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By adopting the nonlinear realization of chiral symmetry, a holographic model for the baryon octet is
proposed. The mass spectra of the baryon octet and their low-lying excited states, which show good
consistency with experiments, are calculated. The couplings of pion to nucleons are derived in two gauges
and are shown to be equivalent with each other. It also shows that only derivative couplings of pion to
nucleons appear in this holographic model. The coupling constant is then calculated.
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I. INTRODUCTION

In the recent decades, there have been many studies on
anti-de Sitter (AdS)/QCD since the discovery of AdS/CFT
[1-3]. Various holographic QCD models have been con-
structed, either in the top-down approach [4-6] or in the
bottom-up approach [7-9]. Much research has been focused
on the phenomenology of low-energy QCD [9-19], such as
the hadron spectrum [10-13], the deconfining or chiral
phase transitions [14—18], the hadron form factors [9], etc.
The AdS/QCD method has shown powerful ability in the
description of the low-energy QCD phenomenon.

In this paper, we focus on the baryon properties and try
to construct a sensible holographic model for the baryon
octet, based on the AdS/QCD model for mesons [7,8],
which have shown superiority in the low energy QCD
phenomenology. Indeed, considerable effort has been made
in the construction of the holographic baryon models, such
as in Refs. [20,21]. In Ref. [22], the authors built a
holographic model for spin—% baryons, which naturally
incorporates the important phenomenon of the parity
doublet [23]. However, one large limitation of this work
is that they only considered the two-flavor case. To
generalize the model, one cannot bypass the baryons with
heavy quarks, which makes the issue about chiral sym-
metry troublesome. The meson physics in the three-flavor
case has been considered in the holographic framework in
Ref. [24]. For baryons with three flavors, chiral symmetry
is believed to be broken from the beginning, and the picture
of chiral symmetry breaking in Ref. [22] seems to be
invalid.

Note that the holographic construction in Ref. [22]
shares similarities with the linear sigma model and the
massless modes of baryons before chiral symmetry break-
ing form the representation of the chiral group. However,
for heavy baryons, it is more suitable to accept the non-
linear realization of chiral symmetry in the construction of
baryon models [25]. Following this way, a holographic
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model for the baryon octet will be given. The whole mass
spectra of the baryon octet and their low-lying excited
states, which show good agreement with experiments, will
be calculated. We also show that this holographic model
only contains gradient couplings of the pion with baryon
fields, at least in the chiral limit, which is in parallel with
the nonlinear construction of the effective baryon model in
the four-dimensional (4D) field-theoretic method [26].

II. OUTLINE OF THE MODEL

Asin Refs. [7,8], we take a slice of AdS5 space-time with
the metric ansatz

ds*> = e2A(Z)(11de"dx” - dz7?), €<z<z, (1)

where A(z) = —1Inz, n,, = diag(+,—,—,—) and the IR
brane z,, = 1/Aqcp.

To produce the possible parity-doubling pattern of
excited baryon states, we follow Ref. [22] (for a brief
review of this work, see the Appendix) and introduce two
bulk baryon fields B;, which correspond to the chiral
baryon operators O;  in the boundary, respectively, but
with the isodoublet in the two-flavor case replaced by the
baryon octet in the three-flavor case:

2 A +
S JBC ATV "
2.7 e 2
B- =0 -2
6

The holographic model is formulated on the basis of the
chiral gauge group G = SU(3), x SU(3)g, which is bro-
ken spontaneously into a vectorial subgroup H = SU(3),,.
The bulk action comprises two sectors. The first one, which
contains the covariant kinetic terms and the bulk mass
terms, can be written as
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where the metric gy = ef,efnsp with the vielbein
ey = %17‘5‘4 the Dirac matrices T = (y#, —iy’) satisfy
{TA, T2} = 2B, and the mass of the bulk baryon fields
ms can be determined by the AdS/CFT correspondence as
ms = j:% with the sign dictated by the analysis of the
chirality of baryon fields (conventionally, we set ms = % for
B, and ms5 = —% for B,) [22]. The Lorentz and gauge

covariant derivatives of the bulk baryon fields have the
form

i .
VuB, = 0yB, +Za)ﬁBFA331 —i[Ly,By].  (4)

I .
VuB, = 0y B, + Zwﬁ‘frABBz —i[Ry. By,  (5)

where the spin connection wyf = 9,A(z) (54,62 — 5455,),
M8 = LM, T5] is the Lorentz generator for spinor fields
and Ly (R,) can be formulated by the gauged Maurer-
Cartan 1-forms as

EM = l'*:TDMf, RM = lEDM§+ (6)

with the covariant derivatives defined by
Dyé = 0yé - i(AL)Mf’ (7)
DM":T = aMéE+ - i(AR>M§T7 (8)

where AY and A} are the chiral gauge fields and & = e/Te"
is the element of the coset space G/H [T, = 4,/2 is the
generator of the SU(3) group with 1, the Gell-Mann
matrices, and 7z, denotes the bulk pseudoscalar field].
We can see that £, and R, contain both the gauge fields
and the pseudoscalar fields and are indeed the only terms
containing these fields in the model, which is different from
that in Ref. [22].

Note that in the nonlinear representation the bulk baryon
fields B; only transform under subgroup H as B} =HB;H T,
The element &(7) of the coset space G/H transforms under
the chiral gauge group G as & = L&(n)H' = HE(m)RY
with L € SU(3),, R € SU(3)g, and the chiral gauge fields
AY and AY transform in the following way:

(AL)ly = L(AL)y LT +iLOyL", )
(Ag)hy = R(AR)yyR" + iROyR'. (10)

Then, the group transformations of £,, and R, can be
obtained as
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'y =HLyH + iHOyHT, (11)
R}, = HRyH' + iHOy H'. (12)

The other sector of the bulk action which generates chiral
symmetry breaking can be formulated as

Spr = —/dsx\/ﬁ[clTr(B,{)H,Bz}) + CZTr(Bl [t 4, Ba))
(13)

where h.c. denotes the Hermitian conjugate, y, is related to
the three-flavor generalization of the bulk scalar field X (see
also Sec. IV) by

+ (¢y — ¢;)Tr(B;B,)Try, +h.c],

1, .
Xt =5 ('XE" +2X70), (14)

N

and y, transforms in the nonlinear representation as
¥\ =Hy,H . The bulk scalar field X can be defined as

(15)

where S, and S, represent the scalar singlet and octet, X, is
the vacuum expectation value (VEV) of the scalar field X
and is presumed to be of the form

X=EXo+ ToSo+ T,S,)E,

XO = vy, (16)

with v, = m,z + 6,7° and v, = m,z + 6,2, where m,, o,
denote the mass and chiral condensate of u, d quarks and
my, o, denote the ones of s quark [7,8]. In terms of Eq. (15),
¥+ can be reduced to
X+ = Xo+ToSo +TaS, (17)
which is only associated with the scalar mesons.
As in Ref. [22], the bulk baryon fields B; can be written
in the chiral form: B; = B;; + Bjg with B; r decomposed
by the Kaluza-Klein (KK) and Fourier decomposition as

d4p —7 n n
Bjrg(x,2) = Z/(Zﬂ)w e e (@ R(p). (18)

where f;; g are the Kaluza-Klein profiles of the bulk
baryon fields, w; z(p) are the 4D spinors satisfying
rvi(p) =wi(p), Y’vr(p) = —yr(p), and py; r(p)
|plwg.(p). Now, in terms of the profiles f;; x (note that
the superscript n has been neglected), the equation of
motion (EOM) for the baryon octet can be derived from the
variation of the bulk action as
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(81—2% -5 )(M) . |<fm>
—%) 0, +4) \Ja Jor
0, +2LZ %? (flR) :|p|<flL> (19)
99, -2 ) \fx fa)

2z

where v(z) has the following form for different particles in
the baryon octet:

(Bea—cr)vu(2) for (p.n),
v(z)= (262——> Z)+<L'+C2) vs(z) for A, (20)

2621}11( ) ( Cl)vs( ) for s,

(cr—c1)v,(2)+2¢,04(2) for Zs.

From the parity transformations of the baryon fields, we
get 1. = fag and f1p = —f, for even-parity states, while
fir = —far and fip = fo; for odd-parity states [22,27].
As in Ref. [22], by solving Eqgs. (19) with the boundary
conditions f; (¢ — 0) = 0 and fz(z,,) = 0, we obtain the
mass spectra of the baryon octet and their excited states.

III. MASS SPECTRA OF THE BARYON OCTET
AND THEIR EXCITED STATES

To get the baryon spectrum, we first fix the same
parameters as the ones in Ref. [22] by fitting the masses
of the nucleons (p, n) and their first excited state N(1440):
m,=0, o,= (198 MeV)*, z, =(205MeV)~!, and
3¢y — ¢y = 14.8. Then, we take m; = 100 MeV and o, =
o, = (198 MeV)? and the last parameter ¢, fixed by the
mass of A to be ¢, = 4.52. The experimental and numerical
results for the baryon-octet spectrum are shown in Table I,
where we can see that the model predictions for the masses
of Xs and =s match with experimental data very well. It can
be easily shown that the mass hierarchy of different
particles in the baryon octet is exclusively due to the large
mass of the strange quark. Table II lists the masses of the
first excited baryon-octet states with both even and odd
parities, which are also consistent with experiments, except
for the first odd-parity state of A. It should be noted that the
masses of the excited states of =s are not given due to the
lack of experimental data. For the masses of higher excited
states, this model cannot give consistent results with

TABLE 1. Experimental value and model predictions for the
mass spectrum of the baryon octet.

Baryon octet p, n A s =s
Exp.(MeV) 939" 1115* 1190 1320
Model (MeV) 939 1115 1184 1321

‘Input value,
Ref. [29].

and the experimental data are taken from
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TABLE II. Experimental value and model predictions for the
mass spectra of the first excited even-parity and odd-parity states.
1st even p, n A s =s
Exp.(MeV) 14402 1600 1660 —
Model (MeV) 1440 1548 1598 —
1st odd p,n A s =s
Exp.(MeV) 1535 1405 1620 —
Model (MeV) 1505 1588 1627 —

experiments, the reason for which might be attributed to
the sharp IR cutoff of the fifth dimension of AdSs, which
can be remedied through a soft dilaton term [27,28].

It should be remarked that the baryon masses in this
model are acquired by a different way than that in Ref. [22],
where the VEV of the scalar field X in a Yukawa coupling
term breaks the chiral symmetry and gives the nucleon
mass. In our model, with a nonlinear realization of chiral
symmetry, the chiral symmetry of the baryon action per se
has been broken from the beginning, which can be seen
from the group transformations of the baryon fields B; that
keep the action invariant. However, it is still the VEV of the
scalar field y, that contributes to the mass spectrum of the
baryon octet.

A unique feature of this bottom-up holographic frame-
work is that one cannot separate the explicit chiral
symmetry breaking terms from the ones generating sponta-
neous symmetry breaking in the bulk action as the quark
mass and the chiral condensate are sewed into a single term,
i.e., the VEV of the bulk scalar field X,. In the three-flavor
case, X, does not vanish due to the large mass of the s
quark, even if there is no spontaneous chiral symmetry
breaking. It leads us to accept the nonlinear realization of
chiral symmetry. However, as the bulk baryon action does
not realize the full chiral symmetry in the nonlinear
representation, the baryon states cannot form the
Wigner-Weyl modes of the chiral group, which might
cause some vagueness for the explanation of the parity-
doublet pattern of excited baryons. We will not go into
details about the reason of the parity-doubling phenome-
non, which is still inconclusive [23].

IV. PION-NUCLEON COUPLING

In the above, we construct a holographic model for the
baryon octet by using a nonlinear realization of chiral
symmetry, which has been proven to be more suitable for
describing baryons with larger masses [25]. The explan-
ation of the parity-doubling pattern in terms of two baryon
fields B, , with inverse chirality (parity) has been incorpo-
rated in this framework, though the bulk baryon action does
not realize the full chiral symmetry. Another characteristic
of this holographic model is that there are only derivative
interactions of pions with baryons, which is also a desired
feature in the 4D effective baryon models [25,26]. Next, we
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will derive the expressions for the pion-nucleon couplings
and show directly the nature of derivative interactions.

As the pion wave function is necessary for the derivation
of the pion-nucleon coupling, we first present the bulk
action of the meson sector which has been studied in
Refs. [7,8],

1
Sm:/dsx gTr{|DX|2+3|X|2—4—gz(F%+F123) . (21)
5

where the covariant derivative of the bulk scalar field X is
DMX = OMX —iAYX + iXA¥ and the chiral gauge
field strength is F}'Y = 8MAILVR — VAN — i[AY R AT Rl
The vector and axial-vector fields are defined as VM =
T(AY + AY) and AM = J (A} — AY), respectively.

Note that the scalar part of the meson action (21) can also
be recast into a nonlinear form by the Eq .(15), and the
results do not depend on which forms we used. Below, we
will work in two gauges, as has been used in Refs. [7] and
[8], respectively. The results in both gauges will be shown
to be equivalent to each other, from which the gauge-
independence manifests itself obviously.

Let us first work in the A5 =0 gauge accepted in
Ref. [8]. The EOM of the pseudoscalar meson in this
gauge can be derived as

(4
Z

- q281f(/1 +

(f —f¢) =0, (22)

2,2
95Vu
54 0.fr =0, (23)

where f,(z) comes from the KK decomposition of the bulk
pion field and f,(z) comes from that of the radial
component of axial-vector field (A7 = Ay, + 0,¢%). As
in the calculation of baryon spectrum, we only consider the
m,, = 0 case in which the pion as Nambu-Goldstone boson
has zero mass (¢*> = 0), so we have f7(z) = 0, which also
indicates, with the normalization condition f,(z — 0) = 0,
that f,(z) =0. Then Eq. (22) can be reduced to the
following form:

) 2,72
zaz< sz ‘”) - 95;” f,=0. (24)

The pion-nucleon couplings are supplied by the covar-
iant kinetic term of the bulk baryon action (3), which is the
unique term containing the pseudoscalar and gauge fields,
as noted above. In the A5 = 0 gauge, the interaction terms
(Lagrangian density) of pion and nucleons can be extracted
from the action (3) as
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EerN =2[(fz = f) (IS 1Ll = [fo Py’ dn 1y
+ 0.f(fiLf1r = faLfoR) iy n° 1%y
= —zf,(If 1] = |fo D)oy’ dn 1y, (25)

where the superscript * denotes complex conjugate, ¢ = "7
with ¢% the Pauli matrices, and w(x) denotes the 4D
isodoublet of nucleons. The Lagrangian density (25) shows
obviously the derivative coupling of pion to nucleons,
which is a characteristic feature of the nonlinear represen-
tation. Note that it is different from the holographic baryon
model proposed in Ref. [22], where a Yukawa coupling
term was introduced for chiral symmetry breaking, which
mimics the structure of the linear sigma model.

For comparison, we take another gauge-fixing scheme
used in Ref. [7] to work out the coupling of pion to
nucleons and show that the result is equal to the one in the
A5 = 0 gauge. The pion meson in this gauge is associated
with the axial-vector and pseudoscalar fields which can be
extracted (up to quadratic terms) from the action (21) as
follows:

Sea = / dPx|— (8 AJOHAY — 0,AJO" AN
2g5
2

- (aﬂAg 2 3

= 0:A%)?) + 55 (0,7 — Af)?

(@00 —Ag>2>} . (26)

To eliminate the mixing terms between A$ (z“) and Af,
we add the following gauge-fixing term:

dS a éAgs u a:|2
Sur = / 26,g3z [‘“ ~ a0 ( ) 2 ")
(27)

In the unitary gauge, we take £, — oo to decouple the term

zaz(/‘z ) — g “ 7% from the Af terms. Note that the orthogo-
nal combinatlon of A and 7 remains massless if
a 21)2
20, (—5> — 550 ga — 0, (28)
Z Z

With the ansatz A¢(x, z)

= fo(z2)7%(x), Eq. (28) becomes

20. (%Z)) - giﬁﬁ f.(z) = 0. (29)

After fixing the gauge, the pseudoscalar part of the action
(26) can be written as
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2

1 a a Vu a a
Sy = /d5x {@ 0,AS0MAS + 20 oumotrn

vi

- 0 - a2, (30
from which one can see that the condition for the pion to be
massless is 0,7¢ — A¢ = 0, which implies f(z) = f7(z).
In this gauge, we can also derive the coupling of pion to
nucleons as

LAy = 2l F 12 = | o Py  Fne oy
+ (0.f 2 = o) ([1Lf 1R = FaLfor) iy’ n1%y]
= 2f(If1L]? = |fo D) dntow. (31)

To prove the equivalence of £y, in Egs. (25) and (31),
one just notes that Eq. (29) is the same as Eq. (24) in view
of the relation f(z) = f%(z) derived in the unitary gauge.
It indicates that the couplings of the pion with nucleons are
equivalent to each other in the two gauges. The gradient
coupling constant can be defined as

e [ U OR - @R, (2)

T

where F, denotes the pion decay constant, f;(z) and
f21(z) are normalized by the condition

tﬁmﬂﬂﬂd@P+Vn&W)=L (33)

Z4

and f,(z) is solved from Eq. (29) with the normalization of

fo(2):
[l 2 (0(2)] -1 6

The pion decay constant F, can be computed from the
meson action (21) as F2 = —(g2z)7'9,A(0,z)|._. with
A(q, z) the bulk-to-boundary propagator of the axial-vector
field [8]. Using the parameters fixed by the baryon
spectrum, we get F, = 54.5 MeV and g, = 0.33, which
are too small compared with the experimental value: F, =
92.4 MeV and g, = 1.27 [29].

The discrepancy between the holographic model for
spin—% baryons and the one for mesons has been revealed in
Ref. [22], where the masses of N(1440) and N(1535)
cannot be obtained from the fitting of the meson sectors [7],
which is ascribed to the nonvanishing anomalous dimen-
sion of baryons in Ref. [22]. Another important reason
for this inconsistency, as has been noted above, is that the
sharp IR cutoff of the AdSs metric causes no linear
confinement which is manifest in the hadron spec-
trum [27,28].
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The coupling of the pion to nucleons may also receive
contributions from nonminimal gauge interactions, such as
the magnetic gauge coupling term [30]

L = ik[BTYN(F ) ynB1 = BaL"N(Fr)ynBal,  (35)

where the transformed gauge field strengths are FMN =
ETFMNE and FMN = EFMNET. Note that this term also only
generates gradient coupling of the pion to nucleons.

V. SUMMARY AND CONCLUSION

In this paper, we propose a holographic model for the
baryon octet with a nonlinear realization of chiral sym-
metry on the basis of the AdS/QCD model for mesons
[7,8]. The mass spectra of the baryon octet and their low-
lying excited states have been calculated and show good
agreement with experiments, especially for the ground
states. However, the model cannot give consistent results
with experiments for highly excited baryon states, which
might be attributed to the sharp IR cutoff of the AdS5 metric
[27,28]. We have also shown that the model only contains
gradient coupling of pion to nucleons, as in the 4D effective
baryon models with a nonlinear realization of chiral
symmetry [25]. However, the derivative coupling constant
is much smaller than that obtained from experimental
measurements, which might be rooted in the ignorance
of other gauge interaction terms contributing to the
coupling of the pion to nucleons, as has been noted
above.

Note that two bulk baryon fields are introduced in this
holographic model, although they transform in the same
way under the gauge group H. This is an unusual point of
the model which is different from the previous studies [22].
As the bulk action does not realize the full chiral symmetry,
the parity-doubling property of excited baryon states
cannot be explained with a Wigner-Weyl realization of
the chiral group, so other reasons must be called for [23].
On the other hand, this holographic baryon model with
nonlinear realization can be easily transformed into a linear
representation with the full chiral symmetry restored and
the baryon spectrum unchanged. However, it will lead to
lengthier action terms, and the derivative coupling of pion
with baryons will be lost.

Anyway, a holographic model for the baryon octet has
been constructed, which incorporates the parity-doublet
pattern of excited baryon states in an unusual way and leads
to unique derivative coupling of the pion to nucleons.
Nevertheless, there is much room to improve the model,
and much more low-energy hadron physics related to the
baryon octet can be studied in this holographic framework.
How to reconcile the physics of the baryon sector and
the meson sector in a desired way still deserves further
studies.
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APPENDIX REVIEW OF THE TWO-FLAVOR
HOLOGRAPHIC BARYON MODEL

Here, we give a brief review of the holographic model for
spin-; baryons first proposed in Ref. [22], where the authors
introduced two bulk baryon fields N, , which correspond to
the 4D chiral baryon operators O; p, respectively. The bulk
action for the baryons can be written as

Sy = /dsx\/ﬁi [%Nll-e%FAVMNj
=
—é(VLNj)e%FANj —mSNjN]} (A1)
with a Yukawa coupling term,
Sy = —/d5x\/§gY(NlX*N2 + N,XN;), (A2)
where the five-dimensional Dirac matrices I = (y#, —iy>)
satisfy {IA, T8} = 2¢"B, the vielbein e satisfies gyy =

ee8n4p, and the Lorentz (gauge) covariant derivative has
the form

PHYSICAL REVIEW D 94, 074017 (2016)

TABLE IIL
Ref. [22].

The results of baryon spectrum taken from

zm(GCV_l) gy

(0.33)71*  8.67
(0.205)1 144

“Input value, and ¢ = g{—zf with 3.4 < ¢ <4.

(p.n)(GeV) N(1440) N(1535) 3rd 4th

0.94° 2.14 224 325 3.30
0.94* 1.44° 1.50 2.08 2.12

i .
Viy=0y+ Zw'z?/lBFAB — i(Af )t (A3)

with 8 = L[ T8 and w}? = —1(8},6% — 5765;). Note
that we also have ms = 3 for Ny and ms = —3 for N,.

As only the two-flavor case with vanishing current quark
mass was considered in Ref. [22], the VEV of the bulk
scalar field takes the form X = %6Z3. The EOM for the
baryon doublet can be derived from the above action and
has the same form as Eq. (19) with v(z) = gyoz®. The
baryon spectrum can be obtained by solving the EOM with
the same boundary conditions as before. The results of
Ref. [22] are listed in Table III.

The second-row results are obtained by inputting the
parameters of previous studies of the meson sector [7,8],
while the third row shows the best-fitting results.
Obviously, this model can realize the parity doubling
pattern naturally, although it cannot give a good baryon
spectrum which is consistent with experiments, especially
for the highly excited baryon resonances.
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