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Abstract By matching the predictions of the Dp-Dg soft-
wall model in type II superstring theory with the spectra of
vector and axial-vector mesons, we show the dependence of
the Regge trajectories parameters on the metric parameters
of the model. From the experimental results of Regge para-
meters for vector mesons, it is found that the D3 background
brane with both ¢ =5 and ¢ = 7 probe brane and D4 back-
ground brane with ¢ = 4 probe brane are close to the real-
istic holographic QCD. We also discuss how to realize chi-
ral symmetry breaking in the vacuum and asymptotic chiral
symmetry restoration in high excitation states. We find that
the constant component of the 5-dimension mass square of
axial-vector mesons plays an efficient role to realize the chi-
ral symmetry breaking, and a small negative z* correction in
the 5-dimension mass square is helpful to realize the chiral
symmetry restoration in high excitation states.

1 Introduction

Quantum Chromodynamics (QCD) has been accepted as
the basic theory of describing the strong interaction for
more than 30 years. However, it is still a challenge to solve
QCD in the non-perturbative region where the gauge inter-
action is strong. In the early 1970’s, string theory was pro-
posed to describe strongly interacting particles [1-5]. Re-
cently, the discovery of the gravity/gauge duality [6—8] has
revived the hope to understand QCD in the strongly cou-
pled region using string theory. The gravity/gauge, or anti-
de Sitter/conformal field theory (AdS/CFT) correspondence
provides a revolutionary method to tackle the problem of
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strongly coupled gauge theories. For a review of AdS/CFT,
see [9].

The string description of realistic QCD has not been
successfully formulated yet. Many efforts are invested in
searching for such a realistic description by using the “top-
down” approach, i.e. by deriving holographic QCD from
string theory [10, 11], as well as by using the “bottom-
up” approach, i.e. by examining possible holographic QCD
models from experimental data [12-19].

In the “top-down” approach, many string induced models
have been seriously studied recently by using string/gauge
duality [6-8]. Different brane configurations, such as D3—
D7, D4-D6 and D4-DS8 etc. [20-23] were considered to de-
scribe QCD effectively. In these models, people extensively
studied confinement, spontaneous chiral-breaking and ther-
mal effects in QCD [24-27]. Meson, baryon and glueball
spectra as well as their decay constants are also calculated
[13,28-31] and compared with experimental data. Till now,
none of these models is completely successful. So far the
best fitting one is the Sakai—Sugimoto (SS) model of D4-D8
branes’ configuration, which can describe spontaneous chi-
ral symmetry breaking naturally. However, there are many
phenomena in QCD that still cannot be explained by the SS
model; for example, the SS model fails to generate the linear
Regge behavior.

It is an essential and crucial point for the realistic holo-
graphic QCD model to reproduce Regge behavior. Regge
behavior is a well-known feature of QCD [32, 33], and it
was the commanding evidence for suggesting the string-
like structure of hadrons. A general empirical expression for
Regge trajectories can be cast as

M} g =aun+asS+b, 1)
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where n and S are the quantum number of high radial and
spin excitations, respectively. The slope a,, and ag have di-
mension GeV?2, and describe the mass square increase rate in
radial excitations and spin excitations, respectively. In prin-
ciple, a, is not necessarily the same as ag, though a, = ag
can be taken as a good approximation for fitting the experi-
mental data [34]. The parameter b is the ground state mass
square, and it is channel dependent.

On the other hand, many efforts have been made on the
“bottom-up” approach. In this approach, one tries to ex-
tract the possible 5-dimension holographic QCD models
from experimental data, and leaves the task of deriving the
model from gravity to string theorists. The advantage of the
“bottom-up” approach is that one can detect the possible
5-dimension space-time structure which is sensitive to the
experimental observables. For example, in the “bottom-up”
approach, it has been found that a z> dilaton field correction
in the AdSs background leads to the linear behavior M2 o n
[35]. The successful results in the “bottom-up” approach
can provide a useful guide to the model building from the
“top-down” approach. Considering the success of the SS
model (one specific model based on D-brane backgrounds)
in accommodating chiral symmetry breaking, instead of ex-
ploring the very generic background, we will concentrate
on D-brane backgrounds in our “bottom-up” approach. To
find the true D-brane configuration which can completely
describe low energy QCD, there are many works to be done.
In this work, we initialize a way to find a D-brane config-
uration which is able to explain as many as possible QCD
phenomena by combining the “bottom-up” and “top-down”
method. We hope that this way could be a guide to find the
true D-brane scenario.

In this paper, by combing the “top-down” method and
“bottom-up” method, i.e. by matching the D p—Dgq system in
type II superstring theory with the Regge trajectories of me-
son spectra in the hidden local symmetry model with group
SUQ2);, x SU(2)g, we investigate the possible background
metric structure dual to realistic QCD. From the “top-down”
approach, we systematically study the Dp—Dg system in
this paper; by matching the linear Regge trajectories of vec-
tor and axial-vector meson spectra, we can know which D p—
Dg system is closer to the realistic holographic QCD model.
From the “bottom-up” approach, we explore the realization
of the chiral symmetry breaking in the vacuum and asymp-
totic chiral symmetry restoration in high excitation states.
Our results can shed some light on the correct prescription
of the string theory dual to the realistic QCD and is useful to
construct a correct phenomenological holographic model.

The paper is organized as follows: After the introduction,
we summarize the experimental data on Regge trajectories
of vector and axial-vector mesons in Sect. 2. We derive the
general 5-dimension metric structure of the Dp-Dg system
in type II superstring theory in Sect. 3. In Sect. 4, we match

@ Springer

the parameters of the 5-dimension metric with the parame-
ters of the Regge trajectories. We then investigate the pos-
sible chiral symmetry breaking mechanisms to describe the
splitting between the spectra of axial-vector mesons and that
of the vector mesons in Sect. 5. We also discuss the possi-
ble way to restore chiral symmetry in high excitation states
in Sect. 6. Finally, we present discussions and conclusions
in Sect. 7.

2 Regge trajectories of vector and axial-vector mesons

In this paper, we carefully study realizing Regge trajectories
of vector and axial-vector mesons in the holographic QCD
model. We take the data of the radial and spin excitations of
p and a from PDG2007 [36], which are listed in Table 1.

To describe Regge trajectories for both (p1, p3) and
(a1, az), we use the general formula (1). From the experi-
mental data, the parameters of Regge trajectories can be de-
termined by using the standard x2 fit. The parameters for
(p1, p3) mesons and their correlations read

al =+0.91+0.23 :
af =+1.08£0.39 —-0.82 1 _ )
bP =—1.09+1.18 +0.43 —-0.81 1

The parameters for (aj, a3) mesons and their correlations
read

a =+0.814+0.22 1
a$=+0.88+£0.39 —0.82 1 . 3)
bt =+40.13+1.17 +0.43 —-0.81 1

From the Regge trajectories of p and a, one can read
off the information of chiral symmetry breaking in the vac-
uum and asymptotic chiral symmetry restoration in highly
excited meson states.

Chiral symmetry breaking 1t is known that chiral symme-
try is spontaneously broken in the vacuum, thus the observed
chiral partners are not degenerate. From the Regge trajec-
tories of the chiral partners p and a, the chiral symmetry
breaking in the vacuum is reflected by the difference of the
ground state square masses b” and b“. The difference is as
large as 1 GeV?, i.e. b — bP ~ Mfl - Mgl ~1 GeV?2.

Table 1 Vector and axial-vector meson spectra (in GeV)

n 1 2 3 4 5 6

1 0.770 1.450 1.700 1.900 2.150 2.270

3 1.690 1.990 2.250 - - -

It 1.260 1.640 1.930 2.095 2.270 2.340
1

3tr 1.870 2070 2310 - - -
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Asymptotic chiral symmetry restoration in highly excited
states It is noticed that the chiral partner becomes more
and more degenerate in high excitations; see [37] and ref-
erences therein. For example, for radial excitations of p;
and ay, the mass square difference of chiral partners M 3] —
Mgl =0.9947 GeVZ atn = 1, and this difference decreases
to 0.3227 GeV? at n = 6; for the radial excitations of
p3 and a3, the mass square difference of chiral partners
Mi — Mg3 = 0.6408 GeV? at n = 1, and it decreases to
0.2736 GeV? at n = 3. Recently Shifman et al. in [38]
showed that it is difficult to realize chiral symmetry restora-
tion in the holographic QCD model.

3 5-dimension metric structure of D p-Dg soft-wall
model

3.1 Metric structure of D p—Dg system

In order to investigate the possible dual string theory for
describing Regge behavior, we introduce the following
Dp-Dg-branes system in type II superstring theory. In the
Dp-Dgq system, the N, background D p-brane describes the
effects of pure QCD theory, while the Ny probe Dg-brane
is to accommodate the fundamental flavors; this has been
introduced by Karch and Katz [39]. Such a practice is well
motivated from the string theory side. For example, in the
Sakai—Sugimoto model, p =4 and ¢ = 8. The supergrav-
ity background is determined by solving the Einstein equa-
tion coupled with the N, background D p-branes; while low
energy hadronic excitations, e.g. mesons, are described by
open strings on the Ny probe branes, which are embedded
in the supergravity background.

First, we consider N, background D p-branes in type II
superstring theory. The near horizon solution in 10-dimen-
sion space-time is [40—42]

dszzh_%na,g dx® dx? +h%(du2+u2d.{282_p), 4
where o, 8 =0, ..., p, ngg =diag(—1,1,1,...). The warp
factor h(u) = (R/u)7_’7 and R is a constant
7 7
5—p —_ _ 4
R = [25—1’71( z’)F<Tp>gchlZ "] ) (5)

The dilaton field in this background has the form of
=3
e? =g hw) T . ©)
The effective coupling of the Yang—Mills theory is
geit ~ s Neu? ™, ™

which is u dependent. This u# dependence corresponds to
the RG flow in the Yang—Mills theory, i.e. the effective gefr

coupling constant depends on the energy scale u. In the case
of the D3-brane, g.ff ~ gsN. becomes a constant and the
dual Yang-Mills theory is A =4 SYM theory, which is a
conformal field theory. The curvature of the background (4)
is

1
8eff '

~ 2 ®)
which reflects the string/gauge duality—the string on a
background of curvature R is dual to a gauge theory with the
effective coupling gefr. To make the perturbation valid on the
string side, we require that the curvature is small, R <« 1,
which means that the effective coupling in the dual gauge
theory is large, gefr > 1/ 152. In the case of the D3-brane, the
curvature R becomes a constant, and the background (4) re-
duces to a constant curvature spacetime, AdSs x S°.
The coordinates transformation (for the cases of p # 5)

5—p = p=1 _2_
u = T RpP-5z7p-5 )

brings the above solution (4) to the following Poincaré form:

—5)2
ds? = A [naﬂ dx®dxP +dz* + %ﬁ d:zg_p}.

10)

Here we consider the background D p-branes extended in
(p + 1) spacetime without compactification. Correspond-
ingly, the dual QCD-like theory is in (p + 1) dimensions,
rather than in (3 + 1) dimensions. Therefore, the glueball
fields are defined to propagate in (p + 1) dimensions. To
study realistic QCD in (3 + 1) dimensions, we must com-
pactify the extra (p — 3) dimensions of D p-branes, similar to
the procedure in the Sakai—Sugimoto model. After compact-
ification of extra dimensions, the physical fields like glue-
ball fields (with infinite Kaluza—Klein modes), are defined
in 3 4+ 1 dimensions. However, the ultraviolet (UV) proper-
ties of the glueball spectra are determined by the A(z) term,
which is only sensitive to the original background dimen-
sion p (and the dimensions ¢ of the probe brane, which we
will introduce shortly), but not to the detailed structure of the
spacetime. To study these properties, we can use the results
of the simplified model without considering the compactifi-
cation.

Next, we consider the Ny probe Dg-branes with g — 4 of
their dimensions in the 94 part of S 8=r with the other di-
mensions in z and x“ directions as given in Table 2. The in-
duced g 4 1 dimensions metric on the probe branes is given
as

2

ds? =e*A [n,w dx"dx’ +dz* + §—2d9§_4]. (1)
0
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Table 2 Spacetime embedding of D p—Dg system

0 1 2 3 Pz s8>
Dp ° . . . ° ° — -
Dg . . . . - - . S+ §8-p
Note here that we have introduced indices u,v =0,...,3

and n,, = diag(—1, 1, 1, 1) to indicate the 3 4 1 dimensions
which both D p- and Dg-brane occupies. The metric (11) is
conformal to AdSs x §¢~*. The metric function of the warp
factor only includes the logarithmic term

A(2) 1 ith p—7
7) =—aplnz, withag=——,
2(p—35)
and the dilaton field part takes the form of
p=3)(p=7
@ 2 R\ 29
e® =g i . (12)
—pz

It follows that

—-3)(p-17
B()~dolnz, withdg=— L)L =7 (13)

2(p-95)

3.2 The deformed D p—Dg soft-wall model

In the above subsection, we have derived the general metric
structure of the D p—Dg system in type II superstring theory,
and we have noticed that the metric function A(z) only in-
cludes the logarithmic term, and in general there is another
logarithmic contribution to the dilaton field. However, from
the lessons of the AdSs metric (D3 system) and the Sakai—
Sugimoto model (D4-DS8 system), the D p—Dg system can-
not describe linear trajectories of mesons. It was shown in
[35], in order to produce linear trajectories, that there should
be a z? term, but all z> asymptotics should be kept in the
dilaton field @(z) and not in the warp factor A(z). Other-
wise, the radial slope a,, will be spin dependent. Therefore,
to describe the real QCD, we propose a deformed D p-Dgqg
soft-wall model which is defined as

A(z) = —apInz, ®(z) =dyInz + c22°. (14)

By assuming that the gauge fields are independent of the
internal space $97%, after integrating out S7~*, up to the
quadratic terms and following the same assumption as in
[35], we can have the effective 5D action for higher spin
mesons described by tensor fields as

1
I = Efdsx @e“p<2)

x { An@atyaas AV MM+ mEa, g™ M5,

15)
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where ¢uy,... 4 1s the tensor field and M; is the tensor index.
The value of § is equal to the spin of the field. The parameter
m% is the 5D mass square of the bulk fields, and g and @ (z)
are the induced ¢ + 1-dimension metric and dilaton field as
shown in (11) and (13). The action for the p1, a1 and p3, a3
mesons is given by taking S = 1, and S = 3, respectively.

Following the standard procedure of dimensional reduc-
tion, we can decompose the bulk field into its 4D compo-
nents and their fifth profiles as

GO DutyMs = ) Dyt )V (2)

n=0

The equation of motion (EOM) of the fifth profile wavefunc-
tions ¥, (z) for the general higher spin field can be derived
as

29 — 0B - 9,y + (M g — m3e**), =0, (16)

where M, s is the mass of the 4-dimension field ¢X/11 M (x)
and

B=®—k(2S—1DA=® +cy(2S— 1 1nz (17)

is the linear combination of the metric background function
and the dilaton field. The combination function B(z) ap-
proaches the logarithmic asymptotic at UV brane, and goes
to z> asymptotically at the infrared (IR) region. It is worthy
of remark that the spin parameter S enters in the factor B
and can affect the EOM and spectra. Two comments are in
order.

(1) The EOM for the eigenspectrum and wavefunction is
valid for all mesons with spin S > 1.

(2) The spin parameter S enters in the factor B and can af-
fect the EOM and spectra.

The parameter k is a parameter depending on the induced
metric (11) of the Dg-brane. After integrating out $9=%, k is
determined as
_(p=3)@g—=5+4

p—1 '

k=

(18)

It is obvious that k depends on both p and ¢. For simplicity,

we have defined

Cozkaoz_(p—3)(q—5)+4_ (19)
2(p—5)

The parameters ag, do, the other two parameters k, co
and the corresponding curvature R for any Dp-Dgqg sys-
tem are listed in Table 3. We notice that dy = 0 for D3
background branes, i.e. the dilaton field is constant in AdSs
space. However, the dilaton field in a general Dp—Dg sys-
tem can have a In z term contribution, e.g. in the D4-D8 sys-
tem, dyp = —3/2. We also want to point out that for a pure
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Table 3 Theoretical results for the D p—Dg system

» 3 4 6
q s 7 4 6 8 4 6
k= — g9 1 1 53 73 1 7
a = 5575 1 3/2 —-1/2

co = kag 1 32 512 72 —1/2 —1)2
R~ -L 1/+/3 772 /\/36m 6+/22°

8eff

Dp-Dgq system, the curvature is proportional to the inverse
of the coupling strength gegr. For D3 background branes, the
curvature is a constant. The curvature for the D4 background
branes is small at IR, and large at UV; its dual gauge theory
is strongly coupled at IR and weakly coupled at UV, which
is similar to QCD. However, the curvature for the D6 back-
ground branes is large at IR, and small at UV, its dual gauge
theory is weakly coupled at IR and strongly coupled at UV,
which is opposite to QCD.

It is noticed that even though there are top-down moti-
vations from D p-Dg system in type II superstring theory,
the soft-wall D p—Dg model that we propose in this subsec-
tion with a zZ correction in the dilaton field is a model, not
a solution to the supergravity equations of motion in type II
string theory. However, in our proposed model, the values of
ao, g, dp, R are determined by the D p—Dgq system and not
related to the z* term in the dilaton field. Suppose the z> term
correction in the dilaton field can be solved directly from the
string theory, for example, by considering the backreaction
from the probe flavor brane [17]; then one natural question
is whether the Inz term in the dilaton profile will remain
the same. From our experience in hadron physics, the Inz
term dominates in the UV region (z — 0), and can accom-
modate the Coulomb term in the effective potential, while
the z2 term dominates in the IR region (z — o0), which
accommodates the linear term in the potential. Of course,
there are also other terms, like z* or z6, which should exist
in the solution but physically their effects might be safely
neglected. Such an understanding is also justified from the
QCD sum rule approach. If the D p—Dg system (with a suit-
able compactification) is indeed dual to the realistic QCD,
then Inz and z> should be the most important terms which
determine the spectra of the system. Therefore it is natural
and intuitive to expect that the physics in the IR region will
not affect the physics in the UV region. Actually, comparing
to the In z contribution, the deformation of the z2 correction
dominates the IR physics, but can be safely ignored in UV
region.

4 Match soft-wall D p-Dg system with Regge
trajectories of vector and axial-vector mesons

In the dictionary of AdS/CFT, a f-form operator with con-
formal dimension A has 5-dimensional square mass mg =
(A — f)(A+ f —4) in the bulk [43], and for vector and
axial-vector mesons mg = 0. The spectra of EOM of (16)

for vector and axial-vector mesons has an exact solution:
M} ¢ =4con +4cacoS + 2¢2(1 — co + dy). (20)

When ¢g = ¢, = 1 and dy = 0, this solution reduces to the
results given in the [35].

This exact solution supports the parameterization on
Regge trajectories and can tell how the phenomenological
parameters a,, as and b are directly related with the metric
parameters cg, ¢ and do:

(1) ¢2 is completely determined by the string tension in
the radial direction a,,, i.e.

Aan
= 1 21
Andreev in [44] shows that there is an upper bound of c¢;.
¢y can be determined by the coefficient C; [45] of the
quadratic correction to the vector—vector current correlator
[46, 47]
,dIly

Ng"——

1 n
iz =Gt Gt > —5Con(Om), (22)

n>2

where C; can be determined from e*e™ scattering data [48].
According to [44], the relation between C» in (22) and the
parameter c; for the dilaton field is ¢ = — %CQ. The exper-
imental bound |C;| < 0.14 GeV? gives |c2| < 0.21 GeV2.
From the fitting result for the Regge trajectories of vector
and axial-vector mesons (2) and (3), we can read that c; is
around 0.2 ~ 0.25, which is in agreement with the experi-
mental upper bounds.

(2) It is interesting to notice that c( reflects the difference
of the string tension in the radial direction and spin direction,
co="2. (23)

an

From the string theory side, it is commonly believed that
the dual string theory of describing QCD should be strongly
curved at high energy scales and weakly curved at low en-
ergy scales [10]. It seems that the D4 background brane sys-
tem is more like the dual string theory of QCD. By read-
ing the result for the Regge trajectories of vector and axial-
vector mesons (2) and (3), we can see that ag/a, is around
1 ~ 1.5. By comparing with Table 3, we find that the D3
background brane with both ¢ =5 and g = 7 probe brane
and the D4 background brane with g = 4 probe brane are
close to realistic QCD.
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(3) Furthermore, dy can be solved for:

do=2L 4%y (24)
Qn an

If we take the approximation of a, = ag = 1, we have

co =1, ¢o = 1/4 for both vector and axial-vector mesons,

while dy 1s malnly determined by the ground state square

mass as dp =2bP/4,

5 Dynamical chiral symmetry breaking

It is known that chiral symmetry is spontaneously broken
in the vacuum; thus the observed chiral partners are not de-
generate. From the Regge trajectories of the chiral partners
p and a, the chiral symmetry breaking in the vacuum is re-
flected by the difference of the ground state square masses
bP and b*. In order to describe the splitting between chiral
partners p and a, we have to investigate the mechanism of
dynamical chiral symmetry breaking.

5.1 Chiral symmetry breaking by the dilaton field

If we assume the 5D mass square m% p = m% . =0, we can
use (20) to fit the spectra of vector and axial-vector mesons.
The central values and correlation matrix for vector mesons
read

) =+1.20107% 1
f =+023T0% 1 089 1 , (25)
df = —2.207730 0.83 —0.99 1

while the central values and correlation matrix for axial-
vector mesons read

+0.50
g =+1.09703 1
4 =40.20700¢ [ —0.70 1 . (26)

+3.87
dg =+0.427575, 0.62 —-0.99 1
It is noticed that here ¢, and d have dimension GeV2. In our
fitting, we have fixed Agc = 0.2, uyy = 0.1 and ur = 3,
respectively. Boundary conditions for p mesons are given as

yP|._. =0,

R 3.yl (27)

= ZIR
i.e. the Dirichlet type at UV and Neumann type at IR.
Boundary conditions for axial-vector mesons a are given as
Dirichlet type both at UV and IR, i.e.

Uil =0 Vil

I=Iuv

(28)

= ZIR

The 1o contours of cp and ¢, are given in Fig. 1. There
exists a large overlapping region in the parameter space of
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Fig. 1 The lo contours of ¢y and c¢; determined from the spectra
of vector and axial-vector mesons with solutions given by (20), re-
spectively. The dashed (dotted) line is determined by the vector (ax-
ial-vector) meson data. The best fit values are labeled as stars in the
plot. The experimental upper bound (the solid line) of c; = 0.21 is
drawn

co and ¢, which means that it is possible to find a com-
mon region to accommodate the spectra data of both vec-
tor and axial-vector mesons. From Fig. 1 we can read that
the allowed overlapping region is located with 0.17 GeV <
c2 <0.21 GeV and 0.8 < ¢g < 1.6.

The splitting of p and a can be described by different
values of dy, i.e. the chiral symmetry breaking can be de-
scribed by the dilaton field. Unfortunately, from Table 3 we
cannot find the corresponding D p—Dg systems to describe
vector and axial-vector mesons simultaneously. Therefore,
we have to resort for other mechanisms to describe the chi-
ral symmetry breaking.

Our fitting results show that co prefers the value of 1 ~
1.5. From Table 3, we can read that for the D3-Dg back-
ground brane case, both ¢ =5 and ¢ = 7 probe brane cases
correspond to cg = 1, which is within the allowed overlap-
ping region; for the D4 background brane case, only g = 4
case corresponds to cgp = 1.5 which is within the allowed
overlapping region; for D6 background brane case, no Dg
probe brane case can be allowed in the allowed overlap-
ping region. This indicates that the holographic QCD model
should be close to models defined in D p-brane background
for p =3 or 4. However, people usually take the approxima-
tion a, = ag, e.g. in [34]. In this case, co = 1, the realistic
holographic model is more like the soft-wall AdSs model.
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We fix the following metric parameters to describe the spec-
tra of vector mesons p:

cg =1,
b =0.2GeV?, (29)
d) =0,

and these parameters are in the allowed region of (25). In the
following, we discuss other possible ways of describing chi-
ral symmetry breaking, i.e. we discuss how to realize axial-
vector meson spectra in the soft-wall AdSs model defined
in (29).

5.2 Chiral symmetry breaking by effective 5D mass square
of axial-vector mesons in the Higgsless model

We determine the metric structure (29) of describing the vec-
tor mesons; now we need to describe the spectra of axial-
vector mesons a in the same holographic QCD model. If we
start from the Higgsless model (15), the only difference be-
tween the EOM for p and a is the 5D bulk mass mg mg =0
for vector mesons, and we can expect that mg # 0 for axial-
vector mesons due to chiral symmetry breaking.
For the general A(z) and @ (z) parameterized as

A(z) = —cglnz, (30
®(z) = 22%, 31)

the potential derived from B(z) = @(z) — (2S5 — 1)A(z) can
be put thus:

2 1 2

_ B m-—z 22, Ms

V(z) =2c2(m — 1)+ = +c5z7 + 2o (32)
with

28 —1 1

2
When ¢y = 1, for any ¢; and constant ms, the EOM

¥+ V@Y =My (34)
can have an analytic solution:
M?=cr(dn+1)+c2(25 — 1)

+c2\/[(25— 1)+ 1] +4m2. (35)

When S =1,

M3=4czn+4cz+2cz(,/1+m§— 1>. (36)

From (36), for mg o= 0 and m% . 7 0, we can get the
spectra of the axial-vector a; through shifting the spectra
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Fig. 2 The spectra of the axial-vector mesons a; by solving the EOM
of ay (34) for different m2

of p; by 2¢2(,/1 + mg’a — 1) upward. In Fig. 2, we explic-
itly show our numerical results of the spectra of axial-vector
mesons a1 by solving the EOM of a; (34) for different m% It
is found that when m% .=0.5 GeV?, the produced a; spec-
tra agree well with the experimental data. Note that here we
have used the value of mg ., after scaling.

5.3 Chiral symmetry breaking by Higgs mechanism

In the Higgsless model, it is not clear how the axial-vector
mesons gets an effective 5D mass. The Higgs mechanism
in [35] offers such an explanation. It is suggested that the
axial field picks up a z-dependent 5D mass via the Higgs
mechanism from the background scalar X that encodes the
chiral symmetry breaking. The axial-vector meson a; mode
equation reads

0, (e_‘p(Z)eA(Z) d.an)
+[mp — 836249 X (2)*]e @t Da, () =0,  (37)

with g% = 1272/ N,.. By comparing with the equation of mo-
tion of axial-vector mesons in the Higgsless model, we can
regard g% X (z)? as the effective 5D mass square m% o for
axial-vector mesons, which is obtained by coupling with the
scalar field. The linearized equation of motion for the scalar
field X reads

9 (e7 @MDY X (2)) +3e PO X (1) =0.  (38)

It is quite complicated to solve the coupled (37) and (38).
We only discuss two asymptotic solutions of scalar field at
UV (z =0) and IR, respectively.

@ Springer
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Fig. 3 The a; spectra by using the UV asymptotic form of the scalar field solution at N, = 3, (a) is for different values of m, with fixed

X = (400 MeV)3, (b) is for different values of X with fixed my =3 MeV

The asymptotic form at UV has the form of

z—0 1 1 3

X(z) — 2MqZ + EEZ . (39)
Here the coefficient m, is the UV (z = 0) boundary condi-
tion given by the quark mass matrix, while the coefficient
X is the chiral condensate, which can be determined dy-
namically by the boundary condition in the IR. We show
the produced a; spectra from (39) in Fig. 3 when N, = 3.
Figure 3(a) is for different values of m, with fixed ¥ =
(400 MeV)3, and Fig. 3(b) is for different values of X with
fixed my; =3 MeV. It can be clearly seen that the asymptotic
form at UV introduces non-linearity of the n dependence of
M?; the 7> term contributes more on the non-linear behavior.

For large z (in the IR) on the background ® = ¢,z the
equation for X becomes

3
X//—Zcsz/+Z—2X=0 @z>1), (40)

the scalar field has a solution that goes to a constant in the
IR, i.e., X (z) — const as z — 00. X (z) = const means the
effective 5D mass mg .= gg X (2)? is a constant. Then the

spectra of a; will behave the same as that in Sect. 5.2.

6 Chiral symmetry restoration

Though the slopes in radial direction for vector mesons a/;

and axial-vector mesons af can be roughly taken as the

@ Springer

same, i.e, ah ~ ay, in order to have chiral symmetry restora-

tion in high excitation states, we need al > a.

Recently Shifman et al. in [38] showed that it is diffi-
cult to realize chiral symmetry restoration in the holographic
QCD model. Here we propose a possibility to realize asymp-
totic chiral symmetry restoration in high excitation states. To
accommodate such a case, we can take the ansatz that the ef-
fective 5D mass mg(z) has the following form:

2 2
=2 =805z —l——zz + dmy. “41)

According to the experimental data given in (2-3), the nu-
merical value of 8c§ should be around 20% of c%. Substitut-
ing this ansatz into (32), we can find that the spectra can be
exactly solved:

m2 =4chn + 228 +2¢4 S+ 8mf +2(c2 + ¢h), (42)
where
¢h=y/c3+8c3 and §' =+/52+68S2

Then equivalently, the chiral symmetry restoration demands
that c’2 should be smaller than c;, from which one infers that
(ch should be negative. It is not clear at the moment how
to get the negative correction (Sc%z“ in 5D mass square of
the axial-vector meson from the Higgs mechanism, which
deserves further careful study in the future.
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7 Conclusion and discussion

In summary, we have derived the general 5-dimension met-
ric structure of the D p—Dg system in type II superstring the-
ory. We have shown the dependence of the Regge trajecto-
ries parameters on the metric parameters of the model.

(1) The quadratic term in the dilaton background field is
solely determined by the slope in the radial direction.

(2) The warp factor is mainly determined by the difference
of the slope in the spin direction and the radial direction.

(3) The logarithmic term in the dilaton background field
contributes to the ground state square masses.

It is commonly believed that the dual string theory of
describing QCD should be strongly curved at high energy
scales and weakly curved at low energy scales, and it seems
that the D4 background brane system is more like the dual
string theory of QCD. However, the ratio of the slope in the
spin direction of the vector mesons over its slope in the ra-
dial direction ag/a, is around 1-1.5, which indicates that
the D3 background brane with both ¢ =5 and ¢ = 7 probe
brane, i.e., the AdSs soft-wall model and D4 background
brane with ¢ = 4 probe brane are close to the holographic
realistic QCD.

Considering as/a, = 1 is usually assumed to fit the
Regge trajectories of mesons, and within this ansatz, we can
conclude that the AdS5 soft-wall model is a workable model.
A constant 5D bulk mass for the axial-vector meson plays an
efficient role to realize the chiral symmetry breaking in the
vacuum, and a small negative z* correction in the 5D mass
square is helpful to realize the chiral symmetry restoration
in high excitation states.

The information in this study is important for a realistic
holographic QCD model construction and our future study
on the interactions of mesons, branching ratios and decay
widths of mesons, etc. In our current approach, we chose the
Higgsless model to describe the radial and higher spin exci-
tations of vector and axial-vector mesons, the pseudoscalar
7 is the zero mode of axial-vector field and there are no ra-
dial and higher spin excitations. We leave the study of the
Regge trajectories of scalar and pseudoscalar mesons by us-
ing the global symmetry breaking model to our future work.

Finally, we discuss the effect of a different boundary con-
dition for axial-vector mesons on our final results. For real-
istic QCD chiral symmetry breaking, the boundary condi-
tions should be consistent with the well-known QCD flavor
structure: in the high energy or UV region, we expect that
the chiral symmetry SU (Ny) x SUg(Ny) is explicitly bro-
ken by quark masses; while in the low energy or IR region,
we expect that the strong dynamics breaks the chiral sym-
metry further due to fermion condensates, but preserves the
custodial isospin symmetry SUy (N r). For such a symmetry
breaking pattern, in the unitary gauge, it can be realized by
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Fig. 4 The produced axial-vector meson spectra for different mg.a by
using DD type boundary conditions (28) and DN type boundary con-
ditions (43)

choosing an axial-vector field with Dirichlet type conditions
both at UV and IR; see, i.e. (28). Such boundary conditions
have been adopted in (32-33) of [49] in the Higgsless model,
for instance. In [14, 15], the boundary conditions for axial-
vector mesons are given as the same as that for p mesons,
i.e. with Dirichlet type at UV and Neumann type at IR,

=0. (43)

Z=ZR

o =0, 3y

z=zuv

We examine the effect of these two different boundary con-
ditions on axial-vector meson spectra in Fig. 4, and find that
these two different boundary conditions do not make too
much difference for our final results.
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