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We present a comprehensive study of mass modifications of scalar, pseudoscalar, vector, and axial-vector
mesons in nuclear matter using the three-flavor extended linear o model (eLSM) and the two-flavor parity
doublet model (PDM). The meson masses in nuclear matter are determined by calculating the one-loop nucleon
corrections to the meson mean fields. As a result, we find all spin-0 meson masses except those of the pion,
kaon, and the lightest scalar-isoscalar mesons decrease at finite baryon density. For spin-1 mesons, masses of all
axial-vector mesons decrease in medium, and the density dependences of the p- and w-meson masses strongly
depend on the value of chiral invariant mass (M,). Also, our results suggest M, ~ 0.8 GeV is preferable.
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I. INTRODUCTION

One of the most important phenomena of quantum chro-
modynamics (QCD) is the spontaneous breakdown of chiral
symmetry. This effect is essential to explain the masses of
light mesons as well as the interactions among them in a
vacuum [1,2]. In nuclear matter, however, chiral symmetry
is believed to be (partially) restored, which is expected to
lead to significant modifications of light meson properties.
Therefore, investigating meson properties such as masses in
medium gives us clues to a better understanding of the partial
(incomplete) restoration of chiral symmetry (see Refs. [3,4]
for reviews and references therein).

While the small masses of the pion and kaon can be
well understood by the spontaneous breakdown of chiral
symmetry, the large mass of " meson is mainly explained
by the U(1)4 axial anomaly effect [5]. The U(1)4 anomaly
is related to the existence of the instanton, which can play
an important role in color confinement [6]. Some previous
studies suggest the strength of the U(1)4 anomaly can be
changed in finite baryon density, but it is still under discussion
whether the magnitude of the anomaly is strengthened or
weakened [7-9]. In association with the change of U(1)4
anomaly in nuclear matter, a mass reduction of the " meson
leads to the possibility of the formation of 1" mesic nuclei as
well [10-16].

The spectroscopy experiment of the pionic atom at the
Helmholtzzentrum fiir Schwerionenforschung GmbH (GSI)
was performed to observe the partial restoration of chiral
symmetry in nuclear matter, whose result suggests a reduction
of the chiral order parameter: f (00)*/ f2 ~ 0.64 at normal
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nuclear density pp = po [17]. Also, the fixed-target experi-
ments for vector meson mass modifications in nuclei at Japan
Proton Accelerator Research Complex (J-PARC) [18] and at
Jefferson Laboratory [19] were operated, but the result is still
under discussion due to a complexity from a broadening of
vector mesons. Another experiment called the E16 experiment
is planned at J-PARC. Furthermore, the " mesic nuclei exper-
iments at GSI [20-22] and at the University of Bonn [23-27]
and the pp — ppn’ reaction experiment at the COSY acceler-
ator complex [28] have been carried out, aimed at the change
of U(1), axial anomaly in nuclear matter. Another 1’ mesic
nuclei experiment is ongoing at SPring-8 [29] (see Ref. [30]
for a review and references therein).

In the present work, we comprehensively study the mass
modifications of light scalar, pseudoscalar, vector, and axial-
vector mesons in nuclear matter to provide useful information
on the partial restoration of chiral symmetry and the change
of the U(1)4 anomaly in medium to existing and forthcoming
experiments. For this purpose, we employ the three-flavor
extended linear 0 model (eLSM) established in Refs. [31-37],
in which vector and axial-vector mesons are incorporated
in addition to the scalar and pseudoscalar mesons,' while
global chiral symmetry and scale invariance is respected. The
eL.SM not only reproduces meson properties in vacuum such
as masses and decay widths, but has also been proven to be
useful for the investigation of nuclear matter as well [47].

In this study, the nucleons are introduced by the two-
flavor parity doublet model (PDM) [41-45], and nuclear
matter is constructed in the one-loop approximation of the
nucleon [46-49] while the mesons are obtained from the

'Further extensions of the eLSM are possible by including
tetraquark states [38—40], for example.
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eLSM. In our approach, not only the vacuum properties
of nucleons but also the nuclear matter properties such as
the saturation density, the binding energy per nucleon, and
the incompressibility are successfully reproduced. The PDM
contains two types of nucleons, the nucleon and its chiral
partner, and in the so-called mirror assignment, it is possible
to construct a nucleon mass term without violating chiral
symmetry. In other words, the PDM predicts the existence of
a nucleon mass that does not originate from chiral symmetry
breaking, which is the so-called chiral invariant mass (My).
The existence of M is also suggested by lattice calculations
in the context of a parity doubling; however, its precise value
is still under discussion [50-52]. In this paper, we find the
value of M, =~ 0.8 GeV to be preferable.

This paper is organized as follows. In Sec. II, the three-
flavor eL.SM is introduced and the determined model pa-
rameters are shown provided by Ref. [35]. In Sec. III, we
present the two-flavor PDM and construct nuclear matter

J

by combining the eLSM and the PDM. In Sec. IV, the
remaining parameters are determined and numerical results
of the density dependence of the meson masses are presented.
Sections V and VI are devoted to the discussions and conclu-
sions, respectively.

II. EXTENDED LINEAR ¢ MODEL (eLSM)

In this paper, we present a comprehensive study of light
mesons in nuclear matter by employing the three-flavor
eL.SM. This model was established in Ref. [35], and success-
fully reproduced meson properties in vacuum such as masses
and decay widths. In this section, we introduce the eLSM and
present the determined parameters of the above reference.

The Lagrangian of the eLSM maintains a scale invariance
except for current quark mass effects, in which a dilaton
is responsible for the violation of scale invariance of QCD,
which is given by

2
Lersm = Lay + Tr[(D, @) (D*®)] — mg(Gﬁ> Tr[®Td] — A (Tr[DT D)2 — M Tr[(DT D)) + Tr[H (DT + D))

0
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G is the dilaton field and its kinetic term and self-interaction
terms are included in Lg;.2 The chiral transformation laws for

2Explicitly, L is of the form [53-58]

1 1 m2 G G*
i = 73 a” - 776 41 - — — 5 3
Lt 2 GG %(G n 3 7 ) 3)

[
®,L,,and R, are

® — g dgh, L, — grLugl, R, — grRugh. (4@

with Gy being the dilaton mean field and m¢ being the dilaton mass

which is matched by the trace anomaly of QCD.
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where g; (gg) is an element of U(3); [U(3)g] chiral group.
L,, and R, in Eq. (1) are the field strengths

L;w = a,u,Lv - 8\;L;u R;,Lv = auRv - avR;/.s (5)

representing the kinetic terms for the (axial-)vector mesons.
The covariant derivative is D, ® = 9, ® — igy (L, ® — ®R,).?
The matrices H and A are responsible for the explicit
breaking of chiral symmetry which take forms of H =
diag(hOTN, ’%, ’%) and A = diag(dy, év, 8s), respectively.

In the following analysis, we will regard the dilaton as
the fyp(1710) whose mass is larger than the other light me-
son masses. Thus, the dilaton dynamics will be ignored in
what follows; i.e., the dilaton field in Eq. (1) is simply
replaced by its mean field: G — Gy. Also, we assume the
large-N, suppression works well for interactions containing
the spin-1 mesons, which allows us to drop the single-trace
terms [60,61]. Hence, the reduced three-flavor eLSM reads

L34 = TH(D,®) (D" ®)] — miTr[@ @] — 1, (Tr{ T @)’

2 1 v
— M Tr[(®TD)*] + Tr[H (P + )] — ZTr[LWL"

vV m2
+ R R+ Tr|:(71 + A) (L) + Ri):|

+c1(det® — det®’)* + by Tr[ L), @ DT + R, T @]
+2h3Tr[L, PR* @]

+ gap(Tr[L, L,L*L"] + Tr[R,R,R“R"])

+ guap(Tr[L, L"L,L"] + Tr[R,R"R,R"]). (6)

We note that the g, term is dropped as well, although this
term can provide mass modifications to the spin-1 kaon sector
in nuclear matter due to the wy mean field. We expect the
correction is small since the wy mean field is suppressed in
comparison to the oy or os meson fields. We also note that
due to the lack of information on the values for the four-point
couplings of spin-1 mesons, we have taken g3 = g4 = g4, for
simplicity.

The values of the model parameters determined in Ref. [35]
are listed in Table I. These parameters are fixed in order to
reproduce the masses and decay widths of light mesons in

J

TABLE 1. Parameters extracted from the eLSM in Ref. [35].
Here, C; = m2 + A1(¢% + ¢2) and C, = m} with ¢y and P being
the vacuum expectation value (VEV) of oy and os in the vacuum.

Parameters in eLSM Values
Ci [GeV?] —0.9183
G, [GeV?] 0.4135
¢ [GeV7?) 450.5
Sy [GeV?] 0

85 [GeV?] 0.1511
g 5.8433
én [GeV] 0.1646
¢s [GeV] 0.1262
hoy [GeV?] 0.001135
hos [GeV?] 0.02138
hy 9.880
hs 4.867
X2 68.30

vacuum, with the mean fields of oy and oy, (;SN = (oy)vac and
ds = (05)vac,” satisfying gap equations. The detailed proce-
dure to fix the parameters are given in Ref. [35]. According
to this reference, the value of A; cannot be fixed due to a
large uncertainty of the f; (scalar-isoscalar) meson sector.
Besides, as we have mentioned in the previous paragraph,
the value of g4, remains to be determined. The parameters A
and g4, will be determined by fitting them to nuclear matter
properties in Sec. IV A. In fact, g4, can play a significant role
in reproducing the incompressibility of nuclear matter [46].

III. CONSTRUCTION OF NUCLEAR MATTER
A. Parity doublet model (PDM)

In this study, the meson masses in nuclear matter are
determined by calculating the one-loop nucleon corrections
to the meson mean fields. To this end, we combine the three-
flavor eLSM and the two-flavor PDM. Although light mesons
containing (anti)strange quarks can in principle couple with
nucleons, we do not include such interactions for the sake of
a clear and transparent study. Hence, the Lagrangian of the
PDM is given by [41,45]

Ly = D1, + svo + gv ROV, + du i + syo + gv DV + Vo G + mgyvo + v D), + ¥ (i + pepyo + by Ry
+ &1 (T[R9, v Yy + T L Wy Yr) + ov (Te[R Yy i + TelL 0V, vy Yiy) + by (Tr(R, Y2, v Yor
+ Tr[L, %20y “Vrar) + hoy (Te[R, Iy Yoy + Tr[L, 1,y Vo) — MolWrvrar — Wripbar — Y,
+ oYl — ki (det® + detd N[y v, — Y1, — Yy + Yo v — ka(det® — detd [y v,
+ 1Y + Vv + Vo vl — Gilv, Ty 4+ Y@y, — Gal, oy + ¥ dya, ], (N

3In fact, L, and R, are not “gauge fields” as understood by the transformation laws in Eq. (4), such that these vector mesons do not need to
couple with @ by a covariant derivative, unlike in the context of hidden local symmetry (HLS) [59]. The remnant contributions are provided

by h, and hj terms.

4Throughout this paper, we use a symbol “X” for referring to a vacuum value of the quantity X .
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in which ¥y, is the naive-assigned nucleon and v, is the
mirror-assigned one; i.e., these nucleons transform under the
U(2);, x U(2)g chiral transformation as

Vi = &RV, Yu — 8V,

Yo — 8rV¥2, Yo — 8rVar, (8)

with g; € U(2), and g € U(2)g. o, R,L, and Zu are two-
flavor projected light meson fields given by

. L,+R, 1 “a
VMZ%ZE(WN"‘,OT s ©))
- L,—R 1

Ay === = (A +air?),.

with t¢ being the Pauli matrices. In Eq. (7), up is a baryon
number chemical potential introduced to access finite baryon
density. Unfamiliar terms are the k; and k, ones, which
include determinants of the multiplets in flavor space. Al-
though the mass dimensions of k; and k, are [GeV~'] in the
two-flavor case, these terms are allowed by the U(1), axial
anomaly in principle. In particular, the k, term is essential
to reproduce the decay width of N*(1535) — N5 decay in
vacuum [62]. The k; term provides an additional contribution
to the nucleon masses, as will be observed soon. Under chiral
symmetry breaking at finite density, oy, og, and the time-
component of @), possess the mean field values:

on = {(on), ¢s = (os),

respectively [¢g enters through the eLSM in Eq. (6)]. In a
vacuum, these values are reduced to ¢y — Py, ¢s — Ps, and

wy — 0. Note that the trace terms proportional to g;y, hy,
&, and hoy allowed by the chiral symmetry are included to
provide a difference between the pNN and wyNN couplings,
which make the density dependences of the p and wy masses
differ.

oy = (o), (10)

J

EN = N+laN+ + NflﬁNf — m+N+N+
—(gy — hy)sin6 cos ON, ¥ ysN_ —
— (gv — hy)sin0 cos ON_YV'ysN,. —

In Lagrangian (7), although 1//1,(11) and 1//2,(21) are con-
venient to observe the chiral symmetric properties of the
Lagrangian, these fields are not mass eigenstates. The mass
eigenstates N, and N_ are obtained by introducing a mixing

angle 0 as
N. cos 6 sin 6
+) _ ’ Vs Vi ’ (11
N_ —yssinf  cosf /53

with 0 satisfying
2(Mo + 5 97%)
(G + Gy’

G G
0820 — (G1 + Go)on ’

(Gi + G226} +4(Mo + 4.47)°
2(Mo + 467
sin20 = ( 0+ 348) > 12)
(G + G2, +4(Mo + 5¢7)

tan 20 =

and the corresponding mass eigenvalues are

1 ko)
my = §|: (G +G2)* ¢}, +4<M0 + 3‘/51%7) F (G2~ G1)¢N]

13)

for N1 (double-sign correspondence). N, is a positive-parity
state while NV_ is a negative-parity state; then, we assign N,
to the nucleon N(939) and N_ the N*(1535). Equations (12)
and (13) show that the direct U(1), anomaly correction to the
nucleons (k; term) can modify both the mixing angle 6 and the
mass eigenvalues m4. At the point of chiral restoration ¢y =
0, Eq. (13) yields my — My, which shows that the nucleon
masses can be generated without chiral symmetry breaking.’
This is why M) is often refereed to as a chiral invariant mass.

By assuming g,y = b1y = &y = hyy = g (but still gy and
hy are not identical) for simplicity, the Lagrangian (7) is
rewritten into

—m_N_N_ + (gvcos’60 + hysin®0)N, ¥'N, + (gvcos’0 — hysin’0)N, AysN,.
(gv + hy)sin @ cos 9]\7+KN_
(gv + hy)sin 0 cos ON_AN.

+ (gvsin0 + hycos?0)N_Y'N_ + (gysin®0 — hycos*0)N_AysN_ + 2NN, + 28N_wiN_
— ki (det® + det®T)q{sin 20 N, N, + cos 20 N, ysN_ — cos 20 N_ysN,. + sin 20 N_N_}
— k(det® — det®)y{sin 20 N, ysN, + cos 20 NyN_ — cos 20 N_N, + sin26 N_ysN_}

— gvnoNi(on + afT?)Ny
+ gnneaNyi(ny + 1t

N_ — gnnoN_ys(on + aft) Ny

— gNa Ny iys(ny + TNy + guneo Ny vs(ow + agr®)N-

— gnner N_i(ny + TN,

— gnenaN_(on + aT*)N_ — gnon-=N_iys(iy + mT))N_, (14)

3According to Ref. [63], deconfinement implies restoration of chiral symmetry and therefore no hadrons should exist in the chiral limit.
However, this argument does not generalize to finite density as argued by Glozman [64] and supported by lattice investigations [65,66].
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TABLEII. Input parameters in terms of the vacuum properties of
the nucleons.

Inputs in the vacuum Values
. [GeV] 0.939

m_ [GeV] 1.535

g 1267

9% 0.2::0.3 [67)
lqzv*(1535)»1vn [GeV] 0.065

in terms of N, and N_, with

(detd+detd )y = L (2pyoy + oy —nf — djag+7 "),
(detd — detdT)q = igyny. (15)
and
G,—G G +G
8&NNo = — 22 ! Lt 20526,
G+ G G -G
8NNm = 1—; 2 + 12 200529,
G+ G
8NN+ = %Sin 20,
G, -G
ENN*nr = —%sin 29,
G, — G G +G
EN*N*o = 2 7 ! + ]-; 200529,
G +G G,—G
NNt = — 1; = Lcos 26. (16)

The parameters in the PDM together with the remaining
ones in the eLSM are fixed by both the vacuum properties
of nucleons and nuclear matter properties. In terms of the
vacuum properties, input parameters are the nucleon mass
(M), the N*(1535) mass (i71_), the axial charges (gﬁi), and

J

QY = | 2+

in which the effective chemical potential is

Up = UB — Euw®N, (21)

%Here, contributions from N_ are absent. This is true as far as we
stick to lower density pgp < 2pp (po is the normal nuclear density).

m2k; — \J2 -+ mkem?. 4 mIn

the N* — N7 decay width (I'y+(1535)ny), Which are summa-
rized in Table II. (Recall the symbol “X” stands for a vacuum
value of the quantity X.) In our model, the axial charges and
N*(1535) — Nn decay width are calculated as [31]

R by
&= | dwe + (gveos™d — hy sin6) > 5w |.
+ al
AN_ qu ~ Y Ay 81 2 .
8 = - Sn:ner + (gysin“6 — hycos O)rh—quNm, ,
_ 2
(I7)
and
A 1 Iﬁ | 2
Pys3s)ong = o= -G [ + m_)’ — 7], (18)
8w w2
with
IR = G+ )02 — Gy — )]
1Pyl = o )
G = —Z,, (kapncos 20 — gyyir )cos 0y, (19)

respectively. Here, the renormalization factor va and the
mixing angle 9,, are given in Egs. (A16) and (A18), respec-
tively. As already mentioned, the parameter k; is crucial to fit
the N*(1535) — Nn decay in Eq. (18) [62]. The list of the
determined parameters after fitting nuclear matter properties
will be summarized in Table IV in Sec. IV A.

B. Nuclear matter

In this subsection, we construct nuclear matter by combin-
ing the eLSM and the PDM provided in Secs. II and IIT A,
and fit the remaining parameters. Here, nuclear matter is
constructed by the one-loop approximation of the nucleon
combined with the meson mean fields in Eq. (10). Therefore,
the grand potential (per volume) reads®

ki + ki + m3

my
(2) Ao N2, A2y 4 miN _2  84p _4
7 ¢N + Cbs (¢N + ¢S) + §(¢N + 2¢5) - hONCbN - hOSCbS - TwN - TU)N
2 . . A n . . .
[70 (8% + 80) + B+ )" + 2B +200) — havdy - hos¢s:|, (20)

[
with

8o = —1(gvc0s? + hysin®0) — 22, 22)

The Fermi momentum kr is defined via the relation uj =

Vi + m 1., and the baryon number density pp is given by
PB = 371 <2;k3. Note that the vacuum contributions to the grand
potential have been subtracted to measure the thermodynamic
quantities properly. The grand potential in Eq. (20) and gap
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TABLE III. Input parameters in terms of the nuclear matter
properties.

Inputs in nuclear matter Values
Pl,, 0
mglp [GeV] 0.923
K [GeV] 0.24
equations with respect to ¢y, ¢s, and @y,
002 QR 02
— =0, — =0, — =0, (23)
oy dos dwy

are essential to get nuclear matter quantities and determine
the density dependence of the meson masses consistently with
the vacuum ones. We should note, in the current approach, the
NN coupling (g,,) in Eq. (22) depends on the density via the
mixing angle 6 because we have assumed gy # hy.

In this study, the saturation condition at the normal nuclear
density po = 0.16 fm~: %(%)lpo = 0 (E is the total energy
and N is the mass number), the binding energy per nucleon
£y — ;. = —16 MeV, and the incompressibility K = 0.24
GeV are chosen as input parameters by nuclear matter prop-
erties. First, the saturation condition reads

9 (E ) _ P
dps\N /|, pp
in which pg = N/V have been utilized, with the help of simple

thermodynamic relations

E = —PV + 13N 25)

=0, 24)

Lo

and
dE = ugdN, (26)
with dV = 0. Thus, we arrive at
Pl,, =0. (27)

The pressure of the medium is simply defined by P = —Q/V
with Eq. (20). Next, using Eq. (27), the condition for the
binding energy per nucleon is reduced to

E
N| = #sln =0923GeV, (28)

o

together with Eq. (25) and iy =0.939 GeV. Finally,
again by using Egs. (25), (26), and (27), we obtain the

11
()™ (fre) ¥

1.0 —_— )" ()
0.9¢

Re)

w© 0.8

14
0.7¢
0.6}
0. ' . :

8.0 0.5 1.0 1.5 2.0
P8/ Po
FIG. 1. The density dependence of (f;)™¢/(f,)"* and

(fx )™ /(fx)¥ for My = 0.8 GeV and k; = 0.
incompressibility

3% (E
dpa \N

The input parameters in terms of the nuclear matter properties
are summarized in Table III.

9
= 9,00(&) oy = 0.24 MeV. (29)
Lo a'oB Vv

IV. RESULTS

A. Parameter determination

Before showing numerical results of meson mass modifi-
cations in nuclear matter, we determine the remaining model
parameters by fitting the inputs in Tables II and III. Our
procedure leaves two free parameters. Hence, we select M
(chiral invariant mass) and k; [the strength of direct U(1)4
anomaly effect to the nucleons] as free parameters.

The fixed parameters with a given set of My and k; are
summarized in Table IV. Because of the strong constraints
by nuclear matter properties, the allowed range of M is
0.6 GeV < Mj < 0.8GeV. In terms of k,, we could find two
solutions since the formula to calculate the N*(1535) — Np
decay width in Eq. (18) includes a quadratic term of k,. Here,
we pick up the solution of which the absolute value is smaller
as done in Ref. [62]. Although the value of g’} includes a
large uncertainty as given in Table II, we fix gf{* = 0.2 here
since the results are largely insensitive to a change of §]X‘
within its error range. We should note that when the four-point
interaction among spin-1 mesons [g4, term in Eq. (6)] is
absent, we fail to reproduce the incompressibility. We assume

TABLE IV. Determined remaining parameters with given M, and k. In this table, we define dimensionless quantities k= k1</3N and

];2 = szigzv-

M, [GeV] ki G G, k gv hy g M gup
0.8 5 —0.2924 3.329 —19.60 21.10 8.063 —6.333 —22.73 39.09
0.8 0 3.922 7.542 —0.2467 3.847 —9.186 —2.623 —22.98 42.01
0.8 -5 5.324 8.945 0.8113 2.625 —10.41 —2.668 —22.67 2.442
0.7 5 1.488 5.109 —4.392 8.432 —4.601 —4.350 —22.54 114.4
0.7 0 4.386 8.007 0.1265 3.381 —9.652 —3.683 —22.84 171.9
0.7 -5 5.497 9.118 0.9509 2.506 —10.53 —3.537 —22.48 106.7
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spin-0

My = 0.8GeV

0.0 0.5 1.0 1.5 2.0
Ps/Po

spin-1

141

]\{0 =0.8GeV
k‘] = 0

Mass [GeV]
5

0.8k
0.6}
0.0 05 1.0 15 2.0
Ps/pPo

FIG. 2. The density dependence of spin-0 (left) and spin-1 (right) meson masses with My = 0.8 GeV and k; = 0.

the sign of g4, should be positive. Otherwise, we could find
a nonzero @y even in the vacuum, which is forbidden by the
Lorentz invariance. Furthermore, to determine the value of g,
we have chosen a solution in such a way that the value of
@y is always positive. We emphasize that we could confirm
the first-order liquid-gas phase transition takes place at ug =
0.923 GeV [68].

A simple way to define the pion and kaon decay constants
is [69]

v

V2¢s + ¢
Z. :

med __
. )T = 2Zx

(fo)red = (30)
as a naive extension of the vacuum ones: (f)" = A
and (f)" = (V2s + ¢n)/(2Z) [Zx, Zk, Zyx, and Z are
renormalization factors defined in Eqgs. (B4) and (A14)]. By
employing Eq. (30), the density dependences of (f;)™¢ and
(fx)™d for My = 0.8 GeV and k; = 0 are depicted in Fig. 1.
This figure clearly shows the partial restoration of chiral sym-
metry at finite baryon density [70,71]. The reduction ratios of
fr and fx to the vacuum ones are ( ;)™ /(f;)"* ~ 85% and
(f)™ed /(fx)V* ~ 87%, respectively.

B. Numerical results

Here, we calculate self-energies of scalar, pseudoscalar,
vector, and axial-vector mesons and show the resultant mass
modifications in nuclear matter. The grand potential (or equiv-
alently the effective action) has been obtained at one-loop
order of the nucleon with the meson mean fields in Eq. (20),
and the “ground state” of the system has been determined
by solving the gap equations with respect to ¢y, ¢s, and oy

spin-0
147 Mo =0.8GeV | =seeeen £
. - 5 1 sesssws K
o 4 e < — L
8 1.0 T ao
—_— /
2 0.3¥ —_
T 0.6} — K
=

0.4f 1
™

0.2} .

0.0 0.5 1.0 15 2.0

Pslpo

in Eq. (23), respectively. Accordingly, the meson masses in
nuclear matter are defined by including one-loop corrections
in addition to the meson mean fields [49,72].

A self-energy for the meson X at one-loop order in mo-
mentum space generally depends on the external momentum,
but here we consider ITx(qo, § = 6). In our approach, since
the one loops are regarded as corrections to the meson mean
fields, we reduce the self-energy to a local form approximately
as Ix(qo, 6) — Ix(my, 6), with my being a mass of meson
X in the mean-field approximation defined in Egs. (A8)-
(A11). Because self-energies of the mesons are intricate,
detailed calculations of the one-loop self energies of the
mesons are provided in Appendix C for spin-0 mesons and in
Appendix D for spin-1 mesons. If the meson X is not affected
by any mixings, then the medium mass of meson X is sim-
ply given by (m} )™ = m3 + Ix(my, 0). But in fact, some
mesons mix with others as in Ref. [35], which forces us to
solve them. We summarize the procedure to solve the mixings
and each meson mass formula in medium in Appendix B.

The resultant plots with several choices of M, and & (121 =
kidy) are depicted in Figs. 2-5.7 Although the reproduction
of nuclear matter properties allows the value of k; to be
up to ki, ~ 5, when we take k; ~ 5, the mass of 17 meson
drops significantly and becomes negative in the lower density

"In these figures, f& and fI’ indicate the scalar-isoscalar mesons
possessing smaller and larger masses in our model, respectively. fi¥
and f5 are the axial-vector-isoscalar mesons without and with the
(anti)strange quark, respectively. Also, wy and wg correspond to w
meson and ¢ meson in the Particle Data Group (PDG) notation.

1.4

=
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o
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g
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S
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0.5 1.0 1.5 2.0
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FIG. 3. The density dependence of spin-0 (left) and spin-1 (right) meson masses with My = 0.8 GeV and k = —5.

035209-7



DAIKI SUENAGA AND PHILLIP LAKASCHUS

PHYSICAL REVIEW C 101, 035209 (2020)

spin-0

1.4F5
1.2
310

[0

]\{() =0.7 GCV
k‘l =0

o
% 0.8
206
0.4
0.2
0.0 0.5 1.0 1.5 2.0

PslPo

Mass [GeV]

0.0 0.5 1.0 1.5 2.0
PslPo

FIG. 4. The density dependence of spin-0 (left) and spin-1 (right) meson masses with My = 0.7 GeV and k; = 0.

regime (1.5 < p/po), caused by the contact interaction with
the nucleon [described by the second term in Eq (C3)]. This
behavior leads to an n-meson condensation phase that breaks
parity, which should be discarded. In other words, the mass
reduction of the 1 meson is sensitive to the value of k.
Experimentally, while the n-nucleus interaction is known to
be attractive, its binding energy has not been determined
well [30]. Our results suggest k; &~ 0 is preferable so as to
get an appropriate mass reduction at finite density.

Also, we find the mass of f; is (m )" = 0.18-0.27 GeV
in vacuum, and increases as we access finite density. The Par-
ticle Data Group (PDG) shows the mass of the lightest scalar-
isoscalar meson [ fo(500)] is in a range of ms00) = 400-500
MeV [73], which contradicts our results. However, the decay
width of f,(500) is large as well: I', 500y = 400-700 MeV,
such that we need to include the dynamical processes to
estimate the fo(500) mass properly by the fi one in our
model. We discuss this issue in Sec. VI in detail.

All figures indicate the masses of f({f , K, ao, n’, and
n mesons decrease at finite density. Especially, the mass
reduction of 1’ is about 200 MeV at normal nuclear density
pp = po for all cases, which is larger than those in previous
studies [10,12,13] where the estimations are about 100 MeV.
The large reduction of the n” meson mass would support the
possibility of the formation of 1" mesic nuclei as well as the
effective restoration of U(1),4 axial anomaly, but experimen-
tally, the potential depth has been reported as V = —[44 +
16(stat) &= 15(syst)] MeV [27]. This discrepancy could be
solved by employing a three-flavor PDM, which will be
discussed in more detail in Sec. V.

spin-0

0.0 0.5 1.0 1.5 2.0
Pslpo

Regarding the spin-1 mesons, the fis-, K;-, fin-, a1-, ws-,
and K*-meson masses decrease as the density increases for
any choice of My and k;, whereas for the p- and wy-meson
masses, it depends on the specific parameters. For M, =
0.8 MeV, the p-meson mass decreases slightly while the wy-
meson mass scarcely changes at pg = pg. On the other hand,
for My = 0.7 MeV, the p-meson mass does not change while
the wy-meson mass increases at pg = pp, and both masses
increase at higher density. The experimental result shows the
mass reduction of wy meson is —[29 £ 19(stat) = 20(syst)]
MeV at normal nuclear density, whereas a large imaginary
part of the optical potential of 70 MeV is also expected [30],
such that the choice of My = 0.8 GeV is preferable. In fact,
we have confirmed that the smaller value of M, we take,
the more rapidly the wy meson mass increases as we access
the finite density. It is worth noting that the difference of the
density dependence of p and wy meson masses are induced
by the difference between the pNN and wyNN couplings,
which is allowed by the chiral symmetry as mentioned in
Sec. IIT A.

The p meson is regarded as chiral partner to the a; meson
within the two-flavor chiral symmetry such that the p-meson
mass shift in nuclear matter is significant to study the partial
restoration of chiral symmetry in medium [74,75]. Although
all figures show that the p and a; mesons tend to degenerate
at higher density, we need to include the decay widths and
a broadening effect in order to study the mass shifts more
precisely [76-78].

The mass reduction of fjy meson at normal nuclear density
is about 150-200 MeV, which is larger than the result in

-
EN

-
N

Mass [GeV]
5

0.8
0.6
0.0 0.5 1.0 1.5 2.0
Pslpo

FIG. 5. The density dependence of spin-0 (left) and spin-1 (right) meson masses with My = 0.7 GeV and k= —5.
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TABLE V. The allowed value of M, for each r1_.

m_ [GeV] Range of M, [GeV]
1200 0.57-0.75
1400 0.60-0.79
1535 0.61-0.81
1650 0.62-0.82

Ref. [79] using the QCD sum rule approach in which the
mass reduction is estimated from 55 to 130MeV. In the
above reference, the @ and fy mesons are regarded as chiral
partners in the context of two-flavor chiral symmetry within
the large-N, limit. In our calculation, although the chiral
symmetry is not restored sufficiently, we can clearly observe
a tendency of degeneracy of the wy and fiy mesons. In
terms of the wg meson, we find a mass reduction of a few
percent, which is comparably consistent with the experimental
data [18]. This small mass reduction is realized within our
model by assuming the large-N, suppression, i.e., by dropping
h; term in Eq. (1).

As mentioned earlier, for the fitting procedure yielding
Table IV, we have assumed that the axial charge of N*(1535)
is g’} = 0.2 while the value includes a large uncertainty, as
indicated in Table II. Therefore, we have varied the value
from g} = —0.1 to g}~ = 0.5 and found that all masses are

insensitive to the value of gﬁ*.

C. Other choices for N_

While we have assigned the N*(1535) to N_ in Sec. IV B,
it is possible to regard another nucleon as the chiral partner
to the nucleon N(939). To examine such a possibility, we
simply change the input parameter 71 to i1 = 1.2 GeV, ii_ =
1.4 GeV, and rii_ = 1.65 GeV, whereas the other inputs except
for the N — N, 7 decay width are unchanged, since the mass
modification of the mesons has been found to be less sensitive
to gy and Ay . The values of k; and k; are fixed to be zero here
for simplicity.

A range of allowed values of M| for each choice of ri_
is listed in Table V. This table shows that the smaller value
of m; we take, the smaller value of M, we can obtain, as
can be anticipated naively. We also plot the resultant density

dependence of meson masses in Fig. 6 with i_ = 1.4 MeV
spin-0
1.4f7 My =0.79GeV | =weseee iis
12 N B = 1.4GeV | sevenes K}
. S s L L LT TR [ ft{‘
§ L o o
= 0.8\ —_—
g o6 In(
0.4
™
0.2p-ooo
0.0 0.5 1.0 1.5 2.0

PelPo

and My = 0.79 GeV, and in Fig. 7 with mi_ = 1.65 MeV and
My = 0.8 GeV. The other parameters are listed in Table VI.
Figure 6 shows a rather reasonable value of wy-meson mass
at pg. When we plot the result with /2 = 1.2 GeV, the 1 mass
turns imaginary below pp & 1.3p9 which is unphysical for
any allowed values of M.

V. DISCUSSION

In this section, we discuss the density dependences of 7
and " mesons. The results in Sec. IV show that the " meson
mass is reduced by approximately 200 MeV at normal nuclear
density pp = pg, which is greatly larger than the experimental
result of V = —[44 £ 16(stat) &= 15(syst)] MeV [27]. This
discrepancy could be improved by extending the two-flavor
PDM to the three-flavor PDM.

For instance, following the procedure in Refs. [62,81], the
ky term describing U(1), anomaly in Eq. (7) is replaced by

/

chm| = —%(wmns +¢sn3)NeNs, (D)
[the factor 1/(2+/2) is not important] when we employ the
three-flavor version of PDM. Here, to demonstrate how the
n’-meson mass in nuclear matter is improved by Eq. (31), we
only replace the k; term in Eq. (7) by Eq. (31) and leave all
other terms unchanged. Besides, we adopt the parameter set of
the second line in Table IV apart from k. The resultant density
dependence of n- and n’-meson masses with ¥’ = 0, 15, 30
%' = K/dgl%,) is depicted in Fig. 8. The dashed, dotted, and solid
curves correspond to the results with ¥ =0, ¥’ = 15, and
k' = 30, respectively. The figure shows that when we use the
larger value for &/, the resultant mass reduction of n” meson
in nuclear matter gets small. Note that the result with ¥’ =0
coincides with the one in Fig. 2.

The demonstration provided above implies that the large
mass reduction of 1’ meson in nuclear matter obtained in
Sec. IV can be improved by employing the three-flavor PDM,
especially by the U(1)4 breaking term. In the same way,
the «’ term also generates Eiﬂ;ﬁﬁy lk = &’ ‘%K*K’]\_/JFNJr
and the resultant mass reduction of the kaon at pp = pg
reads approximately 100 MeV for &’ = 15 and 230 MeV
for &’ = 30, respectively. These results show that the kaon
mass also becomes dependent on the density when we employ
the three-flavor PDM, while experimentally a mass shift of
the K~ meson to about 270 MeV at pgp = 2pp has been

spin-1

Mass [GeV]
5

o
oo
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o
)

05 1.0 15 2.0
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o
o

FIG. 6. The density dependence of spin-0 (left) and spin-1 (right) meson masses with ii_ = 1.4 MeV, My = 0.79 GeV, and k; = k, = 0.
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FIG. 7. The density dependence of spin-0 (left) and spin-1 (right) meson masses with mi_ = 1.65 MeV, My, = 0.8 GeV, and k; = k, = 0.

observed [82,83] (for a mass shift of the K™ meson, see, e.g.,
Ref. [80]).8

The treatment employed in this section violates the chiral
symmetry explicitly because we have assumed that «’ does not
depend on density, although «’ is a function of the density-
dependent nucleon mass. Besides, for more precise under-
standing within the three-flavor PDM, we need to take other
interacting terms allowed by chiral symmetry into account in
addition to Eq. (31) [81,85]. Such a global analysis is beyond
the scope of present work and left for a future publication. The
mass splitting between K and K can also be generated within
such a global analysis. However, the density dependence of
spin-1 meson masses is expected to be largely unchanged
compared with the current study even if we employ the three-
flavor PDM, since the interactions among spin-1 mesons and
nucleons in the three-flavor PDM are essentially the same as
the ones in Eq. (7) [81].

VI. CONCLUSIONS

In this study, we have investigated the mass of scalar,
pseudoscalar, vector, and axial-vector mesons in nuclear mat-
ter comprehensively by employing the three-flavor extended
linear 0 model and the two-flavor parity doublet model. To
this end, we have calculated one-loop corrections by the nu-
cleons to the meson mean fields. To fix the model parameters,
vacuum properties of the nucleons as well as normal nuclear
matter properties are used as inputs as shown in Tables II
and III. As a result of a strong restriction by the latter inputs,
we find the value of the chiral invariant mass (M) should
be in a range of 0.6 GeV < My < 0.8 GeV, when we regard
N*(1535) as the chiral partner to the nucleon.

The results show that all spin-0 meson masses except the 7,
K, and the lightest scalar-isoscalar ( fOL) ones decrease at finite

baryon density. In particular, a mass reduction of n” meson is
about 200 MeV, which is larger than shown in the previous
works [10,12,13]. Also, in terms of the direct U(1), axial
anomaly contribution to the nucleons, we find k; &~ 0 [k; is
given in Eq. (7)] so as to obtain an appropriate mass reduction
of the n meson at normal nuclear density.

For spin-1 mesons, all axial-vector meson masses decrease
at finite density, while density dependences of p and wy
mesons depend on the value of M. In particular, the wy
meson mass increases at finite density when we take a smaller
value of M. The experimental result suggests a small reduc-
tion of the wy-meson mass at normal nuclear density [30];
hence, to reproduce such behavior, My ~ 0.8 GeV is prefer-
able within our framework. Unlike for spin-0 mesons, the
large-N, suppression is assumed in our approach so that the
chiral partner structure of the wy and fiy can be observed as
proposed in Ref. [79].

We expect our results to provide useful information on
meson mass shifts in nuclear matter to existing and upcoming
experiments, especially with regard to the partial restoration
of chiral symmetry and U(1), axial anomaly restoration.

In what follows, we discuss topics which are not covered
in this paper. The small vacuum mass of the f} and the
large mixing with f# might be an indication that another
scalar-isoscalar resonance is needed to obtain correct vacuum
values for the fy mesons. For instance, in Ref. [47] the authors
found that at nonzero density a light tetraquark has a strong
influence on the medium properties of the system due to the
interplay of two condensates, the tetraquark and the chiral
condensate. A tetraquark degree of freedom x in the leading
order of the large-N, expansion in the two-flavor case can
be incorporated into the current model using the following
interaction terms [40]:

c - —
Lyoo = Sx(og +7° — o —11y). (32)
8The mass reduction of the K~ meson by about 100 MeV at pp = w2 ) )
0o is found in the quark meson coupling model; see, e.g., Ref. [84]. Lyay = EX (,OM +aj, — o, — fl,u)v (33)
TABLE VI. Parameters for m_ = 1.4 GeV and rin_ = 1.65 GeV for the plots in Figs. 6 and 7.

m [GeV] M, [GeV] ki G, G ko 8v hy g Al 84p
14 0.79 0 3.839 6.639 4.060 —8.973 —2.531 —23.01 3.420
1.65 0.8 0 4.023 8.343 3.661 —-9.372 —2.792 —22.95 89.84
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FIG. 8. The density dependence of n’ (purple) and n (blue)
masses with the interaction term (31). The dashed, dotted, and solid
curves correspond to &' = 0, &’ = 15, and &’ = 30, respectively.

where the new eLSM Lagrangian would be given as

e
— X+ Lyoo + Loav-

1
Lesm = Lersm + =09, x9" x >
(34)

2

In this framework, the tetraquark is assumed to be mostly
fo(500), while the oy and og correspond most likely to

J

fo(1370) and f,(1700), respectively, as previously eLSM
studies have shown [32,33,40]. Note, while in Ref. [40] the
authors found a negligible tetraquark condensate, the situation
here might be different due to the inclusion of the ¢ conden-
sate which is not considered in Ref. [40]. Modification of our
model by including the tetraquark as in Eq. (34) will be left as
a future work.
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APPENDIX A: MESON MASSES IN VACUUM

Here, we show mass formulas of scalar, pseudoscalar,
vector, and axial-vector mesons in vacuum obtained by the
three-flavor eLSM in Eq. (6). By reading the quadratic terms
with respect to the meson fields in Eq. (6) in the presence of
the mean fields in Eq. (10), first we find

red 2 2 2 2 2 2)
Lo = L0+ Loy + Lighen + L) + L0 + Ly + -+, (A1)
with
) 1 m<27 2 Moo 5 2
L% = EBMGNE)"UN - 2N oy + Eaﬂasaﬂog - TSUS —mg , ONOS
1 wv czuzv " ) =0\2 1 v miS m
— ZwNNVa)N + > Wy + 2g4pa)N(a) ) — Z“’S/wws + > Wsp g, (A2)
o) 1 mgo v, M _2 . =082
Lop = Eauaga%% - Tagag — Zp,‘jvp”“ + 7,03,0““ + 284,05 (p" )7, (A3)
2 % * .- * ok ok 1% . ¢)S ¢N 74 * ok 7k
‘C:;(U)K* = 0,K;0" Ky + igion oKy Ky — mf(JKOKO +igi (E - 7)([(“8”“[(0 — "KyK)
1_ _ 1 _
— EK;VK*’“’ + mg KK + §g4pc?),2\,K*“=0K*“=0, (A4)
@ _ 1 my o, 1 My 5 " "
Lop = 500"y — ==y + S8uns9%ns — —Fi1s — my o avns — §1¢n O fiy — V2165951
1 iy mjzcw m 1 my m%s " _2 ( ,u=0\2
- Zle;wle + Tleule - ZflS;wf]s + TflSuf]s + 2g4pr(f]N ) s (AS)
1 m;21 a, 1 apy mi a _a — =0\2
L3 = 50 9 — S — 1N mial’ — Za‘l‘wal" + Talﬂal“ + 2g4,0% (a=")7, (A6)
Ly = 0,Kd"K +ig1on0KK — myKK — g (ﬁ + %V)(Kmam + 0"KK,)
1. ; _ 1 o
-3 KoK + mg Ky, Kl + §g4pw§,1<1“ OKi=0, (A7)
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where we have defined

3
my, = mg + <3)»1 + 2)»2>¢>N + higs — —(hz + I3y,

m2 = md+ rdy + 300 + A3,

my . = 2M1¢nds.

3 1
my = m§ + (xl + 2x2)¢N + A7 — E(h2 + h3)ag,

b —Onos

mg{g <)‘1 + >¢’N + O+ M5 + 7

yao 1 2
—&i T Z(hz + h3)dy (A8)

for scalar mesons,
miN = m0 + ()»1 + )(PN + )»1¢S + C1¢N¢§
1 -2
- E(hz + h3)@y,
wl, =+ 1ag + G+ 20 + o,
my o= %@%ﬂﬁs,

my, = mg + <)¥1 + = >¢N + hids — —(hz + h3)@y,

my = mj + (M + )¢N + O + ) — ém%
w1 B
—gi— — (e +h)ay (A9)
for pseudoscalar mesons,
1
Moy = mi + 5 (2 + )y + 2840y,
m = mi + (hy + h3)$s + 285,
m127 = mz)N’
m12<* = (g2 +h2)¢1v (81 + hz) §
1
- 72(/13 — &)ngs + 8s + gapay  (A10)
fOI‘ vector mesons, and
1 )
m?w = ml + = ) (281 + h2 hg)(ﬁ]%] + 2g4p0)12\,,
mﬁls =mj + (2¢] + ho — h3) 5 + 255,
2 2
m, = mf]N’
2 2 1 2 2 1 2 2
my, = mi + (81 + h)dy + 5 (81 + )5
1
- E(’B — &) ngs + 8s + gy (ALl

for axial-vector mesons, respectively. With respect to K (K)
and K} (K}) mesons, we have defined the mass at finite
chemical potential in the same manner as the “effective mass”
in Ref. [86].°

In Eqgs. (A3)—(A7), a term proportional to |[V*=02 (V =
0, K*, fin, a1, Ky) is present. Field theoretically, one simple
way to remove the unphysical mode of the massive spin-1
meson is to start on a perturbation series by a Proca-type
Lagrangian. Thus, in order to restrict ourselves to the Proca-
type Lagrangian, we simply discard such a problematic term.

The masses of ay, wy, ws, p, K*, fin, fis, a1, and Kj in
vacuum are straightforwardly obtained as

(mZU)VaC ’/;’lzo’ (mz)N)VaC — ’/;\12 - (mZS)VaC — ,/;\13)
(mi)vac — ’/hi’ (m%(*)vac _ A%(*’ (mjzrw)vac _ ,\chwy

()™ = s ()™ =g, (i)™ = i

where n%)z( (X = oy, 03, ap, . .. ) represents the corresponding
mean-field masses in Eqs. (A8)—(A11l) in which ¢y, ¢s, and
@y are replaced by @y, ¢s, and 0, respectively. For the other
mesons, we need to solve the mixings. As done in Ref. [35],
by introducing mixing angles and redefining the spin-1 meson
fields appropriately, we find

(mZ)vac — szZ (mig)vac _ Aégﬁﬁ(*,

T T T
5 \vac oy s (A13)
(mK) = Ly,
with
N Mg,
er = ,
1, — g1y
N 2
Zx; = K , (Al4)
Jamd. - @@y — V2gs»
N 21
Iy = el
J4i — &Gy + Vs
for 7, Kj, and K, while
1
2 vac A2 ) “
() = 5 O 05, & V2, =) + 4 ).
1
2 vac 2 \vac 2 \vac
(mn’/n) ) (mrm) + (mrzs)

+[02)"™ = ()™ +40m,,)™ ),
(A15)

°If we define the mass by mxc = wx (k| = 0) (K = K, K, K}, K?)
with wx being the dispersion, then the masses of K and K (K and
K split.
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: : 2 yvac _ 72 2 2 yvac _ 72 ~2
in  which (};1 2) 4_ Z, i o (my )Y =2y, and
vac P 1
(mﬂNﬂs) Z’?NZT’IY nNns Wlth
Ty A Ty
. My — fis (A16)
22
U % 26163

for oy, os, Ny, and ns. In obtaining Eq. (A15), we have
diagonalized the mass matrices as

fE cosf, —sinb,\ [on AL7
) 7 \sind, cos, oy (Al7)
and
n cosf, —sind,\ [0y AlS
n') ~ \sinf, coséd, J\ns) (Al18)
by introducing mixing angles 6, and é,, satisfying
A zmtzflv os o) Zﬁ/l%N s
tan 290 = W s tan 20" W . (A19)
os oN UN N

APPENDIX B: MESON MASSES IN NUCLEAR MATTER

In this Appendix, we discuss general properties of meson
masses in nuclear matter. In the present analysis, we define
the meson mass in nuclear matter as a pole of each propagator
with vanishing three-momentum in which one-loop correc-
tions by the nucleons in addition to the meson mean fields
are included. A self-energy including one loops in momentum
space generally depends on the external momentum, but here
we consider Ilx(qg, § = 0). In our approach, since the one
loops are regarded as corrections to the mean-field approxima-
tion, we reduce the self-energy to a local form approximately
as Iy (qo, 6) — Iy (my, 6) with my a mass of meson X in
the mean-field level defined in Egs. (A8)—(A11). The concrete
expressions of TlIx(qo, 0) will be given in Appendixes C
and D.

For convenience, let us define the quantity

2 = m: + Ty (my, 0). (B1)
Then, as a naive extension of Eq. (Al2), ay, wy, ws, p,
K*, fin, fis, a1, and K; masses in nuclear matter are easily
provided by

(m2 )med _ ﬁ12 (m2 )med _ ~2 (m2 )med ,,2

ag — May» o — oy ws =my,
(m/%)med = ﬁlf” (mé*)med = I’T’l%(*, (mJZﬂN)med = ~§IN

J

()™ =g ()™ =g (i)™ = i
(B2)

For the other mesons, we must solve the mixings as done in
Appendix A. Namely, as in Eq. (A13) , K}, and K masses in
nuclear matter are

(m2)™ = z2m2,  (mi)"™ = Z2. 2,
(m)"™ = 22, (B3)
with
Z?T = ﬁlal s
m;, — g1y
2~ *
Zgy = LS ,
Ak, — oy — V2952
-
Zx = K . (B4)
At — G+ V25
For oy, os, ny, and ng, we find
2 med 1
)™ =3 o+, Vi, =) + )+, |

2 med 1 2 \med 2 ymed
(mn’/n) = 5{(mmv) + (mns)
med med med
T2 )™ = (2 )T + ()™,
(BS)
where d(mf, )2"“3"2 Z2 rhfm, (m med = Z,%Snﬁis, and
me :
( ﬂNﬂs) ZﬂNZﬂs nN1s with
ZUN _ m
v i, 8 1¢N
Z = L (B6)

v e —2g¢r

as in Eq. (A15) by introducing appropriate mixing angles.

APPENDIX C: SELF-ENERGIES FOR THE SPIN-0 MESONS

Here, we list explicit forms of self-energies for the spin-0
mesons in nuclear matter with vanishing spatial momentum.
The couplings with the nucleons for each meson can be read
by the Lagrangian (14). By defining E; = v/ |k|*> + mi, we
can get the following results:'

H(TN (5107 6) = 7_[2

4k 20 — gnnveo ) R -
_ 4(kigpncos ENN*o) f ik
0

2

8(k1pnsin 20 + gyng )’ /k"' dif
0 Ec(4E7 — q5)

k|2 21K
E; 6]3

kI 2my ke k)
+ —kisin 26 d|k|—
v 0 Ey

g5 +my(my +m_)(q§ — (my —m_)?)
— 2020k + m2 4 m2)gE + (mE —m2 )2’

(CH

10As stated in the main text, only the nucleon N(939) forms a Fermi surface since we stick to lower density.
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~ 8&w. [ -
M4, (q0,0) = 7/0 d|k|Ek(4E2—

 4gw- IK|? 21k |

|k |* 2m |k |?
— —-kisin 26 d|k|—
2) 7.[

G my(my +m_ )[61(2) -

Ex

(my —m_ )2]

JONN*o. d
772/0. K| ——

Ey ‘10

2021k12 + m% + m?)q} +
|k2Ex

, C2
(m3 —m* )2 €2

H’IN (‘]()’ 6) =

8(kapnsin 20 ) (ke
(ka¢pnsin ’ + gnn7) / ik
T 0

_ 4(ka¢ncos 20 — guwr)’ / dik
7T2 0

and
|k|2Ey

(aE2 -

- 1k 20k Pq
Ek qo

2my |k|2
— k151n29 d|k|—
2 Ex

a3)
2y (my —m)(q2 — (my +m_Y)

2021k12 4 m2 + m? gt + (mE —m2

; (C3)

osd e
M0, 0) = 22 [ ai
0

2my |k|2
+ ksn29/ dk—
GE =) ks ; k|

- kP 2IkIq

Ej

5+ my(my —m_)(q§ — (my +m_)?)

_ 4g%VN*7r /
7T2 0

The remaining spin-0 mesons do not couple with the nucle-

Ey qo

ons directly so that T, (qo, 6) = Ik; (qo, 6) = I, (qo, 6) =
M (go. 0) = 0.
APPENDIX D: SELF-ENERGIES FOR THE SPIN-1 MESONS

In this Appendix, we show the explicit forms of self-
energies for spin-1 mesons in nuclear matter with vanishing
spatial momentum. Before showing the results, to begin with,
we discuss a general property of a spin-1 meson propagator in
medium.

First, let us assume a propagator of a free spin-1 meson
with mass m in the vacuum takes the form of “unitary gauge”:

ny _ —i quV .
Dy (q) = —— . <g/w ) (D1)
then, the inverse propagator is given by
(0g")" (@) = itg® = m*)g"" —iq"q" (D2)

(¢* = g} — 1G1*). Next, let us denote the self-energy in
medium by
" (g0, §) = " (q0, PP + " (g0, PP

+IT'(q0, )(g"" — v*v") + (g0, V"0,
(D3)

where the three-dimensional transverse and longitudinal pro-
jection operators are defined by

T 4, L 9u9v T
P,w=gm(5ij—W>gju, P,w=7— w = Py,

and v* = (1, 6) fixes the reference frame of the medium.
Hence, according to the Dyson equation (D~")*V(gqq, §) =
(Dy 'y (q) — iT1*(qo, §), we find the full propagator
in medium expressed in terms of I17(qo,q), I1*(qo, ),

(D4)

— . (C4)
2(2|/<I2 +m% + m?)g) + (mi — m?)?

[
IT°(q0, §), T (g0, §) as
. 2 2 t °
I1 )
X7 (g0, §) X*(qo0, 9)
G*lg* — m* + 1" (qo, §) — ' (q0, §)] 44"
XL(q0, ) 7

2 I’ 7) — II° =
7l (qo,Lq) L (qo, 9] oY, (D5)
X*(qo0, 9)

+

+i

with
X"(q0.9) = ¢ —m* + 1" (q0. §) — T°(q0. )
X"(q0. §) = q3lm® + ' (qo. Plg" — m* + 11" (0. §)
— I1%(q0. )] — |1 [m* + T1* (o, Pllg* — m*
+ M (q) — I (g)]. (D6)

The transverse (longitudinal) mass of a spin-1 meson is de-
fined by the pole position of the full propagator in Eq. (DS5)
with vanishing spatial momentum: X7®) (g, 0) = 0. In cal-
culating Eq. (D6), practically, it is useful to employ the
following relations [87]:

1 909" _0 49 i
HT(QO7C7) — _PU«V - 1-[10 - I—Il]7
2T g ik
2 0
- q9°q
Mg, ) = —5
q0lq|
__ad o 49’ q' ;
(g0, §) = =5 1" — TV = ——¢, 1",
1G] 117 1> ™"
t 1700 q o 1 20
M (q0, ) = 1" — —I" = —q, [1*". (D7)

q0 q0

At first glance, X (o, 0) and X~ (g, 0) do not coincide by
Eq. (D6), which allows us to define the two kinds of masses of
spin-1 meson in medium. However, according to the explicit
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calculations in our model, we find 17 (g, 0) = I1%(go, 0) =
i

g3 — m2 + 1Y (g0, 0) —

D" (qo, §) =

—P.
M*(go, 0)

1" (qo, 0) and the full propopagator (DS5) turns into

i
_ PPt (DS)
g3 —m> + 1 (g0, 0) —

M*(go, 0) ©

which clearly shows that the masses of spin-1 meson in transverse and longitudinal components are identical as naively expected.
In the following, we will show the results of self-energies for spin-1 mesons in nuclear matter. The interaction terms are

extracted by Eq. (14) as in Appendix C. We should note the self-energy ITx (¢, 0) here is defined by Il (go, 0) =

1% (g0, 0). The results are

—I1% (g0, 0) +

Moy (g0, 0) = — ( 2 4 hysin0) + 23 2/ aff FL2RE + 3, 4 ( hysingcosd]
© , cos sin —_ — hy)sin 6 cos
w (0 372 8v v 8 A Ey 4E2—q2 372 8v v
§ / i K12 3my (my — m_)[(my +m_)* — @] + 21k12(m2 — m? — 2q0)’ 09
0 Ei q5 —2(2|k|2—i—m+—i-m,)q0—i—(m+ —m?)?
_ 8 2 k)2 21k12 4 3m2 4 2
I1,(qo0,0) = i 2|: (gvcos 0 +hV51n29):| /0 d|k|E_k4Ez——qz+ i 2|: (gy — hy)sin@ cos@]
X/ d|k||k|2 3my (my —m)[(my +m_)* = g§] + 2[KI* (m3 — m? ~24) D10
0 Ey qo—2(2|k|2+m+—+-m,)q0—f-(m+—m,)2
I, (g0, 0) 16 ( 29 —h 29)2f d|k||k|2 W 1( + hy)sin 6 cos 6 2
,0)= — cos sin —_——t —| = sin 6 cos
fiv 4o 372 8v 1% A 4E2 372| 2 8v 1%
§ /kpdl ||k|2 3m+(m+ +m)[(my —m_)* — q3] +2|k|2(m2+ —m? — 2q(2,)’ oL
0 E; —2020k12 + m2 +m?2)g} + (m% —m*)?
and
My, (90, 0) = T, (g0, 0). (D12)
The remaining spin-1 mesons do not couple with the nucleons directly so that I, (qo, 6) = Ik~ (qo, 6) = Iy, (qo, 6) =

Ik, (g0, 0) = 0.
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