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ABSTRACT: We consider a holographic QCD model for light mesons beyond the leading
order in the context of 5-dim gauged linear sigma model on the interval in the AdS5 space.
We include two dimension-6 operators in addition to the canonical bulk kinetic terms, and
study chiral dynamics of 7, p, a; and some of their KK modes. As novel features of dim-6
operators, we get non-vanishing Br(a; — 77), the electromagnetic form factor and the
charge radius of a charged pion, which improve the leading order results significantly and
agree well with the experimental results.
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1.

Introduction

To understand the dynamics of low lying hadrons from underlying QCD has been a long

standing problem in theoretical physics. In chiral Lagrangian approaches, it has been

known for some time that the low energy dynamics of pions, vector mesons p and axial

vector mesons aj are well described by the gauged linear sigma model (or its nonlinear

version) with massive Yang-Mills gauge filds. The model Lagrangian up to dimension-6

operators is given by !

1 1 1 1
£MassichM = Tr |:_ZL;WLMV - ZR;WRMV + §DH¢D‘L¢ — §M%¢Tq):|

1
—I—§m3 Tr(L,L" + R,R")
+Tr [+¢ (L D' BD"®T + Ry, DI BT D) + kL, GRS |

2
PATE(@T )2 + A [Tr(qﬂcp)} + (A3det(®) + H.c.) (1.1)

1'We ignore the Wess-Zumino-Witten term in this work.



The role of the higher dimensional operators in light hadron dynamics, especially £ and
¢ terms, were studied in the framework of the gauged linear sigma model in 4D [fi, E].
Although the above Lagrangian is quite successful in describing the m — p — ay system,
it has a conceptual drawback in that we need to give gauge boson masses m% by hand.
If we put m3 = 0, global chiral symmetry becomes local symmetry, which is not a true
symmetry of real QCD, and we end up with massless p and a1, which is phenomenologically
disastrous. Therefore we have to put m% # 0 and have to impose chiral symmetry only as a
global symmetry. However, if chiral symmetry is only a global symmetry, then there is no
compelling reason to introduce gauge covariant derivative, hence no reason for the minimal
coupling between hadrons and (axial) vector mesons, and thus universality of the P—V —V
couplings. Since the universality seems to hold to a good approximation, it is tempting to
implement global chiral symmetry to local symmetry. This have been remained a problem
in chiral dynamics approach to the low lying hadrons.

Recently, there have been many interesting and successful attempts to understand
hadron physics in the context of AdS/CFT correspondence [f]. The properties of hardrons
and the hadron physics phenomenology are studied in various approaches [[]-[[4] which
are inspired by the AdS/CFT correspondence.

One may start with some stringy setup that may reproduce certain aspects of non-
perturbative QCD. The most successful approach so far seems, arguably, the works by
Sakai and Sugkimoto [{], and follow-up papers [1J]. The model by Sakai and Sugimoto
has nice features, but also some drawbacks. They show that chiral dynamics of 7, p and
aj system can be well reproduced by studying the Ny D8-branes in the background of N,
D4-branes. Also the Wess-Zumino-Witten (WZW) term is derived from the 5-dim Chern-
Simon (CS) term. On the other hand, there are spurious SO(5) symmetry from S°, which
is not a true symmetry of real QCD. And it is not easy to accommodate nonzero quark
masses, namely nonzero pion mass. Finally the pion and its radial excitation comes from
different 5-dim fields, which is not easy to understand within the quark model. Despite
numerous remarkable successes of Sakai-Sugimito model, there is an ample room for further
improvement.

Independent of the stringy approach, a gravity dual model of the gauged linear sigma
model was proposed to describe the chiral dynamics of light hadrons [, [f]. This approach
is often called the bottom-up approach, where one starts from QCD and then tries to
construct its five-dimensional holographic dual model, AdS/QCD. Following the AdS/CFT
correspondence, it is assumed that there are bulk fields that couple to the 4-dimensional
QCD operators. For example, there are bulk gauge fields Lj; and Rjs that couple to the
QCD operators jr, = qzy*qr, and jr = Gry*qr, which are flavor currents.

Quality of the overall fit to the meson properties in the models of ref. [f, [ is at the
level of ~ 30%, which is quite remarkable, considering the simplicity of the model. However
it predicts B(a; — 7y) = 0 and too small charge radius of a charged pion. The Lagrangian
in ref. [, [ is the leading order one, since it contains only the bulk kinetic terms for the
bulk gauge fields and scalar fields. In order to improve the predictions for B(a; — 7y) and
the charge radius of a charged pion, we have to go beyond the leading order Lagrangian.

In this paper, we construct an AdSs dual model of the gauged linear sigma model with



dimension-6 operators, motivated by the recently developed AdS/QCD model [f, [i]. To
this end we incorporate higher dimensional operators, especially two dim-6 terms, into the
AdS/QCD model.? In this work, we only consider the vector, axial-vector and pseudoscalar
sectors, as a first step of our study. Interestingly enough, we find that the aforementioned
problem of giving gauge boson masses m3 is no longer present, since one can give masses of
the vector and axial vector mesons, by projecting out the zero modes by choosing suitable
boundary conditions. Degeneracy between the vector and the axial vector mesons will be
lifted by the conventional Higgs mechanism. Still there remain physical pions.

Naively, these new operators will have nontrivial effects on the interaction vertex, as
well as mass spectra and decay constants. We expect that they may contribute to the
Br(a; — 77), which is zero in the original AdS/QCD model [fi, . We also study the
phenomenology of p — 77 and a3 — pm, the branching ratios and D/S wave amplitude
ratio in the latter channel. By introducing photon as an external field, we study the pion
electromagnetic form factor, and calculate the pion electromagnetic charge radius, which
agrees with the experimental results in our numerical study.

This paper is organized as follows. In section 2, we define the Lagrangian of our model
with two dim-6 operators in AdSs. In section 3, we study the mass spectra and decay
constants in vector, axial-vector and pseudoscalar sectors. We also present the interaction
vertex and phenomenology of a1 — pm, p — 7w, a1 — 7y channels, and calculate the pion
charge radius. We derive the relevant chiral coefficients in section 4, and give our numerical
results in section 5. The conclusions are drawn in section 6.

2. Gauged linear sigma model in the AdS; space

The Lagrangian of the holographic QCD model [, [f] defined in a slice of AdSs is given by
. 1 1
£3m=t — oM Tr —ZLMNLMN — ZRMNRMN

1
(D @) DM — §M§><I>T<I> , (2.1)

DO | =

+

where M2 = —3/L? from AdS/CFT correspondence [{], Dyy® = Oy ® +iLpy® — i® Ry,
Ly = L§,;7*/2 with 7 being the Pauli matrix, and M, N = 0,1,2,3,5(or z). We define
® = Setf/v(2) with (S) = v(z). Under SU(2)y,, S and P transform as singlet and triplet,
respectively. The AdSs space is characterized in the conformally flat metric with a warp
factor a(z) = L/z:

ds® = a*(z)(dz"dx,, — dz?). (2.2)

The scale L is the curvature of the 5-dimensional AdS space. In this model, the AdS5 space
is compactified such that Ly < z < Ly, where Ly — 0 is an ultra-violet (UV) cutoff and
Ly is an infrared (IR) cutoff. Solving the equation of motion for S, we obtain [f]

(S) =v(z) = c12 + cp2° (2.3)

2For a brief report on the present work, see Ref



with the integration constants ¢ 2,

M,L3 — 12 —M,L
L T @-—5 - (2.4)

4= EENT))

© LLy(L3 - L}’
Here we adopted the following boundary conditions

L
My, = —uv

=1L
v . E=lv

Lo

, (2.5)

where M, is the current quark mass matrix, which breaks chiral symmetry explicitly, and
¢ is related to (gq), which breaks chiral symmetry spontaneously. The value of L; is fixed
by the rho-meson mass: 1/L; ~ 320 MeV [f, [J. There may be several ways to improve the
model given above, though several observables obtained from the model are in agreement
with experiments. One immediate extension of the model is to see corrections from various
sources: trilinear or quartic interactions among the vector fields, 5D loop corrections,
higher dimensional operators and back-reactions on the metric due to condensates [1J]. In
the present work, we consider corrections to the model from higher dimensional operators,
though to be consistent we have to treat all those corrections at the same time. We
note that a part of large N, corrections through meson-loop contributions are discussed in
ref. [1g].

Now we introduce higher dimensional operators in the model Lagrangian in eq. (2.1)). In
principle, we can include infinite tower of higher dimensional operators, but for simplicity
we consider only dimension-6 operators in the chiral limit. Note here that we have the
following mass dimensions for a scalar field ® and vector fields Lj; and Ryy:

dim(®) = dim(Ly) = dim(Ry) = 1. (2.6)

The Lagrangian with dimension-6 operators reads

L5M70 = \/gMs Tr[ i <LWDM<I><DN<I>>T +RMN<DM<I>>*DN<I>) (2.7)
5
¢ MN gt
—— LynPR¥ D
+ M52 MN )
where k and ( are constants that will be fixed later.
There are more dimension-6 operators, such as
£3m=6 — gMs Tr | LY LY LA + (L« R)} (2.8)

However these terms are O(p®) after chiral symmetry breaking, whereas the x and ¢ terms
are O(p*) after chiral symmetry breaking. Therefore we keep only those dimension-6 terms
that reduce to O(p*) after chiral symmetry breaking. We note that the corrections to
physical observables from the second dim-6 operator Tr[Lyny®RMN®T] in eq. (2.7) and
the operator in eq. (2.8) have been discussed in ref. [L]].



3. Vector, axial-vector and pseudoscalar sectors

3.1 Relevant parts of the lagrangian

w

In this section, we work in the chiral limit. Then v(z) is proportional to 1, v(z) ~ {5 1.
1
The vector and axial gauge bosons are defined by

Vi = %(LM + Ryp)
Ap = %(LM — Ry). (3.1)

In order to cancel the mixing terms of V,,, A, (1 as 4D Lorentz index, 0,1,2,3) and V.,
A,, P, we add gauge fixing terms

Msa 3% 2( 2
‘CEF = — 25‘/ Tr[@uV” — 7 (85(CZVZ) — @65(&212‘/2))} s
A Msa p €4 3
Lop=——7—Tr 8MA — 2= 05(ad,) + \/5@ vP
284 a
2V/2k

2
05(a(05v)P) + %av(&gv)Az + ]\24—%85((11)2149)} . (3.2)

+ __
M 3

In the unitary gauge, {&y,4 — oo, we have the following relation between A, and P,

2+/2 4 2
V2aP0P + 95(ads) + \/_2”‘ 05(a(950) P) + —=av(dsv) A + —4205(av2Az) =0, (3.3)
M M M
which is identical to the leading order relation [[f when x = ¢ = 0.

The quadratic terms for vector, axial-vector and pseudoscalar are given by, after inte-
gration by parts,

Ly = %aTr{vu <a2zv — a_185aZv(95> V“} , (3.4)

EA — %Q’I‘r{ “<a2 —a 165&2 85 +2a U — M (6511)85)14”}

5
L. = %aTr{(—za%?)(A 105 ;v>

Fa(0,A,)% + a¥(0,P)? + 4]\\2;“ (950) (9, A.) (9" P) + 2C5 (9, A2) }
with Z, =1 — M; and Z, are
Lhoundary = MsaTr (wzvag)vu + AFZ,05A,
—ALOA, — 2]\‘2_2“(35 V) A, O P — ;—i V2 A, 0" A ) Z: (3.5)




We choose the following boundary conditions to cancel the IR-boundary terms,

o5V, =054,

z=1I1

2v/2k 2(
M2 (85 )P + W AZ

and the UV-boundary condition will be specified later.

We also calculated VAP, V PP and four-pion interaction vertices

Lune = 2T A1V, A1) G5 A Vi A + VoA,

:07 V5 :A5

z=1I1

=0 (3.6)

z=I1

A, + ——

z=L1

_2MZ_:GT1“ [(as,w(asA“)[vu, P] = V20(050) A [V, Az] + V20 A 05V, A ]

+vAH 05V, 05 P + vAF [V, Z?VP]]

—]:4—C(wTr [A“”[VW, P — 2(05AM)[05V,,, P| + V2uAM[95V,, A.]
5

V20 (95 AM) [V, Az]} , (3.8)
LVar = %Mg,aTr [V”[AZ, O Al + a’VH[P, (%P]]

5;
_i_\/_m
M

|5V I0,P.0,P) + @V*)0,P. 5] ~ VIOV A..0, P

+V2(050)VH[A,, 8, P] — V2(050) V[, A, P]]

V2i¢
i

ad M, 2
Lot = =7 2025 Tr[(GMP)2P2 - <(8MP)P> ]

_%Tr[(amz)@uP)AzP N <<3“AZ)P>T

avTr [ —oVF[A,, 0,AL] + V2(3sVH)[P, C%Az]} ) (3.9)

+g a?(}(;)?\ziﬁ Tr [(GNAZ)((%P)PP - (aMAz)P(aMP)P]
- \ﬁ;: Tr [(3”Az)(8uP)P(85P) — (0" A.)(05P)(9,P) p]

]‘\‘é [(a AP ((OHAZ)P>2] . (3.10)

3.2 Two-point correlation functions

We calculate the two-point correlation functions for vector and axial-vector with respect
to the UV boundary external source fields v, and a,, which couple to the vector and

axial-vector currents operators, respectively,

VM’Z=L0 = Vs AM’Z=L0 = ay. (3.11)



From the AdS/CFT correspondence, in order to calculate the current-current correlation
function in the strongly coupled CFT side, we can do it in the weakly interacting AdS side
instead. Then the effective Lagrangian in momentum space in term of the correlators is

Lot = v, 11 (p%)v, + a, 11 (p*)ay (3.12)

with H’(,"/A(p2) = (g" —ptp” /p*) Ty, 4(p*). We solve the equations of motion for the vector
and axial-vector field derived from eq. (B.4) with the boundary conditions (B.6) and (B.11)
and calculate the two-point correlation function

05 f(2)
zf(2)

where f(z) is the solution of differential equation. With dim-6 operators, we cannot cal-

II(p?) = —M5L (3.13)

z=Lo—0

culate the two-point correlation function II(p?) analytically, instead, we do it numerically.
For asymptotically large momentum p2L% > 1, we can expand the 2-point functions
in powers of 1/p?, and get

M;sL 1
My, a(p?) = p? [T5 Inp?L§ + CX’AE} : (3.14)
with
192¢ 16 M5 L 192¢ 384k
\%4 2 A 2
= 776 = 3.15
66 5M5LL?§’ 6 < 5L0  BMLLO ' 5MsLL] & (8.15)

which agree with the results in ref. [[f] for x = ¢ = 0. It is worthwhile to calculate the
left-right correlator Iz = IIyy — I1 4, in the large momentum limit, we have

HLRZZ%JF... (3.16)

with ¢g = cy — ca, where the experimental value of cg = —4mas(Gq)? ~ —1.3x 1073GeVO is
obtained from ref. [R(]. We remark here that the vector correlator obtained in the present
work and in the hard wall model [g, [i] has no 1/ p* compared to the results from operator
product expansion (OPE) [BJ]. In the chiral limit, the coefficient of 1/p* term is due to
the gluon condensate RI]. In the hard wall model adopted in the present work, however,
the metric is just a pure AdS with no gluon condensate included, and the model has no 5D
bulk scalar field that couples to tr(G,, G*”) at the boundary, where G, is the gluon field
strength tensor. Therefore, the vector and axial-vector correlators in the hard wall model
do not contain 1/p* term, as it should be. To have 1/p* in eq. (3.14), we have to consider
a deformed AdS background [B9] due to the back-reaction of the gluon condensate.

In the large N, limit, the above correlators can be written as the sum in terms of the
resonance masses and decay constants,

fi 2
Ta(p?) = p2 S ——An 4 2 3.17
R S o
2
My () = p*) L (3.18)



Then the vector and axial meson masses are determined as the poles of their corresponding
correlators, and the decay constants are related with the residue,

o = " (»* — m2 , )My,a(p?) /77, (3.19)
praq
fz = T14(0). (3.20)

4. Interactions and phenomenology

4.1 KK decompositions

Now we study hadronic observables such as decay widths and form factors using our model
given in eq. (B-1) and eq. (:7). Primarily we investigate how those dimension-6 operators in
eq. (2:7) affect the results obtained with only interactions in eq. (@) To this end, we first
Kaluza-Klein (KK) decompose the vector field as V), (x,2) = \/7 > 1VH" () f‘(/-n)(z)
and also for the axial-vector and pseudoscalar fields, where we omit the superscript index

(n) when we consider the lowest KK mode. The first resonances of the vector, axial-vector
and pseudoscalar fields are associated with p, a; and 7 respectively. The equations of
motion for the vector, axial-vector and pseudoscalar fields are easily read off from eq. (B.4).
To cancel the boundary terms, in addition to the IR boundary conditions given in eq. (B.4)
and eq. (B.7), we impose the following UV boundary conditions

Vi =0,
z=Lg
Al =0, (4.1)
z=Lg
P =0.
z=Lg

We obtain the wave function and mass spectra of various fields numerically with the nor-

malization conditions:

Ly
a m n
A2+ Z,(2) f5 (2) 137 (2) = By
L
0
L
toa M)y gy _
Z al2)fy (2)f4 (2 mns
Lo L

4\/_H(35?J)fA fp+ —g?JZ(fA ) > =1 (42

4.2 p—7m
The prm vertex can be expressed as

1

£p7r7r = %gpﬂwﬁ(f/u[/i& 8;1/215]) + %fpﬂ'ﬂﬁ(f/wj [8;1/2157 81/1215]) (43)



with the couplings

L1

a
S dz——— +a?
9p Lo \/m |:foAz foP

( (05 f) fr(Osf0) — V30(Dsfo) fafo + 2\/5(85v)fvazfp>
——<—vaffxz +\/§(35fv)fAsz>} (4.4)

fp7T7r = \/W foP (45)

We also calculate the decay width I'(p — #m), which includes the non-minimal coupling
fprr, even though its contribution is numerically small.

4.3 Electromagnetic form factor of a charged pion

Before we study the electromagnetic form factor of a charged pion, we introduce the photon
as an external gauge field and rewrite the bulk vector field decomposition as

Z (2), (4.6)

with 73 = o3/ V2, where o is the Pauli matrix, and e is identified with the physical electron

Vilz,z) = 61“:'“( x)T3 +

charge at chiral symmetry breaking scale. To treat photon and p on the same footing,
we introduce fr(z) = 1 as the fifth dimension profile for photon. The advantage of our
treatment of photon as external field, compared with the treatment of photon as the electro-
magnetic subgroup of SU(3)y [, is that we don’t need to worry about the KK excitations
of the photon, as well as the mixing between photon KK excitations and p° KK excitations.

We consider the electromagnetic form factors of pions. In additional to the usual
structure of contact 77 interaction Tr(F#[As, 8, As]), we also have non-minimal structure
Tr(FH [8u/~15, 9, As)), which comes from the dim-6 « term. And we also find Gyrr = € after
comparing with the pion normalization condition, eq. (f.3). From the kinetic term (B.4)
and the vector KK decomposition ([L.]), we can derive the kinetic mixing of v and p,

1 .
L,= —§eng” Vi (4.7)

with
M; ™
=2 dzaZ, . 4.8
G~p L L Za va(Z) ( )
The electromagnetic form factor of pion can be calculated as

f T 9 g q
Fl@®) =1-2 — e . 4.9
(¢°) My w2 Gprr (4.9)

In small momentum limit, it can also be expressed as

F(g*) =1+ ériqZ +0(qY), (4.10)



with the pion charge radius r, calculated as

2 g by Db | (4.11)
Gyrrm m,

Our vector meson dominance (VMD) is different from the usual VMDs as dis-
cussed in ref. [P4], where we have an additional non-minimal y7m contact interaction,

Tr(F*[9,As, 0, As)).
4.4 a; — pm

We first consider the process a1 — pm. Applying the KK-decomposition to Lyap in
eq. (B-§), we obtain

Laypr = iglawar(AMWmAZ]) + @920, pr 1T r(A [Vuwa A.])
+ig3a1prr(A“V [Vuua Az]) (4.12)

with the coefficients giq, pr (1 = 1,2,3)

Ly a

Glaipr = . dzw [% <fA(a5fV)fAz — (Osfa)fvfa. + ﬁa%fAfoP)

2 (@)@ssa) v o~ Vavt0s0 s .
5

+V2a0% f4(Osfv) fa. + a’UfA(anV)(aE)fP))

—%a” (”(a%fA)fvaz +vfa(Os5fv)fa. — ﬁ(asz)(asfv)fpﬂ (4.13)
L1
G2arpr = — avafvfp} (4.14)
\/Tg[
L1 \/_C
Y3a1pm = — \/TL?’[ anA)foAz} . (4.15)

With the interaction vertex above, it is straightforward to derive the amplitude of the
process, which can be written as

./4((11 - 1077) = _ieu(sal)ey(sp) |:fa1p7rg;w + galpwpwupm/] .
The S/D wave amplitudes are defined as in ref. [[[7]

(p(ks,)m(—k)[Hla1(0say)) = if5) prlsyse, Yoo () +if 5 e > C(211;m18p50,) Yam, () |

mr
with
vVar
faslpw = % |:(Ep + Zmp)falmr - k2ma19a1p7r:|
P
V8
f£p7r = _—3m |:(Ep — mp)falpﬂ— — k‘2malga1p7T:| . (416)
D
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case Li | s (107%) mp Ma, I'(p — 7)) | T'(ar — 7) T'(a1 — pm)
fr £ ¢ Jo fas Gpm 7 (fm) D/S ratio
expected 775.8 £0.5 | 1230 £ 40 | 146.4 £ 1.5 | 0.640 £ 0.246 250 ~ 600
86.4 £ 9.7 0.672 £ 0.008 | —0.108 + 0.016
A |3125] o [769.6] [1253] 95.4 0. 205.5
85.0 4.0 0. 138 163 4.8 0.585 -0.055
B 2.836 | -5.930 | [775.8] [1230] [146.5] 0.088 165.3
71.9 2.56 | -39.72 144 182 5.8 0.654 [—0.094]
C 3102| -16.03 | [775.8] [1246] [146.4] 0.042 409.8
[78.7] 4.010 | 0.09188 140 172 5.6 0.640 -0.027

Table 1: Various hadronic observables obtained in the present work. The unit of masses, decay
constants and decay widths is MeV. The inputs for each case are shown in the brackets.

And also the decay width of a; — p7 is

2
Pe 2 ) 1 Ep Mgy 9
Trma, [g mpm §<m—,,fw ¥y Peberer ) |-

I(a — pm) = (4.17)

4.5 a; — 7y

In this subsection, we study the process a; — 7y, With the help of vector KK decom-
position eq. (f.), we have similar results as a; — pr. We have verified that the gauge
non-invariant term of structure Tr(A# [Fy, A.]) is cancelled out, when we impose the rela-
tion between A, and P, e.g., eq. (B.3), the boundary condition eq. (B.7) and 95 fr = 0.

4.6 Numerical results

In this subsection, we present the numerical results of various hadronic obsevables and
chiral coefficients discussed previously. We use y? to fit the four parameters Li, &, k, ¢
from m,, mq,, D/S ratio, I'(p — 7m) in case B and m,, mq,, I'(p — 77), fr in case C.
Our results are summarized in table [, B, and figure [[. As a comparison, we also give Da
Rold and Pomarol’s results [ in case A.

In both cases B and C, I'(a; — 7y) is non-vanishing, but small (less than 100KeV),
while I'(a; — pm) is a little small in case B, but consistent with experimental measurement
in case C. We have checked that the dominant contribution to I'(a; — pm) comes from
the leading order structure Tr(A*[V,, A.]). However, Tr(A#[F),, A,]) term is not gauge
invariant and cancelled out for a; — 77y channel. Then only dim-6 s and ( terms contribute
to the above process. This is different from usual 4D models with large I'(a; — 7y), where
the ratio between I'(a; — 7y) and I'(a; — pm) is roughly 62/937”” and only a single type
of operator Tr(A#*[V,,,n]) contributes to both channels [l].

The pion charge radius r, agrees with the experiment in both case B and C. Pion
decay constant f, is a bit small in case B, while the D/S ratio of a; — pr is small in case
C, compared with experiment. As in other 5D models, the KSRF relation ggm / m% =c/f2?
with ¢ = 1/2 [RJ] is not satisfied very well. In both case B and C, c is roughly 0.3, which
means the complete vector meson dominance of order O(p?) four-pion interaction, with
the higher p resonace and scalar exchange, and contact four-pion interaction contribution

below ~ 10%.

— 11 —



case A
case B
caseC

o7 b
06 =
05 —
03 -
02 —

01 F

0 [ 1 L 1 L 1 L 1 L 1 L 1 L 1 L
0 025 05 075 1 125 15 155 2
q=-Q (Gev)

Figure 1: Pion form factor F(Q?) as a function of ¢2. The white circles are data from CERN @],
square from DESY [R{], triangle from DESY [R7], black circle from Jlab [R§], and black square from

Jlab [Rd].

case A | case B | case C | expected
cy 0. 0.0008 | 0.0000 | —0.0005
cd | 0.0014 | 0.0000 | 0.0006 0.0008
cg | —0.0014 | 0.0008 | —0.0006 | —0.0013

Table 2: OPE coefficients ¢, c¢§', and ¢ in unit GeV®.

The pion form factor F(¢?) as a function of ¢? is plotted in figure fl. We find the form
factor has better behavior in case B and C for large value of momentum than that in case A.

The OPE coefficients cg , cé, and cg are presented in table . The individual coefficients
cg and cé do not agree very well with the expected value in all three cases, while the
coefficient of left-right correlator agrees with the expected value in case A. However, we
note that the OPE is also sensitive to the deformation of the AdS metric [§]. Considering
the OPE behavior, it may be worth remarking that, although the spirit of bottom-up
AdS/QCD models has been to match the theory in the UV and then compare with the
physical observables in the IR, it is not surprising that the best fit to data would arise
from a model that disagrees with the precise UV behavior of QCD, where the model is not
expected to be valid.

5. Chiral lagrangian for pseudoscalars up to O(p?)

Before we discuss the O(p?) chiral Lagrangian, we consider the vector field p effective
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case L1 L2 L3 Lg L10 M+ — Mo (MeV)
exp [04£03]14£03 | -35+11|69+0.7 | =55£0.7 4.6

A 0.43 0.86 -2.6 5.1 —95.5 3.4

B 0.32 0.65 -1.9 4.0 -5.0 1.5

C 0.46 0.93 —2.8 5.3 -5.1 2.9

Table 3: The chiral coefficients L; in unit 1073.

Lagrangian [B{],
1 7 1 2 i 2
EV = —ZTI'[V Vuy] + §mpTr[Vu — EFH]
1 v Z 2 v
—ﬁeg’ypﬁ[‘/mx B+ ﬁfpwﬂfﬂﬁ[‘/wu“u ] (5.1)

with p transforming as gauge field of SU(2)y and the notation of T',, f4”, u* the same as
in ref. [B0]. The coefficients in the effective Lagrangian are determined by matching with
our theory with dim-6 operators. The O(p*) chiral Lagrangian for the pions is given in

ref [B]),
Ly = LiTY?[D,U'D*U] 4 LyTr[D, U D, U|Te[D*UTD"U] + L3Tx[D,UTD*UD, U D"U]
+LyTe[D,UTD*UIT U + XTU] + Ls T [ D, UTD*U (U x + x'U)]
+LeTe?[UTx + XTUT + LT [UTy — XU + LsTe[xUXTU + UTXUT]
—iLyTe[FR D, UD, U + F" D, U'D,U] + L1gTe[UT FE U Fp,,) . (5.2)
In the present, we do not discuss scalar and pseudoscalar resonances contribution to

L3 45675, and only study the vector and axial resonances contribution to Lj 239 10. After
Integrating out the vector rho meson, we obtain the following chiral coefficients,

fa k
Ly = 8m%g§m - 4—m%gpmfpm, Ly = 2Ly, L3 = —6Lq,
fa 12 217
L9 - ngmr + Wegpnwfpnw - Wg'ypgpmr' (53)
4 4 4

L1y can be calculated from the two-point correlators of vector and axial, Iy 4,

L = 71IT4(0) = T (0)), (54

where the derivative is over p?.

We also calculate the electromagnetic mass difference of the pions from the operator
of Tr[QrUQLUT),

dp?(IT4 — IIy). (5.5)

Mgt — Mgo 2 — s
T T 8mmaf2 Jo

The chiral coefficients of relevance and electromagnetic pion mass difference are given
in table . Compared with Da Rold and Pomarol’s case, the results do not significantly
change much in our two cases.
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6. Conclusions

In this paper, we considered holographic QCD beyond the leading order, by including two
dim-6 dimension operators that go beyond the usual quadratic kinetic terms for the bulk
gauge field Ly, and Ry, and scalar field ® [, [{. We have studied the mass spectra,
decay constants of vector, axial and pseudoscalar sectors, and phenomenology of a; — pm,
p — 7w and a; — 7y channels. In our work, we could achieve a non-vanishing branching
ratio for a; — 7y, which is a new feature compared with the usual holographic QCD in
the leading order. We also calculated the electromagnetic form factor of a charged pion,
(including the charge radius of a pion) which agrees with the experimental results up to
¢> ~ 2GeV?2. The numerical results are summarized in table 1, and compared with the
leading order results obtained by Da Rold and Pomarol [ denoted as the case A. We
could achieve significant improvements in overall phenomenology of the 7 — p — a1 system
by including the x and ( terms.

Let us remind ourselves that most studies based on the AdS/QCD approach are just
the leading order calculations, starting from the bulk Lagrangian which is quadratic in the
bulk gauge fields. Including the next-to-leading order corrections would be the next step to
follow, and our present work makes such an attempt by considering dim-6 operators that
reduce to the O(p*) operators after chiral symmetry breaking. Considering the improve-
ment of overall phenomenology obtained in this work, it would be clearly desirable to have
more systematic study of subleading corrections within AdS/QCD.
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