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We establish a holographic QCD model for four flavors, where a light scalar field X and a heavy scalar
field H are introduced separately. The H field is responsible for the breaking of SU(N,=4) to
SU (Nf = 3). The ground state and its radial Regge excitation of meson spectra in the light flavor sector

and heavy flavor sector as well as the light-heavy mesons are well in agreement with the Particle Data
Group. Due to the additional introduction of the H field in the model, different Regge slopes for light and

heavy mesons can be achieved.
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I. INTRODUCTION

There are six flavors of quarks as fundamental building
blocks of matter, u, d, s in a light flavor sector with a
current quark mass ranging from several MeV to hundred
MeV and c, b, t in a heavy flavor sector with a current mass
of 1.5-172 GeV, which is much larger than the QCD scale
Aqcp; thus, the flavor symmetry is badly broken. The chiral
symmetry and its spontaneous breaking is dominant in the
light flavor sector while the heavy flavor sector is charac-
terized by heavy quark symmetry [1]. Apart from the
puzzles of flavor hierarchy and flavor desert issues [2], the
heavy flavor sector, especially hadrons composed of charm
quarks, attracts much attention both in particle physics and
heavy ion physics. Recently, the Belle Collaboration and
the BESIII Collaboration have reported the observations of
multiquark exotics with heavy flavor, see review article [3].
On the other hand, charmonium suppression was suggested
as a signal of deconfinement phase transition almost
35 years ago [4] and has been always an important topic
in heavy ion collisions.

Theoretically, because the large mass of a heavy quark,
multienergy scales from high-energy perturbative to low-
energy nonperturbative contributions are involved in the
calculations, and the description of hadrons containing one
or two heavy quarks is rather challenging. A nonrelativistic
treatment of the heavy quarkonium dynamics has been
developed in nonrelativistic QCD, and the heavy quark
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effective theory has been used to describe systems with
only one heavy quark, see review article [5]. Also an
extended linear sigma model for four quark flavors has
been developed in Ref. [6], where light flavor mesons and
light-heavy flavor mesons as well as charmonium can be
described reasonably well.

In recent decades, the gravity/gauge duality, or anti-de
Sitter/conformal field theory (AdS/CFT) correspondence
[7-9] offers a new possibility to tackle the difficulty of
strongly coupled gauge theories, for reviews see Ref. [10].
Much effort has been devoted to the study of nonperturba-
tive QCD properties from top-down and bottom-up
approaches [11-19]. The “bottom-up” holographic models
of QCD based on AdS/CFT have emerged as an effective
approach to the low energy phenomenology of QCD,
which have been widely and successfully used in describ-
ing hadron physics, especially light flavor hadron spectra
[20-24]. On the other hand, the heavy flavor hadron spectra
has been seldom investigated in the framework of holo-
graphic QCD until very recently [25-29].

The hard-wall holographic QCD model has been directly
extended to four flavors in Refs. [28,29], which in some
sense can be regarded as the 5D version of the extended
linear sigma model for four quark flavors [6], where
the ground states of light flavor mesons and light-heavy
flavor mesons as well as charmonium can be described.
A holographic model for heavy-light mesons has been
discussed in [25]. Holographic heavy-light chiral effec-
tive action in the D4-D8 system has been constructed
in [26,27].

In this work, we establish a holographic QCD model for
four flavors Ny = 4, where the ground states and the higher
excitation states of light flavor mesons and light-heavy
flavor mesons as well as charmonium can be generated.
Moreover, different radial Regge slopes for light flavor
spectra and heavy flavor meson spectra can be realized in
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this framework. The paper is organized as following: After
the Introduction, in Sec. II, we introduce the framework
of the Ny = 4 holographic model. Then, in Secs. Il and TV,
we introduce how to calculate the meson spectra and decay
constant, and we show our numerical results in Sec. V. Last,
we give the conclusions in Sec. VI.

I1. Sb MODEL SETUP

The QCD can be described as a holographic 5-dimensional
(5D) model according to AdS/CFT duality. In this section,
we introduce the holographic QCD model, which includes
the complex scalar fields X and two gauge fields L{, and
R{;, which correspond to the (grq.) and (g gry,t°qr r)
operators from boundary theory, respectively [20], where
t“a=1,2, N? — 1 are the generators of the SU(Ny)
group. In this paper, we take Ny = 4 and let the generators
satisfy Tr(r9?) =15%. The scalar field X describes the
breaking of the chiral symmetry of light flavor quarks in
QCD, at the UV boundary, which has X(z)|,, —
M,z + 67>, Tt can be seen that the first term describes
the explicit breaking of the chiral symmetry due to the
nonzero quark mass, and the second term describes the
chiral condensation of QCD. Unlike the traditional soft-
wall and hard-wall models, the dilaton field and hard
cutoff z,, are introduced simultaneously in this model.
With reference to [21], we introduce the dilaton field ¢ =
u>z? to implement the linear Regge behavior of the light
hadrons, which contains information about the gluon
dynamics. It should be clarified that the Regge trajecto-
ries in this paper describe the slope of the radial
excitation rather than the spin/orbit excitation. Here, u?
is proportional to the slope of Regge trajectories of light
flavor mesons. The reason for the introduction of hard
cutoff is to realize the difference in Regge slopes of
light and heavy mesons, which has almost no effect on
light mesons, similar to the soft-wall model, while for
heavy mesons the effect is similar to the hard-wall model
due to the heavy quark mass.

In addition to this, another scalar field H is introduced to
describe the difference between the light and heavy quark
masses. Since the scalar field X breaks the SU(Ny); x
SU(N;)g ~SU(Ny)y x SU(N), symmetry of the system
to SU(Ny)y, the residual symmetry makes the equations
of motion of the light vector mesons indistinguishable
from those of the charmonium. Therefore, the H field is
introduced to describe the difference between the p mesons
and the J/y mesons. The H field acts similarly to the ¥
field of the D4-D8 model [26,27] and arises from the large
difference between the light and heavy quark masses. From
the top-down point of view, this difference is described by
the distance of the light and heavy flavor brane, thus
introducing the W field in the DBI action. Equivalently, by
introducing the H field, we break the residual SUy(Nj)

symmetry to SUy (N, —1). Therefore, the suitable con-
figuration for the auxiliary H field can break SU(4),
symmetry to SU(3)y in the case of N, = 4.

Therefore, the total 5D action is

m
S = = [y T (043 () il

€

1
+— (LMNLyy + RMNRyy)
4gs

T (DMHY (DyH) + mé\Hz}, )

where DyX=0yX—-iLyX+iXRy, and DyH=
OyH — iV H — iHV}3 are the covariant derivative of the
scalar field X and H, respectively. According to [20],
the coupling constant g2 = 122?/N.. The 5-dimensional
masses of the scalar fields H and X are fixed to
m? = A(A —4) = =3, due to the conformal dimension
of the operator (ggq). The strength of the non-Abelian gauge
field L), and R,, are defined as

LMN — 6MLN —_ 8NLM - i[LM7LN]’
RMN :aMRN—aNRM_l[RMvRNL (2)

with Ly = L§;t* and Ry = R§,t*. It is convenient to
rewrite the left and right gauge fields in terms of vector
and axial fields, i.e., Lyy = Vyy + Ayyand Ry, = Vi — Ay
The bilinear field X can be decomposed as

X = €iﬂataX0€i”btb , (3)

where X, = diag|v,(z), v,(z), v4(2), v.(z)]. Similar to the
case of N, =2, the v;,.(z) field has the behavior of
Vise(2) > Mgz +%,.2° at the UV boundary. The
auxiliary field H is given as H = diag|0,0,0, h.(z)].
Since the H field reflects the effect of the charm
quark mass, the behavior of A, at the UV boundary has
h.(z) = m.z. It is worth noting that we consider m,. # M.,
in order to obtain better results of the vector meson mass
spectra.

In this paper, we do not consider the backreaction of the
flavor brane, so the Poincare patch of the 5-dimensional
AdS spacetime is

L2
ds? = =z (dz* + n,, dxtdx”), (4)

with u, v =0, 1, 2, 3 and 7, = diag[-1, 1, 1, 1]. Without
loss of generality, the AdS radius L is set to 1. According to
the AdS/CFT duality, the 5-dimensional coordinate z
describes the running of the energy scale, and z — 0
corresponds to UV boundary and z — z,, to the IR
boundary.
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A. Expansion of the action

To obtain the meson masses as well as the three- and four-point coupling constants, the action Eq. (1) is expanded to
quartic order, which is given as

S =280 452 4 56 4 54,

where

Zm e~ ?) e~
5O =~ /0 dSX{ o (201(2)v)(2) + v (2)vi(2) + ve(2)ve(2) + Tmé(%z(Z)z +0,(2)* + ve(2)?)

G ORI
o (@) + 5 k(2 )

) s [ € a_ pa b _ Ab\agab _ ya ybagab o y15yl5,, 15,15
S@) = — [ e S (0 — A O, ~ ADME — VAVEMP £+ VEV M)

e_¢(z)
4g§z

+ nmp’,]nq(vmn qu + Amnqu) } ’ (6)

o —$(2)
S(3) [ ¢ dSX ,]mn ¢ 2 A;ln _ am”a VZﬂ'CgabC + Vam an ﬂbﬂ.c _ 2A27[C habc
0 2

e_¢(z>
(Vi ViV

+ 2,9%2 P 4

+ V4,AbAS + A%, VO AS + AS,ALVE) fhea } (7)

" —¢(2) 1
S(4) — : dSX ;,]mn ¢ 8mﬂ'a _ A;ln AZ?[CJTd _ _an ]z'bﬂ'cjrd labcd + V%VZﬂCﬂ'd habcd _ gacbd
0 Z3 3

e_¢(z)
4g§z

n"Pn (Ve Veveve + A ALY

- y/d a yb Ac Ad
cvd Ve 4V VEAS A

P q

+ Bam(nanb) - A;ﬂh] Ban(ﬂcﬂd) - A;”d} kabcd> i

+ AGALASAL + 2V AL VS AL 4 244 ViV AL) fabed } (8)

It is worth noting that ™" is the 5-dimensional Minkowski spacetime metric, and V(A),,, = 9,,V(A), — 9,V (A),, is the
Abelian field strengths. Here, M4t, M¢P, méb, habe, gobe, gabed | jabed pabed "yabed “gnq fabed gre defined as
MG =Tr({r". X H". Xo}).  M{P = Tr([t, Xo][#. Xo)).
m!31 = Te({H, (S}{H, %)), fabed — paab pacd,
heve = iTe([i, Xo{e" {1, Xo}}), g™ = iTe({e, X} {1, Xo }]).
et = Te([e X[ (0 A X YD), g = (e, {2, Xo} I, {1, Xo1 ),
e = Tr({r Xo He" e {rt. Xo 1), ko = Te({e e Xo Hre . Xo} D). 9)

with structure constant f%¢ of SU(4) Lie algebra.
The vectors, axial vectors, and pseudoscalars mesons can be described by 4 x 4 matrices,

% + % + \/% ot K+t e
e L p- —t %+ K0 D+ | "
V2 K*~ K0 —\/30' + %5 D
D*0 D+ Dt _J%w
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ao -
R af Kf DY
a SR S K9 Dy
A paga — ! V2T V6T Viz ! I 1
- t_7Z N . , (11)
Ky Ki —\/;(f1)+§% Dy
D(l) D;L Djrl _\/%ch
2 N4 e + + o
\75+¢5+\/ﬁ 7 K D
T - L4+ K° D~
S Ve e (12)
— 7 2 . —
K KO —\@Hjﬁ D;
0 + + __3
D D D 2.

By substituting the above matrices into the action Egs. (6),
(7), (8), the wave functions, mass spectra, decay constants
and coupling constants of the mesons can be obtained.

B. Scalar vacuum expectation value

The equations of motion (EOMs) of scalar vacuum
expectation value v, . can be obtained by Eq. (5),

3 ot 2

m
_mﬁzz—gazvq(z) +Z—251)q(z) —0.

(13)

The analytic solutions are

(@) = i)z (5.0.0) - Gzt (~5.-1.).
(14

where U is a confluent hypergeometric function, and L is
the generalized Laguerre polynomial. Here, the g following
the constants C; and C, indicate that for different quarks
the values are different. Expanding v, at the UV boundary
gives

04(2)|,—0 = 2C1(q)z + <C2(Q)ﬂ2 +Ci(q) [_qu + 2y pu®

3
+ 2uLogz + 2u’Logu + u>¥ (EH >z3,

(15)

with the Euler’s constant y; and the digamma function . It
can be seen that the quark mass M, is related to C(q),
while the quark condensation X, is related to C;(¢) and
C,(q). Referring to Ref. [23], C,(¢) will produce the
nonlinear spectra of a; mesons, so we set C,(g) = 0. For
the auxiliary field 4., there is similar result,

h.(z) = Dlz\/EU(%,O,qﬁ) — D,zL <—%,—1,¢>. (16)

As we discussed above, we set D, = 0. This means that the
difference between the light-flavored and heavy-flavored
vector meson masses comes from the mass term of the
heavy quark.

ITII. WAVE FUNCTIONS, MESONS SPECTRA,
AND DECAY CONSTANTS

A. Wave functions and mesons spectra

The EOMs of the transverse part of vector fields are
obtained by Eq. (6),

—¢ 2 2 ab _Mab
z e gs(m )
(— —50,— 0, + sz L ) Vai(q.2)

(17)

where V¥4 =0 gauge is considered, and V/“ satisfy
9,Vi“ = 0. Also, V¢, (g, z) are the 4D Fourier transform

of V¢, (x,2) = [d*qe™ V%, (¢,2). According to AdS/CFT
duality, the fields V7, (¢, z) can be written as V¢, (¢.z) =
Vﬁ)“(q, 2) +VpiVi(g, z), where V¢(q,z) are bulk-to-
boundary propagators and V,% respect to the source.

= —qzVZL(q,z),

The discrete mass spectra and wave functions can be

obtained by setting KK towers Vl(:l)a(q, z) with boundary
conditions Vla'l)a(z)| 4200 =0 and azv,ﬁ"j“(z)\ e =0.

Similar to the vector fields, the EOMs of the transverse
part of axial vector fields are obtained by Eq. (6),
- 2 2 Mab
e Z z

)Amq, 3 = —¢PA%, (q.2).

(18)
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where A*“ = 0 gauge and transverse condition d,A"“ =0
are considered. Also, A7 (¢, z) are the 4D Fourier transforms

= [d*qe' A%, (q,z). The fields A¢ (q,z)
=4,)"(q.9) +
A2 A% (g, z), with bulk-to-boundary propagators A{ (g, z)

and KK towers of axial vector mesons Afl"l)a(q, 7). For the

axial vector mesons wave functions, the boundary conditions
of the axial vector field A are set as Ai"ﬁ“(q, 2|00 =0
and 9.A)"(¢.2)].., =0.

The longitudinal part of the axial vector fields and the
pseudoscalar fields have mixing, and their EOMs can be

described through Eq. (6) as

of Af, (x,2)

can also be written as Aj 1(q.2)

292
0.9 (q,2) + -2

z e
) 8.¢"(q.
= z< _0:0(q Z))

ZgzMab
- 5Z2 A (lpa(q’ Z)

ab
40.2%(q,2) =0,  (19)

—-7(¢,2)) =0, (20)

where ¢ is the longitudinal part of the axial vector
fields A 0,¢. Similarly, the boundary condition of

ul = Cu
the pseudoscalar fields are set to 7M(q,2)|,00 =
9"(q,2)|,—0 = 0 and 9.¢\"*(q,2)|.,, = 0.

However, for the lowest mode obtained under the above
boundary conditions, numerical calculations show that it is
not the Goldstone mode, and the lowest eigenvalue does not
converge to O for quark mass M, — 0. To obtain the
Goldstone mode, the quark mass M = 0 and the eigen-
value g> = 0 are chosen, and the analytical solution of ¢ is
(e’ —1)/(2u?)/ given by Egs. (19) and (20). Obviously,
¢ does not satisfy azqo(”)“(q,z)|z_,Zm = 0 at the IR boun-
dary. Therefore, the boundary condition of the pseudoscalar
meson is set to 7(%(q, Z)lz—)O »"%(q,7)|,o0 = 0 and
2,0 (q.z7 “(q,2)|,~,, for the Goldstone
mode.

)|z—>zm & 8z7r

B. Decay constants

Similar to Ref. [20], we derive the decay constants of
pseudoscalar, vector, and axial vector mesons in this
section. According to the AdS/CFT correspondence,
the vector current two-point function can be obtained by
differentiating the on-shell action twice,

/ ¢ (7 (4, (0)) =6 (g4, — 0TIy (). (21)

e "9 V(g,z
Hv(qz) = 926]2 V(a.2)
5

|z:e—>0’ (22)

with V(g,e) =1. For the Sturm-Liouville equation
[Eq. (17)], V(g,z) can be expressed as

Wy 6)an( )
Z i (23)

n

V() =

where yy» is the eigenfunction of the vector equation
[Eq. (17)] and satisfies the normalization condition

Wym = 0,,. Taking the above equation to
the two -point function yields

Wvﬂ €)/ 6]

y(g) =~ on Z P @
Considering the definition of the decay constant
(0|J%|V(p)) = ifyp, it can be given as

(e /€
Fi, = le 2 Vi (€)/e (25)
95 e—0

Similar to the vector, the decay constant of the axial vector
meson is

[e= Py (€) /]
2
Js

Fi" - ) (26)

e—0

where Wyn is the eigenfunction of the axial vector part and

Ypm = 5nm
Since I, (¢*) = —f2q¢* with ¢> = 0, the decay constant
of the pseudoscalar meson is

e=?)9.A(0, €)

2
€Js

fi=- ; (27)

e—0

where A(0,¢) is the solution of Eq. (18) with ¢ =0
and satisfies the boundary condition A’(0,z,) =0 and
A(0,e) =1

IV. THREE- AND FOUR-POINT FUNCTIONS

The three-point interaction of mesons can be obtained by
the cubic order term of 5D action. From Eq. (7), it can be
seen that the cubic order of the action can be divided into
four parts Syyy, Svaar Svag and Sy,,, where

S _ _ o & e 9 beayspv,aysbyse 28
vvv X ) 2 f uruv ( )
0 52

Zm _‘/’ 7)
Syaa = —/ dox fbca( Vi aAZAﬁ + 2A””*“V3A5),
0 295

(29)

Zn e
Sy = — / Bx & 2VmaAb e (e — pabe) (30)
0 z
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Zm €_¢(Z)
SVIm — _/ d5x 5 Vy,an,baﬂﬂ.c(hahc + hacb _ zgcuh)‘
0 Z
(31)
Substituting the 5D eigenfunctions of the mesons into

the action, the coupling constants of three-point inter-
actions are obtained as

e ?@)
gvvy :/o dzs 272 fbca‘/’v ‘/’v<m)‘l’\cx(k>’ (32)
5<
e~ P ,
gvaa _A dz 292 fcalllv WA WA(k)7 (33)

e

a0
Gvar = A dz p 20 W W (67 = k), (34)

Zm
Grr = / dz°
0

where y is the eigenfunction of the mesons.

Similar to the three-point interaction of mesons, the four-
point interaction can be obtained from the quartic order term
of 5D action. From Eq. (8), it can be seen that the quartic
order of the action can be divided into seven parts Syyyy,
SVVAAs SAAAA’ SVV?ZIT’ SAA/m’ SA/mm and Smmm where

e %)

M(;labc + hacb cab)

wlaw, 2g

(35)

- _
SVVVV — _/ dS fabcdvﬂ ayv, bvc VZZ, (36)

0 4g3z

o 5 e_¢<Z) u.ayv.b Ac Ad( fabed cbad u.ay b Av,.c Ad rfacbd

Svvan = = [ @S QVRVEAA el e g VRV e pd e, (7)

Zm e_¢(z)
Spaas = — / dx “—— febed Araprb AC Ad (38)

0 4gsz

s e 0 b bed bd
Syver == [ dox vV (e ), (39)
Zm e_¢<z)
SAA;m — _/ d5x - Aﬂ-aAzﬂ-Lﬂd(k”de _ lubcd)’ (40)
0 <
Zm e~ %) jabed  jacbd  jacdb
SAmm — _/ d5x 3 All,aaﬂﬂbﬂc”d lhucd + + + _ khcad _ kchad , (41)
0 Z 3 3 3
Zm —¢(z) jacbd  peabd | jacdb | |cadb
S e = —/ Bx — (0# 70, mPnn! + 8171“8171}’71"71‘1)( + : i
0 <
labcd lacbd lacdb

S : * > 42)

Similarly, by substituting the eigenfunctions into the action, the four-point coupling constants can be obtained as

w o et bed b d
— apc. a c
gvvyv = A dz——— [ WL W W Wy

495z

Zm e~ ()
gVVAA = A dZ 4 2Wv(n ll/V (m) ll/A

95

e PR
JAAAA :/ dZ 4g 2
0

Zm e_¢(z) b d
J— a C
GvVr = A dz Vyn¥ym¥ w0

Z3

fabcd

(43)

40 (febed 4 febad), (44)

‘//A<n> V’Z(m W/C;(k) '/’Zm ’ (45)
| (abed — gachd), (46)
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Z3

e b d | jbacd
JAnzn = A dz YW Wen Vi) (l ad + + +

—-¢(2)
m e
U —— /0 dz— W Wl W vy

T T

w4 (pacd _ jabed
YAAmn = o dz 3 ‘//Am‘//A(m)l//ﬂ(k)W,z(j)(k — 1479, (47)
labcd lacbd lacdb
3 3 3 _ kbcad _ kcbad) , (48)
b 4 ) kacbd + kcabd + kacdb + kcadh
) 4
(49)

labcd + lacbd + lacdb
_ . >

where ' represents the derivative with respect to z.

V. NUMERICAL ANALYSIS

In this section, we present the numerical results for the
spectra, decay constants, and coupling constants. In our
holographic model, there are six physical parameters:
quadratic term coefficient ¢ of dilaton field, IR cutoff
Z,, constants of vacuum expectation values C(q) for
g = (l,s,c), and constant of auxiliary field D,. These
parameters are fixed by the following meson masses, as
specified in Table I.

Since the equation of motion of the vector meson p has
M¢? = 0, itis used to fit 4. The parameter  is chosen to be
0.43 GeV, in which case both the mass and the Regge slope
of p meson can be fitted. After x is chosen, the masses and
Regge slopes of the mesons a7, K*~, and y, are used to fix
C,(l), C,(s), and C|(c). The remaining two parameters z,,,
and D, are fixed by the mass of J/y and its Regge slope,
where the Regge slope is replaced with the mass of
w(3770). Thus, the parameters are finally fixed by the
mass of J/y and w(3770). Through the expansion of
the vacuum expectation value v;, . at UV boundary, the
parameters C,(I), C,(s), and C;(c) can be translated into
quark masses M, ; . and quark condensation X, ; .. With the
numerical fitting strategy described above, the quark
masses and condensation are chosen as M; = 140 MeV,
M =200 MeV, M, = 1200 MeV and &, = (135 MeV)?,
T, = (152 MeV)?, X.= (276 MeV)3. Similarly, the
parameter D; can also be translated into quark mass and
condensation as m, = 1020 MeV and ¢, = (262 MeV)?.

TABLE L
from [30].

|

QCD phenomenology suggests (5s) ~ 0.8(/[) and (¢c) ~ 0.
The large values of the condensation of strange and charm
quarks are a problem of the soft-wall model itself. For the
field X, which satisfies the second order differential
equation [Eq. (13)], there are two integration constants
C, and C, corresponding to the quark mass and conden-
sation. As stated in [23], C, leads to a nonlinear behavior of
a; meson spectrum and is therefore set to 0. The result is
that both quark mass and condensation, which come from
the asymptotic expansion of the X field, depend on a unique
integration constant Cy, such that the value of condensation
is proportional to the quark mass. The solution to the
problem is to solve the Einstein-dilaton-scalar system in
which the backreaction of the scalar field is to be
considered.

By fixing the parameters of the model, the masses of
pseudoscalar, vector, and axial vector mesons and their
excited states can be obtained. The model predictions and
experimental data of the mesons masses are listed in
Table II, where the experimental data are taken from [30].
Figure 1 shows the graphical display of Table II

As can be seen in Fig. 1, for axial vector mesons, the
a; and K| mesons results are in good agreement with
the data. For the f; meson, the results are slightly
deviated from the data because the mixing of s and u, d
quarks are not considered. For D; and D, mesons, the
model calculations are about 0.2 GeV heavier than the
data. For y.; mesons, the ground state and the first two
excited states fit the experimental data relatively well,
while the third excited state is about 0.2 GeV heavier
than the data.

Experimental data of meson masses were used to fit the parameters y, z,,, D1, and C;(g). The experimental data are taken

Resonance Quark content J” Experiment (MeV) Model (MeV) Resonance Quark content J” Experiment (MeV) Model (MeV)

P° i, dd 1- 775 860
K* ds, 5d 1~ 892 884
J/w cc 1~ 3097 3098

a7 id 1+ 1230 1222
P éc 1+ 3511 3464
w(3770) éc 1- 3773 3712
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TABLE II. The masses of the mesons are predicted by the model. The experimental data are taken from [30].
Quark Experiment Model Experiment Model Experiment Model
content 0~ MeV) MeV) 1~ (MeV) MeV) 1+ (MeV) MeV)
i, dd, 5s a0 135 4+ 0.0005 349 p(770) 775 +£0.25 860 a,(1260) 1230 +40 1222
#(1300) 1300 + 100 1446 p(1450) 1465 £ 25 1216 a,(1420) 1411+ 15 1468
7(1800) 1810 £ 10 1649 p(1570) 1570 £ 98 1490  a,(1640) 1655+ 16 1685
7(2070) 2070 £+ 35 1835 p(1700) 1720 + 20 1727 a,(1930) 1930139 1892
7(2360) 2360 + 25 2021 »(1900) 1909 £ 42 1957  a,(2095) 2096 + 138 2111
p(2150) 2150 £ 90 2202 a,(2270) 2270733 2346
5d, ds KO 498 £0.013 424 K*(892) 892 +0.26 884 K,(1270) 1253 +7 1328
K (1460) 1482 £ 19 1546 K*(1410) 1414 £ 15 1230  K,(1400) 1403 +7 1557
K(1630) 1629 £7 1743 K*(1680) 1718 £ 18 1500  K,(1650) 1672+ 50 1763
K(1830) 18741)% 1925
i, dd, 5s n 548 £0.017 454 (782) 782 +0.12 860 1(1285) 1282 +£0.5 1369
7(1295) 1294 + 4 1585 (1420) 1410 + 60 1216 1(1420) 1426 £0.9 1593
n(1475) 1475 £ 4 1779 w(1650) 1670 &+ 30 1490  f,(1510) 1518 £5 1796
1n(1760) 1751 £ 15 1962 ®(1960) 1960 + 25 1727 1(1970) 1971 £ 15 1998
7(2010) 201()j5185 2148 a)(2205) 2205 £ 30 1957  f,(2310) 2310+ 60 2214
®(2290) 2290 £ 20 2202
®(2330) 2330 £ 30 2462
cu, iic DO 1865 £ 0.05 1671  D*(2007)° 2007 £ 0.05 2296  D,(2420) 2422+0.5 2615
(2550)% 2549+ 19 2778 Di(2600)° 2627 £ 10 2512
D;(2760)° 2781 + 31 2756
s, Sc D¥ 1968 + 0.07 1746 Dif 2112+ 04 2227  D,;(2460) 2460 + 0.6 2682
? ? 2436
D (2700)* 2714 +4 2674
cc e 2984 £ 0.5 2600 J/w(1S) 3097 £+ 0.006 3098 xet(1P) 3511 4+0.05 3464
7.(25) 3637 £ 1.1 3641 w(2S) 3686 + 0.06 3773 x.(3872) 3872+£0.17 3808
w(3770) 3773 £ 0.4 3712 y.(4140) 4147 +24 4138
w(4040) 4040 £ 1 4317  y.(4274) 4274 +£7 4460
For vector mesons, the calculations are degenerate For pseudoscalar mesons, the second, third, and

because the model cannot distinguish between p and w
mesons. From the results, it can be seen that the p meson
fits better compared to the w. This is also understandable
due to the mixing of the s quark with u, d quarks being
neglected. For the w and ¢ mesons, their equations of
motion are the same as for the rho meson. Since the
equation of motion shows that it is closer to the pure uiidd
state, which is more consistent with the w meson, the model
is chosen for the @ meson. For the K* meson, its excited
state results are about 0.2 GeV lighter than the experimental
data, so it can be seen that its Regge behavior does not fit
very well. The reason for this result could be that the mass
of the s quark fitted by the model is too close to the mass of
the u, d quark. For the D* meson, the model gives the
ground state mass that is about 0.3 GeV heavier than the
data, while the excited state fits relatively well. For y
mesons, the first and third excited states do not fit very well
compared to the data.

It is worth noting that only the excited state D, (2700)
was found in the experiment, which is close to the mass of
the second excited state of D, in the model. Therefore, our
model predicts the possible existence of a new excited state
with a mass of roughly 2436 MeV.

fourth excited states of z mesons are about 0.15—
0.3 GeV lighter compared to the data, so the Regge
slope of 7 is not well matched. From the data, it can be
found that the Regge slope of the z meson is higher
than that of other light mesons, so it is challenging to
solve this problem in the holographic model. For #
mesons, the calculated excited state masses are about
0.25 GeV heavier compared to the data, but their Regge
behavior remains the same. The reason for this may also
come from the absence of the mixing term. Since the
mass of the n' meson is associated with the chiral
anomaly, the # meson is considered in the model. For D
and D, mesons, their ground state calculations are
0.2 GeV lighter compared to the data, while the ground
state results for #, mesons are 0.4 GeV lighter.

Due to the introduction of the IR cutoff z,, and additional
auxiliary field H, different Regge trajectories for light and
heavy mesons can be achieved. Among them, the H field
serves to improve the intercept of the Regge behavior,
while the IR cutoff z,, can increase the slope of the heavy
mesons. The Regge trajectories of light mesons and charm
mesons can be seen in Fig. 2, where different colors
represent different components of mesons.
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Up---———— et = =

Dy Ne

The meson spectra for Ny = 2 + 1 + 1, where the dashed and solid lines represent the experimental data and model results,

respectively. Different colors indicate different quarks, where the u, d quark, s quark, and ¢ quark are indicated by green, red, and blue,

respectively.

The model predicts the decay constants of the mesons,
and their ratios are shown in Table III. The measurements
are also shown in the table, where the decay constants of
pseudoscalar mesons are from Refs. [30-32] and vector and
axial vector mesons from Ref. [29].

As can be seen from Table III, for pseudoscalar mesons,
the ratios of decay constants are close to the data. Among
them, the ratio f/f, is in good agreement with the data,

while the results of ratios f, /fp and f, /fp are smaller
than the data by about 0.1.

For the vector and axial vector decay constants, the
model results are compared with Ref. [29]. It can be seen

12,172 /2, £1/2 1/2 4172
that for 2/ £ f2/fp’. and £/ fi,
results are opposite to the Ref. [29] results. The ratio greater

than 1 in our model is less than 1 in Ref. [29], and vice
versa. For this result, it may come from the introduction of

the model
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FIG.2. Comparison of light meson and charm meson Regge slopes, where the hollow triangles and squares represent the experimental
data and model results, respectively. The dashed line is the linear fit of the model results. The different colors indicate the different
components of the mesons, specifically selected as red (I/), cyan (S = %1), magenta (5s), pink (C = +1), blue (C = =1, § = £1), and

purple (¢c).
TABLE III. The ratio of decay constants predicted by the model. The measured value are taken from [29-32].
Observable  Experiment/LQCD  Model  Observable  Reference [29] Model  Observable  Reference [29]  Model
fx/fx 1.196 1.199 }(/}/f{l)ﬂ 1.005 0.973 f%z/f(ll{Z 1.085 0.706
fo,/fp 1.180 1.040 })/;2/f113/*2 0.954 1.951 f}i{f/fglz 0.504
Ja/ b, 1.576 1.427

) _ and heavy flavor sector as well as the light-heavy mesons
TABLE IV. Coupling constants for model calculations. are well in agreement with the Particle Data Group. It is
Observable Model Observable Model noticed that with only the X. field, thg vector mesop p and

J/y are degenerate, and the introduction of the H field can

9k 003/ 9pp 1.038 9k DD,/ GpDD 0.203 distinguish p and J/y. Furthermore, due to the additional
9,0,0°/ Ja, pD* 0433 9yD;DK/ Gy D 0.435 introduction of the H field in the model, different Regge

the dilaton field, which deforms the configuration of the 5D
wave function, generating Regge trajectories while revers-
ing the ratio of the decay constants. In addition, the ratio

11)/3/ f 113/12 is also predicted by the model.

In the model, coupling constants for cubic and quartic
vertices can be obtained by substituting the eigenfunctions
of the mesons into Egs. (32)—(35) and (43)—(49). The ratios
of the coupling constants (D(*), D, A), (D(*>, D), V),
(D(*),D(*),V), and (y/,D(*>,D,P) are calculated in the
model, and their results are listed in Table IV.

VI. CONCLUSION

In summary, in this paper, the soft-wall model with
Ny = 2[21] is extended to the case of N = 4, where a light
scalar field X and a heavy scalar field H are introduced,
separately. The H field is responsible for the breaking of
SU(N;=4) to SU(N; = 3). The ground state and its
Regge excitation of meson spectra in the light flavor sector

slopes for light and heavy mesons can be achieved. The
N; =4 holographic model consists of six parameters
including the Regge slope p, quark masses C;(g) with
g = (l,s,c), and D;. These parameters are fitted to the
experimental masses of p, a;, K*, y.1, J/w, and w(3770)
mesons. The masses of other pseudoscalars, vectors, and
axial vector mesons as well as the ratio of decay constants
are calculated in the model and compared with the
experimental data. In addition to this, the coupling con-
stants (D), D,A), (DY, D®, V), (D®),D® V), and
(w, D), D, P) are also estimated in the model.
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