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We construct an infrared-improved soft-wall AdS/QCD model for baryons by considering the infrared-
modified 5D conformal mass and Yukawa coupling of the bulk baryon field. The model is also built by
taking into account the parity-doublet pattern for the excited baryons. When taking the bulk vacuum
structure of the meson field to be the one obtained consistently in the infrared-improved soft-wall
AdS/QCD model for mesons, we arrive at a consistent prediction for the baryon mass spectrum in even

and odd parity. The prediction shows a remarkable agreement with the experimental data. We also
perform a calculation for the p(a;) meson-nucleon coupling constant and obtain consistent result in
comparison with the experimental data and other effective models.
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1. Introduction

Quantum chromodynamics (QCD) is the fundamental theory de-
scribing the strong interactions among quarks and gluons. QCD
has been successfully applied to study the perturbative effects of
strong interactions at high energies due to the property of asymp-
totic freedom [1,2]. However, it is very hard to be used directly
in the nonperturbative low-energy regime. Numerical methods or
other effective theories have been constructed to give a low-energy
description of the strong interaction, such as lattice QCD or chiral
effective field theory [3,4]. The discovery of Anti-de Sitter/Con-
formal field theory (AdS/CFT) [5-7], which establishes the duality
between the weak coupled supergravity in AdSs and the strong
coupled N =4 super Yang-Mills gauge theory in the boundary,
provides new idea for solving the challenge problems of strong
interaction at low energies. Based on AdS/CFT, a holographic de-
scription of QCD has been established. A number of researches
have been focused on the low-energy phenomenology of hadrons.
Many different models have been constructed, and they are usu-
ally called AdS/QCD or holographic QCD. Generally speaking, these
models can be divided into top-down and bottom-up approaches.
The former starts from certain brane configurations in string the-
ory to reproduce some basic features of QCD [8-10]. The latter is
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constructed on the basis of low-energy properties of QCD, such as
chiral symmetry breaking and quark confinement [11-13].

In the bottom-up approach, the hard-wall and soft-wall mod-
els are successful ones in describing hadron physics. The hard-wall
model [11] used a sharp cut-off in the extra dimension to realize
chiral symmetry breaking, while the linear Regge behavior of me-
son spectrum is lacking in this model. In the soft-wall model [12],
an IR-suppressed dilaton term was added to reproduce the Regge
behavior of mass spectrum, but the chiral symmetry breaking phe-
nomenon cannot be consistently realized. Many efforts [14-18]
have been made to build more realistic and predictive models, so
that the mass spectrum of mesons can be matched up better in
comparison with the experimental data. Some other characteris-
tic quantities, such as interacting couplings or form factors, can
also be produced well. In [18], we proposed a modified soft-wall
AdS/QCD model which leads to a more consistent description for
the mass spectrum of mesons.

Application of holographic QCD approach to baryons has also
attracted much attention [19-29]. A number of quantities includ-
ing the baryon spectrum and electromagnetic form factors of nu-
cleons as well as the meson-nucleon couplings have been calcu-
lated in both hard-wall and soft-wall models. In [20], a hard-wall
model for low-lying spin—% baryons which includes the effects
of chiral symmetry breaking was proposed to explain the parity-
doublet pattern of excited baryons. Other models have also been
constructed to tackle the problems of baryons in the soft-wall
AdS/QCD framework [30,31]. However, it can be shown that there
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is a massless mode due to the lack of chiral symmetry breaking in
these models.

In this paper, we shall pay attention to the infrared (IR) behav-
ior of AdS/QCD model and build an IR-improved soft-wall AdS/QCD
model for baryons with two light flavors. The model is constructed
by considering the IR-modified conformal mass and Yukawa cou-
pling of the bulk baryon field with the bulk meson field. To be
consistent with the soft-wall AdS/QCD model for mesons, the vac-
uum structure for the bulk meson field is taken to be the same
as the one obtained in the IR-improved soft-wall AdS/QCD model
for mesons, which has been shown to provide a consistent pre-
diction for the mass spectra of mesons [18]. In Sec. 2, the model
is built by taking into account the parity-doublet pattern of ex-
cited baryons as discussed in the hard-wall baryon model [20]. As
a consequence, we arrive at a more realistic IR-improved soft-wall
AdS/QCD model for baryons. Such a model can provide a consistent
prediction for the baryon mass spectrum which fits the experimen-
tal data very well. In Sec. 3, we calculate the p(a;) meson-nucleon
coupling constant and compare our result with the ones obtained
from the empirical estimation and other models. The conclusions
and remarks are presented in Sec. 4.

2. Baryon mass spectrum in IR-improved soft-wall AdS/QCD
model

2.1. Action of IR-improved soft-wall AdS/QCD model

Let us first construct the soft-wall AdS/QCD model for baryons.
We use the standard 5D AdS space-time as the background:

ds? = e2A®@ (nwdx“dx” _ dzz> (1)

with A(z) = —Inz and p*V =diag{+1, -1, -1, —1}.

To consider the parity-doublet pattern of excited baryons, a pair
of 5D spinors N1 and N3 corresponding to the spin-% chiral baryon
operators O; and Og in 4D should be introduced, as discussed
in Ref. [20]. The chiral baryon operators O; and Op transform as
(2,1) and (1, 2) under SU(2); x SU(2)gr respectively. The bulk ac-
tion of the Dirac fields N; (j =1, 2) is constructed as follows

i .
SN, :/de@[iNje%FAvMNj - i(V,TWNJ-)e%rANj
— MmN (2)8iN;jNj] . (2)

where T'4 = (y#, —iy?) are the 5D Dirac matrices which satisfy
{r4, 1B} =2nA8 with n4® = diag{+1, -1, -1, -1, -1}, e} is the
vielbein satisfying gyn = e,’?},egmg, and V) is the Lorentz and
gauge covariant derivative

i .
V= v — 5w#m3 — i(A)pmt° 3)

with @ the spin connection given by wif = 3,A(z)(5265 —
5488 and T8 = L[4, 5],

Unlike the usual soft-wall AdS/QCD model for mesons in which
there is an explicit dilaton term in the bulk action, such an expo-
nential term of dilaton for the spin-% fermion case can be removed
from the action by making a rescaling definition for the fermionic
baryon fields [31]. my(z) is the IR-modified 5D conformal mass of
the bulk spinors:

My (2) = ms + M (2) (4)

with ms the 5D conformal mass. The magnitude of ms is fixed by
the general AdS/CFT relation with the scaling dimension A of the
boundary operator [32,33]:

2
m%:(A—%) , A:g. (5)

Here we take ms = % and introduce §; = £1 to yield the right

chiral zero modes when matching N; with the 4D chiral operators
O and Og [20]:

1,

The IR-modified 5D mass term mpy(z) is considered to have the
following simple form

j=1

e (6)

2 52
HgZ

my(z) = W)»N,

(7)
which is required to be vanishing in the ultraviolet (UV) region
z— 0 and get a non-zero fixed value in the IR region z — oo due
to the QCD confining effect. Here g is the energy scale charac-
terizing the low energy QCD [18]. Note that such an IR behavior is
different from a simple quadratic term appearing in [28,31].

Let us now construct the IR-modified Yukawa coupling term be-
tween the bulk spinors (N1, N») and the bulk scalar field X. The
5D spinors N1 and N are dual to the spin—% chiral baryon oper-
ators O; and Opg in 4D respectively [20,21], and the 5D action of
them has the following form

Sy = [ dxVE[-m@ XNy + NaxN). ®)

so that the resulting effective 4D Lagrangian possesses the chiral
symmetry SU(Ns); x SU(Ny)r with Ny the flavor number. Note
that when the bulk vacuum expectation value (bVEV) of X breaks
the chiral symmetry, it remains keeping a vector-like symmetry,
ie, SUNf) x SU(Nf)r — SU(Ny)y. The IR-modified Yukawa cou-
pling yn(z) is assumed to have the following properties at UV and
IR regions:

YN@(X (@) |z00 — 2% 9)

It will be shown that the Sy term will lift the would-be massless
ground state of baryons to a massive state and split the degener-
ate massive excitations into parity doublets, so that it can explain
the experimental sign of the parity doubling pattern of excited
baryons [34]. Note that the Yukawa coupling yy(z) is considered
to be an IR-modified one which is different from the case in [20],
and its form will be specified later as it is relevant to the bVEV of
the bulk meson field.
The general action for the bulk baryon field is given by

SN=SnN, + SN, + Sy. (10)

IN@D|z—0—0;

We shall investigate the phenomena of resonance baryons based
on the above action.

2.2. Bulk vacuum expectation value of scalar meson field

The 5D action of the meson sector in the original soft-wall
model [12] is given as

1
S= /d5x¢§e—¢<z> Tr |:|DX|2 —m%|X|? - 4—2(Ff + F,%)}
85

(11)
with DMX =oMX —iAMX +iXA}, AMp = AV t% and Tr[tt?] =
8% /2. The mass of the bulk scalar field X can be determined as
mi = —3 by the standard AdS/CFT dictionary [7], and the gauge
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coupling gs is fixed to be g2 = 1272/N, with N the color num-
ber [11]. The complex bulk field X is in general decomposed into
the scalar and pseudoscalar mesons, and the chiral gauge fields Ay
and Ay are identified to the vector and axial-vector mesons.

The bVEV of the scalar meson field X in the two-flavor case has
the form as follows

1 10
X(Z)E(X)=§V(Z)<0 1>, (12)

which satisfies the equation of motion derived from the ac-
tion (11):

Vv'(2) + (3A'(2) — @' (2)) V' (2) — m% 2@ v(2) = 0. (13)

As expected from the AdS/CFT dictionary [7], the bVEV v(z) has
the following behavior in the UV region z — 0:

oz}
v(z—>0):mq§Z+T, (14)

where mg and o are the current quark mass and quark conden-
sate, respectively, and ¢ = +/3/(2m) is the normalization parame-
ter [35].

In the original soft-wall model [12], v(z) can be calculated from
Eq. (13), but the solution will reach to a constant in the IR limit
z — oo. Such an asymptotic behavior leads to the chiral symme-
try restoration which is not supported in QCD [36]. In the recent
studies [15,16,18], the IR asymptotic behavior of v(z) is assumed
to have a reliable form which can realize the chiral symmetry
breaking. The simplest forms for the dilaton profile, the metric or
the conformal mass have been modified in the IR region to make
Eq. (13) consistent.

As shown in Ref. [18], a consistent IR-improved soft-wall
AdS/QCD model for mesons with the quartic interaction term of
bulk scalar field can be written as

S= fd%ﬁe““” Tr[|DX|2 —-m%@)|X? - rx(2)|X|*

1

- —(F{+FR) |, 15
where the conformal mass my(z) and the quartic coupling Ax(z)
are considered to have the proper IR-improved forms. The bVEV
v(z) has the following IR behavior

V(z = 00) = VqZ (16)

with vy the constant parameter which characterizes the en-
ergy scale of dynamically generated spontaneous chiral symmetry
breaking caused by the quark condensate [4]. A simply parameter-
ized form of v(z) is taken as [18]

Az + BZ3
- 17
V(@) 1+C22 (17)
with
(o2
A=mgt, B= +mgC. C=ui/t, vg=B/C, (18)

where the constant parameter . characterizes the QCD confine-
ment scale.
Then we specify the Yukawa coupling yn(z) in action (8) as

YN(@) = ha JigZ (1 — B uﬁzze’”ézz) , (19)

which is required to realize a consistent mass spectrum of reso-
nance baryons compared with experimental data.

2.3. Equation of motion and solutions for parity-doublet baryons

Let us decompose the bulk baryon fields N; (j =1, 2) into the
chiral form

Nj=NjL+ Njg, (20)

where iT'>Nj, = Nj;, and il°Njg = —Njg. Then a KK decomposi-
tion for Nj; g is performed to yield the following form

d4 i n n
N2 =3 [ o e P @i, @

where 1//21,11)2(17) is the 4D spinors which satisfy )/Sl/lzn)(p) =

v @) Y3 U’ () =~y (p) and py"(p) = IpIYL (P)-
From the action given in Eq. (10), we can derive the equation of
motion in terms of fj; g (j=1,2) as (note that we shall neglect

the superscript of f;Z)R and 1//2”,)z below for convenience)

<8z -e"Dmy@) +9A @) —ynet@ x(2) > (fu)
—ynet@ x(2) +erPmy@) +3A @)\ fu

_ fir
=—Ipl ( sz>
(82 +eA@ iy () + A (2) ynet® x(2) ) (fm)
et x@ 8 — Ay + A @) ) \ far

_ fiL
—1p] <f2L) . (22)

Here we need to clarify the even and odd parity of baryons,
which is hidden in the above equation of motion. The parity trans-
formations of 4D spinors v g are defined as (P is a unitary rep-
resentation of parity transformation)

Pl r(OP =y Y 1 (®) (23)

with X = (t, —X). The parity transformation for the 5D spinors are
defined as

P™'NiL(x. 2)P =11y Nar (%, 2),
PT'N1r(X, 2)P =2y Na1 (%, 2),
PNy (x, 2)P = 2y Nig (X, 2),
P~ Nar(x, 2)P = 1y Ny (%, 2). (24)

It is easy to prove that the action (10) is parity invariant if 11, 1,
satisfy the relations [30,37]:

nim=nm=1, nim=nm=-1. (25)
For convenience, we restrict 1; and 71, to be real. We will show
that n1 = 1,71, = —1 correspond to the even parity case, while

n1 =—1,n2 =1 correspond to the odd parity case. Using Eqgs. (23)
and (24), we can easily find the relations between the bulk profiles
fijL,r (j=1,2) corresponding to the even and odd parity, respec-
tively:

fi1(@) = far(2),  f1r(2) = — f21(2)
f11(2) =—far(@), fir(2) = far(z)  odd. (26)

Now we introduce fj+ (z) and f j_ (z) with the forms as follows

even,

ff@ = fi@ + fr(2),
fi1 @ = f11(@) = f2r(2),

£ (@ = fir@ = far(2).
f5 @ = fir@ + fa1(2). (27)
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Table 1
The values of input parameters. mgq, o, g, |4 are taken from [18].
mg MeV) 13 (MeV)  pg (MeV) e (MeV)  aq AB AN
3.52 290 473 375 393 1658 255
Then Eq. (22) can be decoupled as
9 +er D) - A @) —yne"@x(2) i
ynet@x(2) ) +er iy + A @ )\ f)
(7) @)
(—az +eh@imy2) - A @) yne?@x @) > (fr)
-ynet@x@ g +erDhn@+ 44\ fy
IS
=|p| ( 2 ). 29
p f: (29)

From Egs. (26) and (27), we can see that for the even parity case
only fj+ (j =1,2) survive and for the odd parity case only fj_

(j =1,2) survive. fj+ and fj’ are just the holographic analogues
of the even and odd parity baryon wave functions, respectively.

2.4. Numerical results

As is noted above, in this paper we only consider the two-flavor
case with lightest quarks u and d, and ignore the isospin symme-
try breaking. The model involves seven parameters, i.e., mg, 0, (g,
Mc, AN, Aa and Ap, and four of them appear in the IR-improved
soft-wall AdS/QCD model for mesons [18], ie., quark mass myg,
quark condensate o, energy scales jc and jg. Here we just use
the values of the four parameters obtained from [18] as it has
been shown to provide a consistent prediction for the mass spec-
tra of scalar, pseudoscalar, vector and axial-vector mesons. Thus
there are only three parameters Ay, A4 and Ap in the IR-improved
soft-wall AdS/QCD model for baryons. We fit these three param-
eters by requiring the masses of the first three low-lying baryons
with even parity to match the experimental value. Especially, the
mass of nucleons is fixed to be 939 MeV. After fixing all the pa-
rameters, the masses of odd-parity baryons and the ones of the
high excited states of even-parity baryons could be considered as
our model prediction. The values of these parameters are shown in
Table 1.

The baryon masses can be calculated by solving Egs. (28)
and (29) numerically with the boundary conditions fﬁ(z —0) =

10—

05

0.0

f*

—10l
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Table 2
Mass spectra of even-parity nucleons. The superscript * represents the existence
confidence level. The experimental data are from [38].

N (even) 0 1 2 3 4 5

Exp. (MeV) 939**** 1440  1710***  1880**  2100*  2300**
Theory (MeV) 939 1435 1698 1915 2105 2276

Table 3
Mass spectra of odd-parity nucleons. The superscript * represents the existence con-
fidence level. The experimental data are from [38].

N (odd) 0 1 2 3 4

Exp. (MeV) 1535+ 1650+ 1895** - -
Theory (MeV) 1473 1717 1927 2113 2281

f2+(z — 0)=0 and f; (z— 0) = f, (z— 0) = 0. The results are
presented in Tables 2 and 3, and the baryon wave functions are
plotted in Fig. 1. One can see a good agreement between the the-
oretical calculations and the experimental values, and the results
are much better than the hard-wall calculations in [20].

3. (Axial-)vector meson-nucleon couplings

It is useful to apply the IR-improved AdS/QCD model for
baryons described above to calculate the p(a;) meson-nucleon
couplings, which can be compared with results in other mod-
els and empirical estimation from related experimental measure-
ments. The vector meson-nucleon coupling constant has been
calculated in the top-down models [39-41] and in the hard-wall
models [42,43]. There are also some other calculations outside
the holographic framework [44,45] and experimental estimations
[46-49].

As was shown in [43,50], the vector-nucleon couplings may
receive contributions in two ways. The first one comes from the
gauge interactions which is incorporated in the covariant deriva-
tive of kinetic term of the action (2),

i-
sg““ge:/d%@ [5N1e%FA(—iALM)N1
i
- E((—:‘ALM)N])Tr"e%r’w]

i . i .
+ —NoeM A (—iAR )N, — 5((—1A,’§4)N2)Tr°e%rf‘1v2]

2
1.0 T T T T T T T
0.5+ B
L. 00 ““\ " ,’/ . . :?:?.-.-
I R L ]
\ /
[ \ /
L \ /
051 NP4 4
-1.0 I 1 1 I ]
5 10 15

z

Fig. 1. Baryon wave functions for the first three even-parity states (left) and odd-parity states (right). The solid line represents ground states. The dashed line represents first

excited states. The dotted line represents second excited states.
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oo
dz _
D/d4x/z—4 N1y*V, N1+ Nay#V, N,
0

+ N1y" ANt — Nay AN,

OOd _
_ / d'x / S V@Y @ + 150 @By Viueoy
0

— @) @ = 1) @Dy Y  Autov ] (30)

The second one originates from the Pauli term which was intro-

duced in [50] for the evaluation of the anomalous magnetic dipole
moment [Lqn, and the CP-violating electric dipole moment de,

gPauli uc/de\/_eA eg [N1F B(FMNN1
- NZFAB(FR)MNNZ]
> i;c/d%@zz [N1.T##(Fv)uzN1s
+ N1gT"(Fy)uzN1g — (1 < 2)]
+i/<fd5x\/§z2 [N1.T##(F ) uzN11

+ N1rT"(Fa)zN1g + (1 < 2)]
rd
:_z;cfd‘*xfz—f [ve@ar @
0

— 5 @PYY Vuoy
@Y @RI @Dy Auoy ] . (31)

We can easily read the p(a;) meson-nucleon coupling con-
stants from the above two formulas:

(V) (¢))
8pNN = &,NN T 8pNN

oo

—/—Vo(z)(lfo)(z)l +1RY @)
0
—zx/ v 1P - 1fQ P, (32)
0
and
ZaiNN = Zookn + Bun

o0

f Ac@ (1FY @R - 1£22)1%)

o0

d
— 2 f S M@ U D+ 1) D). (33)

0

Note that there are some differences of the above formulas
from that in [43] though we follow the same procedure with the
same action terms. The normalized wave function (Ag)Vo of (a1)p
meson has been determined in the IR-improved AdS/QCD model

Table 4
The values of p(a;) meson-nucleon coupling constants calculated in our model and
other ones or estimated from experiments.

Model/Experiment gpNN 8a;NN
Our model 2.48 0.14
Experiment [46-48] 42~6.5 -
Experiment [49] 2.52 +£0.06 -

Sum rule [44] —25+1.1 -

Chiral quark [45] 2.8 -
Hard-wall [43] 0.2~0.5 1.5~4.5
Hard-wall [42] —3.42 (-8.6) -
Soft-wall [51] 5.33 (6.78) -

for mesons [18], and « is fixed by the anomalous magnetic dipole
moments of nucleons [50] as follows

o0
dz 1.8e
[ano = —€2K / Z—3ff?’ @ fiD(2) ~ S (34)

with the nucleon mass my >~ 0.939 GeV. Then we obtain x ~0.19
from Eq. (34).

Taking the parameters obtained in the IR-improved AdS/QCD
model for mesons [18] and the IR-improved AdS/QCD model for
baryons in this paper, we are able to calculate the p(a;) meson-
nucleon coupling constant. The results are shown in Table 4 in
comparison with other models or empirical values. [46-49] are
empirical estimations from different experimental data, and [44]
is QCD sum rule calculation. The result of [45] was obtained in
the chiral quark model. [42,43] are hard-wall models with differ-
ent action terms. [51] studied p meson-nucleon coupling constant
in a soft-wall AdS/QCD model which is different from ours. In
our calculation, the p and a; meson-nucleon couplings include
two parts both from the gauge interaction terms and from the
Pauli action terms. The numerical results from different terms are:
gzol\)m ~2.71, g,(oll\)lN ~ —0.23, gg?)NN ~0.29, gﬁ?\m ~ —0.15. It can
be seen that the gauge interactions give the main contribution of
the couplings, while the Pauli term contributes to a small negative
part. From Table 4 we see that our result of g,yn is consistent
with the ones from experiments and other effective models, yet
the baryon spectrum in our model is reproduced much better than
that in the hard-wall model [20], as has been shown in Tables 2
and 3.

4. Conclusions and remarks

We have built an IR-improved soft-wall AdS/QCD model for
baryons. Two bulk spm—— fermion fields and a bulk scalar field
have been introduced as the basic block of this model, follow-
ing [20]. The Yukawa coupling term in the action is necessary
for inducing the chiral symmetry breaking, which is crucial for
the mass of lowest-lying baryons, and splitting the baryons into
a parity-doublet pattern of resonance states. The IR-modified 5D
conformal mass my(z) plays the role of an effective confining po-
tential for attaining the reliable mass spectrum of baryons. By
adopting the parameterization of the bVEV of bulk scalar field in
the IR-improved soft-wall AdS/QCD model for mesons [18], we
have arrived at a consistent mass spectrum of baryons, which
agrees well with the experimental data. It has been shown that
the combined behavior of the bVEV of bulk scalar field and the
IR-modified Yukawa coupling yy(z) is critical for yielding the con-
sistent mass spectra of the highly excited baryon states.

The (axial-)vector meson-nucleon coupling constants g,nn
and gq, Ny have been calculated within the IR-improved AdS/QCD
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model for baryons. We have considered both the gauge interaction
term contained in the covariant derivative of action (2) and the
terms related to the anomalous magnetic dipole moment of nu-
cleons [43,50]. The numerical result of g,yy > 2.48 is consistent
with the experimental data and other models of QCD. The coupling
8q,nN has no experimental data, and our calculated value is much
smaller than the one obtained in the hard-wall model [43] though
the same action terms have been taken. Note that the formulas of
goNn and gq,nn are different from those in [43].

In this paper we have carried out the calculations for the
mass spectrum of baryons in the two-flavor case and discussed
the (axial-)vector meson-nucleon coupling constants. In gen-
eral, many other properties relevant to baryons can be studied
within the framework of the IR-improved AdS/QCD model for
baryons, such as the nucleon electromagnetic and gravitational
form factors, and the pion-nucleon coupling, etc. In particu-
lar, by considering the explicit chiral symmetry breaking due to
quark masses, the three-flavor case which incorporates the baryon
octet may be an interesting extension to be studied in the fu-
ture.
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