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The mass spectra of neutral mesons K, 7y, 7,4 on the temperature-quark chemical potential (7-u)
plane under a constant magnetic field is investigated in the SU(3) Nambu-Jona-Lasinio model. As a
Goldstone boson of chiral symmetry breaking, the mass of K, meson generally increases with
temperature and/or quark chemical potential, and we observe two kinds of mass jumps of the K|
meson in medium, one of which is induced by the mass jump of constituent quarks and the other by the
magnetic field. Due to the breaking of isospin symmetry between u and d quarks in the presence of
magnetic fields, a flavorless neutral meson mixing involving the zy — 1 — 7’ mesons occurs (in the
isospin symmetric case the mixing involves only # — #’) and a rich structure is found in the mass spectra
of these mesons. For instance, the 7, mass is influenced by the strange quark. A change in the slope of
the u dependency of the 7y mass at high x and vanishing T can be associated with the crossing of
the threshold of two times of strange quark mass. In the finite T case, this behavior is changed into the
appearance of a critical chemical potential at which a jump over the threshold of 2m; occurs. The mass
ordering of x, 7, mesons varies in medium, due to their mass jumps, which are induced by the mass
jump of constituent quarks or the magnetic field.
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I. INTRODUCTION

The study of hadron properties in QCD medium is
important for our understanding of strong interaction
matter, due to its close relation to QCD phase structure
and relativistic heavy ion collision. The chiral symmetry
breaking leads to the rich meson and baryon spectra,
and the U, (1) anomaly explains the nondegeneracy of 5
and 7/ mesons [1]. The mass shift of hadrons will
enhance or reduce their thermal production in relativistic
heavy ion collisions, such as the kaon yields and
ratios [2-5].

It is widely believed that the strongest magnetic field
in nature may be generated in the initial stage of relativistic
heavy ion collisions. The initial magnitude of the field
can reach eB ~ (1-100)m2 in collisions at the Relativistic
Heavy Ion Collider and the Large Hadron Collider
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[6-10], where e is the electron charge and m, the pion
mass in vacuum. In recent years, the study of magnetic field
effects on the hadrons has attracted much attention. As the
Goldstone bosons of the chiral (isospin) symmetry break-
ing, the properties of neutral (charged) pions at finite
magnetic field, temperature and density are widely inves-
tigated [11-55]. Another interesting issue is the charged
rho meson, which is related to the electromagnetic
superconductivity of the QCD vacuum [21,25,56-72].
Furthermore, there are some other works involving K, 7,
7', and ¢ mesons [51,73-76], heavy mesons [77-88], and
baryons [89-95] in the magnetic field.

In the previous study, the effects of a magnetic field on
K, 1, and 1/ mesons are mostly considered in vacuum, with
vanishing temperature and density [51,73-75]. Our current
work focuses on the mass spectra of neutral mesons K, K,
7y, 11, and 17 mesons at finite magnetic field, temperature,
and density, which are related to the restoration of chiral
symmetry and the U4 (1) anomaly. When the magnetic field
is of strength comparable with the strong interaction energy
scale, such as eB ~m2, the quark structure of hadrons
should be taken into account. We apply the three flavor
Nambu-Jona-Lasinio (NJL) model at quark level [96-99],
where quarks are treated in mean field level and mesons are

Published by the American Physical Society


https://orcid.org/0000-0001-9826-9291
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.107.074018&domain=pdf&date_stamp=2023-04-14
https://doi.org/10.1103/PhysRevD.107.074018
https://doi.org/10.1103/PhysRevD.107.074018
https://doi.org/10.1103/PhysRevD.107.074018
https://doi.org/10.1103/PhysRevD.107.074018
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

JIE MEI, TAO XIA, and SHIJUN MAO

PHYS. REV. D 107, 074018 (2023)

the quantum fluctuations constructed from the quark
bubble. The electromagnetic interaction of the charged
constituent quarks leads to a sensitive dependence of the
neutral meson properties on the external electromagnetic
fields, for instance, the meson mass jump induced by
dimension reduction of the constituent quarks [33-35,41—
43,45,46], and the 7y — n — ' mixing due to the breaking
of isospin symmetry between u and d quarks [75,100], in
magnetic fields.

The rest of paper is arranged as follows. We introduce the
magnetized SU(3) NJL model and derive the formula for
quarks and neutral mesons mass spectra in Sec. II. The
numerical results and analysis of neutral meson masses at
finite magnetic field, temperature, and baryon chemical
potential are presented in Sec. III. The summary and
outlook are in Sec. IV.

II. FORMALISM

The three-flavor NJL. model under external magnetic
field is defined through the Lagrangian density,

+ K3 (priysPy) (wiysA*w),
with the effective coupling constants

K = G:I:%K(au +04+0,),
Kf = Ki = Kf =G ¥ 5Ko,,
Kftt :K? = G:F%Kﬁd,
K = K7 = G:F%Kau,

1
Ki=G¥F EK(ZGM + 20, —0y),

1
Ki = K& =+——K(o, - 0,),
03 30 W ( )
2
Ky =Kg=7F —\ng(O'u + 04— 20,),
1
Kiy=Kgs =F ——=K(0, — 04), 3
38 83 :F2\/§ ( @) (3)

and chiral condensates

L =y(iy*D, — o)y + Ls + Lgyrs
8
‘CS =G Z [(1/_/,101)[/)2 + (l/_/i}ISAaWy]’
a=0

Lyyr = —K[dety (1 +ys)y + dety(1 —ys)y]. (1)

The covariant derivative D, = d, —iQA, couples quarks
with electric charge Q = diag(Q,,, Q4. Q,) = diag(2/3e,
—1/3e,—1/3e) to a gauge field B =V x A. Here, we
consider magnetic field in z direction by setting A, =
(0,0,xB,0) in Landau gauge. /iy = diag(mg,mg,mf)) is
the current quark mass matrix in flavor space. The four-
fermion interaction Lg represents the interaction in scalar
and pseudoscalar channels, with Gell-Mann matrices
A =1,2,...,8 and 4y = 1/2/31. The six-fermion inter-
action or Kobayashi-Maskawa-’t Hooft term Ly is
related to the U, (1) anomaly [101-105].

It is useful to convert the six-fermion interaction into an
effective four-fermion interaction in the mean field approxi-
mation, and the Lagrangian density can be rewritten as [100]

8
w = oy + Y Kz (paw)? + K& (iysi®y)?] + Kz, (§2w) (5 0) + K (iysiy) (iys2oy)

w) + Ko (@iysAy) (WiysAy) + Ko (0ay) (5 w) + Ko (Wiysiy) (wiysAy)
+ Ko (0 2%w) (@ aPy) + K (piysAw) (wiysa®w) + Kgy (W) (py) + K& (iysaby) (wiysAy)
w)

o = (i), oy=(dd). o =(55). (4

At finite temperature 7, quark chemical potential
u = ug/3, and magnetic field eB, the chiral condensates
or effective quark masses m, = mj —4Go, +2Ko 0,

my = mi —4Go, + 2Ko 65, my = m — 4Go, + 2Ko 0,4
are determined by minimizing the thermodynamic potential,
0Q¢/06; =0, i=ud,s, (5)

where the thermodynamic potential in mean field level
contains the mean field part and quark part

Que = 2G(07 + 0% + 07) —4Ko,040, + Q.

|QfB| dpz
0==3 % 5% [k

f=ud.s

Eptn Epn
+Tln({14+e 7 | +TIn(+e 7 )|, (6)

with quark energy E; = \/ p?+21 |Q/B| + m]% of flavor

f = u, d, s, longitudinal momentum p, and Landau level /,
and the degeneracy of Landau levels a; = 2 — §y.

074018-2



MASS SPECTRA OF NEUTRAL MESONS Ky, 7y, 7,7 ...

PHYS. REV. D 107, 074018 (2023)

In vacuum, the chiral symmetry is spontaneously broken.
At finite temperature and quark chemical potential, it will
become (partially) restored. In nonchiral limit, the pseu-
docritical temperature of chiral symmetry restoration T{,c
is usually defined through the vanishing second derivative
of the effective quark mass, a;;;,» 4 = 0. Because of the
different current quark masses and/or different electronic
charges of up, down, and strange quarks, we have three
different chiral restoration phase boundaries in the cross-
over region, with Tic < T}, < T} From the numerical
calculation, see Fig. 1(a), we find that the chiral restoration
phase boundary for light (up and down) quarks is almost
coincident with each other T;l,c ~ T}, = 175 MeV, and the
chiral restoration of strange quarks occurs at higher temper-
ature T, = 252 MeV. In low temperature and high baryon
chemical potential region, the chiral restoration in light
quarks is a first order phase transition, with the quark mass
jump. We should be careful of the chiral restoration in
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FIG. 1. K, meson mass mg, (red solid lines) and quark mass

sum my + m; (black dotted lines) at finite magnetic field eB =
20m2 with vanishing quark chemical potential 4 = 0 in (a) and
with vanishing temperature 7 = 0 in (b). The vertical dashed
lines are used to denote the sudden mass jumps for quarks (in
black) and K, meson (in red). To demonstrate the chiral
symmetry restoration, we also plot light quark mass 2m, and
strange quark mass 2m, (black dotted lines).

strange quark part. Due to the coupling of the three gap
equations, the mass jump of light quarks will cause the
mass jump of strange quarks. This cannot be classified as
the strange quark chiral restoration, which should corre-
spond to a sizable drop in the strange quark mass. For
instance, in Fig. 1(b), the chiral restoration of light quarks
happens at y = 240.1 MeV, with a sizable mass jump.
There appears a small mass jump for the strange quark.
Since its mass continues to be reasonably large, this
does not correspond to the strange quark chiral restoration.
The strange quark chiral restoration happens at u =
410.2 MeV, with an abrupt decrease of strange quark
mass. In the following context, chiral symmetry restoration
and the critical end point (CEP) refer to that of light quarks.

In the NJL model, mesons are treated as quantum
fluctuations above the mean field. Through the random
phase approximation method [28,96-99], the meson propa-
gator can be expressed in terms of the irreducible polari-
zation function or quark bubble,

ne, (k) = iTr [r;,s(;: - %k) TS <p - %k)] . (7)

with the quark propagator matrix S = diag(S,, Sy, S) in
flavor space, the meson vertex

iysko, M =mnq
iysds, M =m
Iy = . . = (8)
irs(ds £ id7)/V2, M =K. K,
iysdg, M =nyg

and the trace Tr in spin, color, flavor, and momentum space.
For neutral mesons g, Ky, Ky, 7,1, the Schwinger phase
arising from quark propagators is canceled, and the meson

momentum k = (ko, 1?) itself is conserved.

Let us start from neutral kaon mesons (K, K,,), which
are not mixing with other mesons. The K meson propa-
gator can be written as

> 2K
Mlko.F) = ——=0——— (9)
1 - 2K 11 ¢ (ko. k)

and the mass is determined through the pole equation at
zero momentum k = 0,

1 - 2K{ T g (mg,,0) = 0. (10)

Since the K, meson is charge neutral, it is affected by the
external magnetic field only through the constituent quarks.
The formula for the meson propagator is the same as that
without a magnetic field except for the consideration of
Landau levels in momentum integral. The polarization
function is simplified as
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n d K ds
1% ¢ (ko, 0) = J\V + I +2((my — m,)? = k3)JS") (k). (11)
with
+/4
f) |QfB| dpztanh / —|—tanh 2T (ds) ;12 ‘QfB‘ dpz 1
I =3 e Ry = =3
! E,:al 2 ) 2z 3, Z’ 2z | 2 BEE,
Eq+u 1 Eq—p E;—p
—— | tanh tanh tanh — tanh
X{Es—kEdijO(an 2T S tan 2T )+Es—Ed—|—k0<an o7 Moy
1

+
E,+E;—

As Goldstone boson of chiral symmetry restoration,
when the constituent quark mass decreases, the kaon mass
will generally increase. Therefore chiral symmetry restora-
tion is expected to lead to an intersection between the K|,
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FIG. 2. K, meson mass mg, (red solid lines) and quark mass
sum m, + m; (black dotted lines) at finite magnetic field eB =
20m?2 around the critical end point. In (a), we fixed temperature at
the CEP. Panel (b) is a case of the first order chiral phase
transition near CEP. The vertical dashed lines are used to denote
the sudden mass jumps for quarks (in black) and K, meson (in
red). To demonstrate the chiral symmetry restoration, we also plot
light quark mass 2m, and strange quark mass 2m, (black dotted
lines).

E,+p 1
tanh tanh tanh
ko(an T +an T >+E5—Ed—ko<an

Eq+p tanhES +u
2T 2T ’

|

mass and the sum of two constituent quark masses, which
defines the Mott transition of K, meson [106—109]. Based on
the polarization function (11), with p, =0 and lowest
Landau level [ = 0, the integral term m diverges when
ko = my + my. This infrared divergence will lead to the mass
jump of Ky meson at the Mott transition, as shown in Figs. 1
and 2. It should be noted that when the meson mass reaches
the sum of the effective masses of constituent quarks

corresponding to higher Landau levels 1/21|Q B| + m? +

\/21|Q,B| + m? with [ = 1,2, ..., this infrared divergence
still exists. Therefore, when the mass of K meson is large
enough, its mass may undergo more than one jump. After the
mass jump, K, meson will be in a resonant state with finite
width. For simplicity, we still use Eq. (10) to derive K, meson
mass, neglecting the width of meson [35,41,42].

By interchanging two constituent quarks E; <> E, we
obtain the polarization function of K, meson. When the
quark chemical potential is zero, K, and K, mesons share
the same mass. For finite quark chemical potential, they
show mass splitting.

Since the magnetic field breaks the isospin symmetry for
u and d quarks, the coupling constants K3 and K;g are no
longer zero. The flavor mixing of 7, — 5 —#’ happens.
Therefore, the meson propagator can be constructed in a
matrix form with the random phase approximation method,

M =2K*(1 = 2[1PK*)! (12)
where coupling constant K* and polarization function IT7
are 3 x 3 matrices

Ky Kg Kgg

K*=| Ky Ki Ki |, (13)
K Kg K
g I TG

n* = H§0 H§ Hé)s (14)
g, TG TIE
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The matrix elements of coupling constant K™ are written in
Eq. (3), and the elements of polarization function I17 are
defined in Eq. (7) with index 3, 0, 8 denoting 7, 7, 73,
respectively. For convenience, we sometimes omit the
argument (ko,lz) in the polarization function and meson
propagator.

We can obtain 7(,#,7 meson masses by solving the
equation at k= 0 where we neglect the width of mesons
[35,41,42],

det [M~! (k. 0)] = 0. (15)
The inverse of meson propagator matrix M can be
simplified as

| A B C
l——— | B D €],
M 2detK™
E F
A= (K{K§ — Ki3) — 2115 det K+,
B = (KKg — K§ Kg3) — 21055 det K™,
C = (Kg3K3g — K3 Kg) — 2[gg det K,
D= (K{Kg — Kj&) — 2115 det K+,
€= (K Kgy — Ky Kig) — 21 det K+,
f = ([{;'_I(‘F K(‘)F32) zng detK*, (16)
with
p_2qp P
I—[0 _S(Huu+n +H\s)
Iy =10, + I1f,.
1
T = 3 (I, + TG, -+ 4T15),
V6
I, = I, = 3 (M, = 11,),
V2
15y = I, = 3 Tk, + 115, — 211k,
V3
I =TI = 3 (T, — 10}, (17)
and
06— - R, O
|Q/B| [dp 1
ff k2 32 a f Z

21 | 27 2E;(4E% - K3)

+yu u
tanh —Z tanh . 19
X<an 2T+ 2T> (19)

Each matrix element in polarization function matrix
Eq. (17) shows infrared divergence at p, =0 and ky =

2\/m} +21|Q;B| with f =u.d.s.[=0,1.2,...,

the integral term s Because of the 7y — 7 — 1/ meson

due to

4152
mixing, such infrared divergence will lead to several mass
jumps for zy,7,7 mesons, as shown in Figs. 3 and 4.
Different from pion and kaon mesons, for 7, #' mesons, we
observe not only the mass jump at lowest Landau level
[ = 0 but also at a higher Landau level [ # 0.

Because of the contact interaction in NJL model, the
ultraviolet divergence cannot be eliminated through renorm-
alization, and a proper regularization scheme is needed.
In our work, we apply the Pauli-Villars regularization
[33-35,42], which is gauge invariant and can guarantee
the law of causality at finite magnetic field. By fitting the
physical quantities, pion mass m, = 138 MeV, pion decay
constant f, = 93 MeV, kaon mass mg = 495.7 MeV,

2000
S 1500
[5)
2 1000
3
=500
ol - ~
0 50 100 150 200 250 300
T(MeV)
2000f by T=0 ™
§ 1500' 55?390 420 450 480
2 o
% 1000f i, !
4] my e s
= 500 /
O' mn mﬂo : .................. zmdA
0 100 200 300 400 500
uMeV)
FIG. 3. Panel (a) shows the temperature dependence of 7 (red

solid lines), 7 (blue solid lines), ' (green solid lines) masses, and
quark masses (black dotted lines) with 4 = 0 and eB = 20m?2.
Panel (b) shows the quark chemical potential dependence of them
at T = 0 and eB = 20m2. The vertical dashed lines are used to
denote the sudden mass jumps for quarks and mesons. The quark
mass with a superscript “(/)” refers to the effective quark mass of

the /th Landau level m}l) = \/m7; +21|Q;B|.
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FIG. 4. Masses of r (red solid lines), # (blue solid lines), #’
(green solid lines), and quarks (black dotted lines) with eB = 20m2
around the critical end point. In (a), we fixed the temperature at
the CEP. Panel (b) is a case of the first order chiral phase transition
near CEP. The vertical dashed lines are used to denote the sudden
mass jumps for quarks and mesons. In the small figures at left side,
we plot m, in red and m,; — 500 MeV in green. The quark mass
with a superscript “(/)” refers to the effective quark mass of the /th

Landau level m;l) = mjzc + 21|QB.

meson mass m,, = 957.5 MeV invacuum, we fix the current
masses of light quarks m4 = m¢ = 5.5 MeV, and obtain
the parameters m§ = 154.7 MeV, GA? =3.627, KA> =
92.835, A = 1101 MeV. In the following numerical calcu-
lations, we fix magnetic field eB = 20m2.

III. RESULTS AND ANALYSIS

Figure 1(a) plots the mass of K, meson my, and the mass
sum of the two constituent quarks m, 4+ m, as functions
of temperature T at finite magnetic field eB = 20m2 and
vanishing quark chemical potential u = 0. To demonstrate
the chiral symmetry restoration, we also plot light quark
mass 2m, and strange quark mass 2m,. The chiral
symmetry restoration is a smooth crossover with u = 0,
and the quark masses decrease continuously with the
increase of temperature. As the Goldstone boson, the mass

of K, meson monotonically increases with temperature
before a sudden mass jump happens at the Mott transition

temperature Tf,l“(m = 140.0 MeV, where the K, mass jumps
from the bound state mg, < m, + m to the resonant state
mg, > mg + mg. This mass jump is caused by the finite
magnetic field, which leads to the dimension reduction of
constituent quarks and the infrared divergence of the meson
polarization function, as analyzed in Eq. (11). With

T > Tﬁ[im, the mass of K, meson slightly decreases with
temperature and then starts to rise at 7 = 161.1 MeV.

Figure 1(b) plots the mass of K, meson my and the mass
sum of the two constituent quarks m, + m, as functions of
quark chemical potential ¢ at finite magnetic field eB =
20m2 and vanishing temperature T = 0. To demonstrate the
chiral symmetry restoration, we also plot light quark mass
2my, and strange quark mass 2my. The chiral symmetry
restoration is a first order phase transition with increasing
quark chemical potential and 7 = 0, and the quark masses
show a jump at p =240.1 MeV. This mass jump of
constituent quarks also leads to the mass jump of K
meson. Since the K, mass jumps from mg < m; + mg to
mg, > mg + my, and satisfies the condition mg, > 2u, this
is a Mott transition. In the chiral breaking phase with
u < 240.1 MeV, the quark masses remain constant. After
the chiral restoration phase transition, at y = 410.2 MeV,
the strange quark mass decreases abruptly. For K, meson,
the mass remains constant in the chiral breaking phase with
u < 240.1 MeV, and increases in the chirally restored
phase with ¢ > 240.1 MeV. However, accompanied with
the sudden change in the slope of the decreasing curve of
strange quark mass, a fast decrease of K, mass happens
around y = 410.2 MeV.

At finite temperature and quark chemical potential,
there exists a critical end point of chiral symmetry
restoration, which connects the crossover and the first
order phase transition and is located at (Tcgp, Hcgp) =
(63.3,230.9 MeV) with eB = 20m2. Figure 2 depicts the
K, mass mg, and the mass sum of two constituent quarks
my + my around CEP. To demonstrate the chiral symmetry
restoration, we also plot light quark mass 2m, and strange
quark mass 2m,. In Fig. 2(a), we fix temperature at CEP

T = Tcgp- The quark masses decrease with quark chemical

. . dm
potential, with the fastest change d—ﬂf — —00 at Y = fcgp-

The K mass increases with quark chemical potential, with
dmg,
du
the rate of increase in the K mass becomes finite, and the
Mott transition with K, mass jump happens at
/lll\{/ﬁm =231.5 MeV > ucgp. At u > ﬂf/{%m K, mass con-

tinues to increase.

Around the CEP with T > T gp, the chiral restoration is
a smooth crossover, and the behavior of quark masses and
K, mass is similar as in Fig. 2(a) but with finite slope of the
mass curve. On the other side, as shown in Fig. 2(b) with

the fastest change — oo at 4 = Ucgp, t00. At it > UcEp,
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T < Tcgp, the chiral restoration is a first order phase
transition. The quark masses decrease with increasing
quark chemical potential and jump in the quark mass
(sum) occurs at p =230.96 MeV. Accordingly, K|
mass keeps increasing, and we observe two mass jumps,
caused by the quark mass jump at 4 = 230.96 MeV and the
magnetic field at y = 231.5 MeV, respectively. Comparing
with Fig. 1, the nonmonotonical behavior of mg, disap-
pears around CEP.

Figures 3 and 4 show the masses of 7, 77, 7’ mesons and
the constituent quark masses at the lowest Landau level

2my, 2mg, and [th Landau level 2mA(fl), at finite magnetic

field, temperature and quark chemical potential. Since the
u-quark mass is very close to (a little bit larger than) the d
quark, to make the figure clear, we omit its lines. With finite
magnetic field, the mixing of 7y — 5 — 5’ mesons leads to
rich structures in their mass spectra.

In Fig. 3(a), with the continuous decreasing of the quark
masses at finite temperature, 7, mass increases slowly in
the low temperature region 7' < 167.0 MeV and a mass
jump from m, <2my to 2m; < m, < 2m happens at
T = 167.0 MeV. After that, 7, mass slightly decreases and
then starts to increase with temperature. When the 7, mass
crosses over the two times of the strange quark mass at high
temperature, it increases smoothly, which indicates that the
7y meson does not contain the strange quark, even with
the 7y — n —#' mixing. For # meson, which contains the
strange quark, its mass m, decreases with temperature at
T <175.0 MeV. At T =175.0 MeV, m, jumps from
m, <2mg to m, > 2m,. After that, m, firstly decreases
and later increases with temperature. At 7 = 297.5 MeV,
another mass jump of » meson occurs, since m, passes
through the threshold of quark mass sum at a higher Landau

level 2m'" = 2+\/m? + 2|Q,B|. ¥ meson is a resonant state

in vacuum, which has the mass larger than two times of the
d quark. With the increase of temperature, the mass of 7’
meson continuously decreases, and it becomes lower than
7o mass at T = 195.0 MeV. In the whole temperature
region, we observe 2my < m, < 2my.

In Fig. 3(b), the first order chiral phase transition at
T =0 and u =240.1 MeV leads to the mass jumps for
quarks, and also causes the mass jumps of 7, 77, 7/ mesons.
Before the mass jump, the mass of 7, 77, 7’ mesons remains
their value in vacuum, respectively. At y > 240.1 MeV, x,
mass increases with quark chemical potential. However,
the increase slope changes abruptly at y = 410.2 MeV,
where the strange quark mass abruptly decreases, and at
u =478.2 MeV, where the 7, mass crosses over the two
times of strange quark mass. This indicates that the 7z,
meson is influenced by the strange quark, due to the mixing
of 7y — n — ' mesons. For  meson, its mass jumps up from
m, < 2mgto m, > 2mgat y = 240.1 MeV, and, after that,
it decreases slightly. At y = 410.2 MeV, where the strange
quark mass abruptly decreases, another mass jump of 7

meson happens, and then m, goes down with quark
chemical potential. #' meson is in a resonant state and
its mass jumps down in association with the quark mass
jump at g = 240.1 MeV. At u = 426.0 MeV, where the 7/
mass crosses over the strange quark mass two times,
another mass jump from m,) < 2m; to m,; > 2m happens.
In the region 240.1 MeV < p < 426.0 MeV, i’ mass first
decreases with quark chemical potential and then increases,
with a local minimum at gy = 310.6 MeV and the maxi-
mum increase slope at y = 410.2 MeV, where the strange
quark mass decreases abruptly. At > 426.0 MeV, the 1/
mass goes down with quark chemical potential.

Comparing Figs. 3(a) and 3(b), the structure of meson
mass spectra behaves very differently, which demonstrates
that the temperature and quark chemical potential have
different effects on g, 7,7 meson masses, respectively.
Figure 4 depicts the situation near CEP, where panel (a) is at
CEP and panel (b) represents an example of the first order
chiral phase transition near CEP. To clearly show the near-
CEP behavior of 7 and ' at the same time, in the insets we
plot m, in red and m, — 500 MeV in green.

Figure 4(a) displays the masses of 7,7, mesons and
the quark masses at the lowest Landau level 2m, 2m, and

[th Landau level 2m](f) at finite quark chemical potential

with fixed magnetic field eB = 20m2 and temperature
T = Tcgp. my mass monotonically increases with quark

chemical potential. The fastest change d;"—;“ — 00 is at
M = Hcgp, the first mass jump from m, < 2my, to 2my <
mg <2mg happens at p =235.0MeV > pcgp, and
another mass jump from m, < 2mgto m, > 2mghappens
at 4 = 430.0 MeV. The mass of # meson decreases with
the quark chemical potential, with the fastest change dd—";” -
—oo at 4 = pcgp and a mass jump from m, < 2m, to m, >
2my at yu = 230.96 MeV > pcpp. The mass of 7 meson
also decreases with the quark chemical potential. Since it is
in a resonant state, the mass decrease slope changes
abruptly at g = pcpp. At u = 430.0 MeV, the mass of #/
meson becomes degenerate with 7z, meson, and at the same
time, the mass jump from m,; < 2m, to m,; > 2m; occurs.
Another mass jump happens at y = 480.1 MeV, where
the mass of 5/ meson passes through the threshold

2m£12) = 21/m? +4|QyB|. Note that the mass ordering

of my,n,17 meson varies, with my < m, <m, in the
region pu < 230.96 MeV, m, <m, <m, in the region
230.96 MeV < u <430.0 MeV and m, <my, < m, in
the region pu > 430.0 MeV, which are influenced by the
meson mass jumps and the meson mixing under external
magnetic field.

For the case of chiral crossover near CEP with T > T cgp,
the behavior of my,7,7 meson mass is similar as in
Fig. 4(a), but the infinite change slope of the mass of
7o, 1 meson is replaced by a finite value. For the case of first
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order chiral phase transition near CEP with 7' < Tcgp, as
shown in Fig. 4(b), instead of the infinite change slope of
my, n meson masses and the abrupt change of m,, decrease
slope, we observe the mass jumps for the 7, 7,7’ meson,
caused by the mass jump of the constituent quarks at
u =230.96 MeV, and other behavior of xy,7,7 meson
masses looks similar as in Fig. 4(a).

IV. SUMMARY AND OUTLOOK

The mass spectra of neutral mesons Ky, my,7,7 on
temperature-quark chemical potential (7-u) plane in the
presence of a constant magnetic field is studied in the
SU(3) NJL model.

As a Goldstone boson of chiral symmetry breaking, the
mass of K, meson generally increases with temperature
and/or quark chemical potential. At the Mott transition, an
associated K mass jump occurs. At vanishing T or p, there
exists nonmonotonical behavior of K, mass. Around the
CEP, this behavior disappears, and we observe two K|
meson mass jumps, one of which is induced by the mass
jump of constituent quarks and occurs at a lower quark
chemical potential and the other is induced by the mag-
netic field.

Due to the breaking of isospin symmetry between u and
d quarks in magnetic fields, the mixing of 7y —#n—17#
mesons occurs and this leads to the rich structures of their
mass spectra. The mass of 7, meson increases with
temperature and/or quark chemical potential, and, similarly
to happens in the K, meson case, a mass jump occurs. In
addition, 7, mass is influenced by the strange quark
because of the flavor mixing. This is demonstrated by
the two changes in the slope of the quark chemical potential
dependency of the 7, mass at high ¢ and vanishing 7" (one
motivated by the rapid change in m, and the other by the
crossing of the 2m threshold), as well as by the 7, mass
jump over the threshold 2m; at finite 7 and . For the 7

meson, its mass mainly decreases with 7" and y in the region
without jumps. At vanishing y, it shows two mass jumps
caused by the magnetic field and nonmonotonical behavior
appears after the first mass jump. At vanishing 7', it shows
two mass jumps that, in increasing order in quark chemical
potential, are caused by the mass jump of constituent
quarks and the magnetic field, respectively. Around the
CEP, we observe one mass jump, and the nonmonotonical
behavior disappears. For the 1/ meson, its mass continu-
ously decreases at u = 0, but at T = 0, it displays two mass
jumps and nonmonotonical behavior between them.
Around the CEP, the ' meson mass jumps twice, induced
by the constituent quark mass jump and by the magnetic
field. The mass ordering of mj,#,7/ meson varies in
medium.

As a consequence of such mass jumps, some interesting
phenomena may result in relativistic heavy ion collisions
where a strong magnetic field can be created. For instance,
there might be a sudden enhancement or reduction of
neutral meson production in medium, which will be studied
in the future. It should be mentioned that we neglect the
widths of mesons in our current calculations. At qualitative
level, this approximation will not change the main structure
of meson mass spectra. Its quantitative effect can be
considered through the spectral function of mesons
[110], which is under progress. The investigation of
charged mesons, K* and 7z mesons, and the consideration
of inverse magnetic catalysis effect is also under progress
and will be reported elsewhere.
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