum of the KþK−

pair, the azimuthal angle, and the polar angle with respect to
a spin quantization direction. For a ϕmeson propagating in
an isotropic thermal background, a natural choice for the
spin quantization direction is the momentum direction,
corresponding to the helicity frame. Then the KþK−

production rate and, consequently, the spin alignment are
related to spectral functions of longitudinally and trans-
versely polarized ϕ mesons.
Based on the SUð3Þ NJL model, we present a detailed

calculation for theKþK− production through the ϕmeson’s
decay. We take into account the chiral condensate and

FIG. 11. Spin alignment of the ϕ meson as a function of
momenta jpj relative to the thermal background. The ϕ meson is
produced at T ¼ 0.05 GeV (red solid line), 0.1 GeV (blue dashed
line), or 0.15 GeV (gray dotted line).

FIG. 10. Invariant mass spectrum for the KþK− pair at finite
temperature. Labels are taken in the same way as Fig. 9.
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regularize the model with a hard cutoff to avoid ultraviolet
divergences in momentum integrals. The NJL model used
in this paper keeps the isospin symmetry between u and d
quarks, and therefore, K�, K0, and K̄0 have the same mass,
which is determined by the poles of the kaon propagator,
with the kaon’s self-energy attributed by a quark loop. On
the other hand, the crucial point for evaluating the KþK−

production rate is the self-energy of the ϕ meson. With this
self-energy, it is straightforward to obtain the propagator by
solving the Dyson-Schwinger equation. In this work, we
extend the calculation of self-energy to include contribu-
tions of kaon loops, which are next-to-leading order
corrections in the 1=Nc expansion. Phenomenologically,
this incorporates the ϕ meson as a KþK− resonance, which
is also a bound state of ss̄. We then numerically calculated
the production rate of the final-state KþK− pair. At zero
temperature, the invariant mass spectrum calculated in
our model shows a very good agreement with the exper-
imental data [13], suggesting that the kaon loop plays a
crucial role for describing the vacuum properties of the ϕ
meson within the framework of the NJL model. We also
find that the spectrum is nearly independent of the temper-
ature when T ≲ 0.1 GeV. At a higher temperature, e.g.,
T ¼ 0.15 GeV, the quark coalescence contributes to the
invariant mass spectrum of the KþK− pair, leading to a
much broader width which is inconsistent with experiment.
The inclusion of the kaon loop contribution to the ϕ

meson’s self-energy is the key point for reproducing the
invariant mass spectrum of KþK− pairs. If we only
consider the quark loop contribution, as was done in many
previous papers [16,38,43], the ϕ meson in vacuum will
be a stable ss̄ bound state, whose invariant spectral function
is a δ-function. The kaon loop, on the other hand, opens
the physical decay channels ϕ → Kþ þ K− and ϕ →
K0

L þ K0
S, and thus, the ϕ meson is no longer stable, as

reflected by a finite width in the spectrum.
The spin alignment of the ϕ meson, quantified by

ρ00 − 1=3, is found to be of the order of 10−5 in our
thermal background calculation, significantly smaller than

the experimental measurements [13]. This discrepancy
suggests that additional mechanisms, such as tensor con-
densates, in parallel with the strong force field proposed in
[14,25,27], may play a dominant role in the spin alignment.
Other external fields, e.g., vorticity or magnetic fields,
could also have nontrivial contributions to the spin align-
ment. Our current framework, which includes only the
Lorentz-invariant chiral condensate, does not capture these
effects. Future studies should explore the influence of such
nonperturbative backgrounds to better understand the
observed spin alignment.
In summary, our results highlight the importance of kaon

loop contributions in describing the ϕ meson’s spectral
properties and underscore the necessity for further theo-
retical developments to explain its spin alignment. These
findings pave the way for future investigations into the
interplay between QGP dynamics and hadronic
observables.
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