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Light scalar mesons in the soft-wall model of AdS/QCD
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We study light scalar mesons in the holographic QCD soft-wall model with a background dilaton field.
The masses and decay constants are compatible with experiment and QCD determinations if ay(980) and
f0(980) are identified as the lightest scalar mesons; moreover, the states are organized in linear Regge
trajectories with the same slope of vector mesons. Comparing the two-point correlation function of scalar
operators derived on the anti—de Sitter side and in QCD, information about the condensates can be
derived. Strong couplings of scalar states to pairs of light pseudoscalar mesons turn out to be small, at odds
with experiment and QCD estimates: we discuss how this discrepancy is related to the description of chiral
symmetry breaking in this model, and the possible solutions.
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I. INTRODUCTION

The idea of extending the anti—de Sitter/conformal field
theory (AdS/CFT) correspondence conjecture [1] to QCD-
like theories [2] has provided new hints on the possibility
of describing strong interaction processes by string-
inspired approaches. Two main ways have been followed
to achieve such a result. The first, the so-called top-down
approach, consists in starting from a string/M-theory living
on AdS;;; X C (C being a compact manifold) and attempt-
ing a derivation of a low-energy QCD-like theory on the
flat boundary M, of the AdS space through appropriate
compactifications of the extra dimensions [2,3]. In the
second one, the so-called bottom-up approach, one starts
from 4d QCD and attempts to construct its higher dimen-
sional dual theory (not necessarily a string one), assuming
its existence [4], with phenomenological properties as
guidelines.

An important aspect of both these approaches is the
necessity of a mechanism to break conformal invariance,
since QCD is not a conformal theory [5], and to account for
phenomena such as confinement. The way to do this usu-
ally consists in incorporating in the dual theory a mass
scale related to the QCD scale Aqcp. For example, in the
bottom-up approach, one possibility is to use a five dimen-
sional “AdS-slice” letting the fifth (holographic) coordi-
nate z vary in a range up to ., of 0(@) [4,6,7]. In this

(so-called hard-wall) model, several QCD aspects have
been investigated, namely, high-energy hadron scattering
amplitudes, spectra, form factors, strong couplings, light-
front wave functions, and the Wilson loop [4,6-9].
Another proposal to break conformal invariance consists
in introducing in the 5d AdS holographic space a back-
ground dilaton field (the so-called soft-wall model)
[10,11]. While in top-down approaches the dilaton profile
must be a solution of the supergravity equations of motion,
in this kind of approach its functional form is chosen on the
basis of phenomenological information, namely, imposing
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the Regge behavior for vector mesons; noticeably, the
obtained dilaton profile, found using heuristic arguments,
can be justified constructing a suitable dynamical model
[12]. Also in this framework many QCD properties have
been investigated, such as vector and tensor meson masses
and form factors, glueball masses, the static QQ potential,
and deep inelastic scattering [10,11,13—-17]. The results of
the two bottom-up models differ in many respects; the
possibility of continuously interpolating between them
has also been considered [18], trying to recognize the
essential features of the QCD dual.

Since light scalar mesons represent an important and
debated sector of QCD, it is interesting to consider them in
the holographic framework, and indeed some analyses
have been carried out [19,20]. It is worth reminding that
scalar states present particular features in the limit of a
large number of colors N, [21,22]. For example, applying
the inverse amplitude formalism to unitarize one-loop
chiral perturbation theory, and computing meson-meson
scattering amplitudes and their N, scaling, it was found
that f,(980) appears in the scattering amplitudes as a dip
vanishing at large N, [22]. In the case of a((980), the
amplitude has a peak which vanishes at large N, for
particular choices of the renormalization scale adopted in
the evaluation of the low-energy constants which deter-
mine the meson-meson scattering, thus preventing from
drawing definite conclusions. In both cases, distortion
effects due to the nearby KK threshold make the analyses
difficult. For these reasons, scalar mesons could be not the
best candidates to test the AdS/QCD approach, which
exploits the large N, limit of QCD. Nevertheless, keeping
in mind the above mentioned results, it is thought provok-
ing to investigate the scalar sector in the holographic soft-
wall model, looking at properties that can be described in
this approach. In particular, we consider the mass spec-
trum, the decay constants, and the strong couplings of
scalar mesons to pairs of light pseudoscalars. The com-
parison of the results obtained in the AdS framework with
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experiment and QCD calculations can shed light on the
features and drawbacks of the model.

II. THE MODEL

The model we investigate is defined in the 5d space with
metric

RZ
ds® = gyndxMdxN = Z_z(nw,dx“dx” +d?), (1)

with 5, = diag(—1, +1, +1, +1); R is the AdS curvature
radius and the coordinate z runs in the range 0 < z < +o0
(or, considering a UV cutoff, from the ultraviolet brane
Zmin = € to +00).

In addition to the AdS metric, the model is characterized
by a background dilaton field

D(z) = (c2)%, (2)

the form of which is chosen to obtain light vector mesons
with linear Regge trajectories [10]; ¢ is a dimensionful
parameter setting the scale of QCD quantities [23].

We consider the 5d action

1
St = =1 f Bx=ge O Tr{IDXIZ + m2X?

* 4 ) 3)
where g is the determinant of the metric tensor g,y in (1),
@ the background dilaton field (2), and k a dimensionful
parameter included to provide a dimensionless action. This
action includes fields which are dual to QCD operators
defined at the boundary z = 0. There is a scalar bulk field
X, the mass of which is fixed by the AdS/CFT relation,
miR? = (A — p)(A + p —4), A being the dimension of
the p-form QCD operator dual to X. This field, written as

X = (X, + S)e*™, 4)

contains a background field X,(z) = @, the scalar field
S(x, z), and the chiral field 7(x, z). X, only depends on z
and is dual to (Gg); since it is different from zero, it
represents the term responsible for the breaking of chiral
symmetry. The scalar bulk field S includes singlet S, (x, z)
and octet S¢(x, z) components, gathered into the multiplet

S =SATA = §,T° + 419, )
with 7° = 1/2n; = 1/+/6 and T“ the generators of
SU(3)r, with normalization

5AB

Tr (TATE) = 5 ©)

(A=0,a,anda = 1,...8). 54 is dual to the QCD operator
O4(x) = §(x)T*q(x), so that A = 3, p = 0, and miR> =
—3. The fact that the scalar bulk field is tachyonic does not
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affect the stability of the theory, since fields with slightly
negative masses are allowed, as discussed in [24].

The action (3) also involves the fields Af ;(x, z) intro-
duced to gauge the chiral symmetry in the 5d space [25].
They are dual to the QCD operators g; gy, T“qr g, With
field strengths

FYN = FNaTe = gMAY o — gNAM — i[AY p, AY o1
(7)

The gauge fields enter in the covariant derivative, DMX =
OMX — iAMX + iXAM. Writing A}  in terms of vector V
and axial-vector A fields, V¥ = 1 (A) + AY) and AM =
3 (AY — AY), we obtain the action

1
Seff = — i fdsxﬂ/—ge*‘b@ Tr{lDXl2 + miXx?
1
L] ®)

with
FYN = gMyN — gNyM — j[yM yN] — j[AM AN],
FAN = gMAN — gNAM — {[yM AN — i[AM| V]

and DMX = oMX — i[VM X] — i{AM, X}.
The action (3)—(8) is the starting point of our analysis.

Following the AdS/CFT guideline, we assume that the
duality relation holds:

<eifd4x(9(x)fo(x)>QCD = ofSett (10)

where the lhs is the QCD generating functional in which
the sources f(x) of the 4d O(x) operators are the boundary
(z — 0) limits of the corresponding (dual) 5d fields. We
then derive the properties of light scalar mesons on the
basis of the AdS/CFT duality procedure applied to the soft-
wall model. The check of duality in this channel is the aim
of the forthcoming sections.

III. SPECTRUM OF SCALAR MESONS

Let us consider the quadratic part of the action (3)—(8)
involving the scalar fields S (x, z),

1
Sﬁz == _ﬂ /djx\/—_ge_(b(z)(gMNﬂMSAaNSA
+ m2SASh), (11)

From this term, it is straightforward to derive the equation
of motion for the field $* (for any flavour index A, which is
dropped below),

R R
nMN6M<—Se"D(Z)aNS> +3=<e®s=0 (12
Z <

the 4d Fourier

[ L4 0i0x8(g, z) (f he tilde will al d
T € g, z) (from now on the tilde will always de-

or, in space, defining S(x, z) =
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note 4d Fourier-transformed fields),
R3 ~ R3 ~ R3 ~
az(_Sef(D(z)azs) + 3—567(1)(1)5 _ qz_Sef(b(z)S =0.
Z Z Z

(13)
Scalar meson states correspond to the normalizable solu-

tions of this equation. The solutions can be obtained con-
sidering the transformation

g — 6(22+310g2)/2Y, (14)
with Z = ¢z and the function Y satisfying the one dimen-
sional Schrodinger-like equation

m2
Y+ VY == Y; (15)
C

the derivatives act on 2, and the potential is V(8) = 2% +
3.+ 2. The normalizable solutions of Eq. (15) correspond
4z
to the discrete mass spectrum [20]

— g2 =m2 = c*4n + 6), (16)

with integer n, and eigenfunctions expressed in terms of
the generalized Laguerre polynomials

2
n+1

§.(2) = PL (). A7

The results of this simple calculation can be compared to
current phenomenology. Scalar mesons are organized in
linear Regge trajectories, as a consequence of the choice of
the dilaton field (2). The slope of the trajectories is the
same as for vector mesons, the spectral condition of which
is [10]

m2, = c2(4n + 4). (18)

In the same soft-wall model scalar glueballs also appear in
Regge trajectories with the same slope, since their masses
are given by [16]

mZGn = c*(4n + 8); (19)

therefore the parameter c¢ sets the scale of all hadron
masses.

Scalar mesons turn out to be heavier than vector mesons.
This is in agreement with experiment if @;(980) and
f0(980) are identified as the lightest scalar mesons. The
agreement is quantitative, since Eqgs. (16) and (18) allow to

exp __

fo

1.597 £ 0.033 and RZ" = 1.612 + 0.004. Considering

the first radial excitations, the predictions R’ =3
folag) 4

should be compared to the measurements R}EXP = 1.06 =
0.04 and R, = 1.01 = 0.04, having identified a,(1450),
f0(1505), and p(1450) as radial excitations; an assignment
which however could be questionable in case of f(1505)
(identifying f,(1370) with the first radial excitation, one
finds R\ = 0.9 + 0.2).

predict Ry () =

min(flo) 3
— 5 =3, to be compared to R
0

PHYSICAL REVIEW D 78, 055009 (2008)

Finally, scalar mesons are lighter than scalar glueballs,
2
£ = % for the lowest-lying states. Hierarchy among the

n
fo

hadron species is reduced for higher radial states, which
become degenerate when the quantum number 7 increases.

IV. BULK-TO-BOUNDARY PROPAGATOR OF THE
SCALAR FIELD

According to the AdS/CFT correspondence, the value
of the 5d field S(¢? z) at the UV boundary z = 0, i.e.
So(g?), acts as the source of the corresponding dual 4d
operator in the QCD functional integral. They are related
through the bulk-to-boundary propagator, S(¢% z) =
S(g%/c% 2*)Sy(g?). This propagator is obtained solving,
for all values of the four-momenta g?, Eq. (13) which
can be cast in the form

2
s - Lz 435 - (q—2 - %)S =0 (0)
Z ¢ Z
with the derivatives acting on Z. The general solution of
this equation involves the Tricomi confluent hypergeomet-
ric function U and the Kummer confluent hypergeometric
function | F,

2 2 2
&2) = w e o 209)
S5, 2% )=—T-—= +=)2Ul-— +=;0;
(czz) Re \ac2 2P\ Tt
2 2
)., e 3.,

+B(?)231F1<E+5,2,Z2> (21)
with B(‘j—;) an undetermined function of ¢?/c%. If we im-
pose the boundary condition that the action is finite in the
IR region z — +o0 (a standard assumption in the soft-wall
model approach) the solution with B = 0 must be chosen;
we mention below the consequences of relaxing such a

condition, as studied in [26] for scalar glueballs. In the UV
z — 0 limit, the boundary condition

2
S("—z, 22) -2 (22)
C

fixes the coefficient of the Tricomi function U. With this
expression of the bulk-to-boundary propagator it is pos-
sible to compute several quantities, namely, two- and three-
point correlation functions involving scalar operators.
Before continuing with the analysis, it is worth remind-

ing the features of the background field X,(z) = % It is
solution of the linearized equation of motion

R} R’
0(Se M 000) 135 M@ =0, @Y

which explicitely reads

v(z) = Z—gr@/z)zuu/z;o; 2) + €2, F,(3/2:2: 22).
(24)
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Since both the Tricomi and the Kummer confluent hyper-
geometric functions go to unity for z — 0, the asymptotic
UV behavior of (24) is

v(Z)Z—’ — T (25)

with 3 related to the constant C. Using the AdS/CFT
dictionary, the coefficient of z enters in the (UV) boundary
condition related to the quark mass, while the coefficient of
the z3 term is fixed by the (UV) boundary condition related
to the chiral condensate, the two quantities being respon-
sible of chiral symmetry breaking. However, if one im-
poses as an IR boundary condition that v(z) does not
diverge at z — +o0, in (24) the solution with C = 0 must
be chosen, so that the low-z expansion of v reads

2

U(Z)Z:O% - Cz';q (1 = 2y, — 21In(cz) — ¥(3/2)3
+ 0, (26)

with ¢ the Euler function. Identifying the coefficient of the
z* term as the chiral condensate, from Eq. (26) a propor-
tionality relation can be established between the quark
mass and the quark condensate; this kind of relation is
absent in QCD. This shortcoming, already recognized in
the soft-wall model of AdS/QCD [10], does not appear in
the hard-wall model where the coefficients of z and z3
terms of v are independent. In principle, it could be
avoided by adding potential terms U(X) to the action (3),
as suggested in [10]; models for v(z) with the asymptotic
UV and IR behavior dictated by (23) have also been
investigated [18]. In the following, we ignore this difficulty
and use the expression of v(z) in (24) with C = 0; the
consequences are important for the scalar meson couplings
to pairs of pseudoscalar states, and confirm the need of a
function which better describes the physics of the chiral
condensate, as we discuss below [27].

Before concluding this section, we report the equations
of motion for the axial and the pion fields. Writing the axial
field A;‘L in terms of its transverse and longitudinal compo-
nents, ~;1 = AZL + iqu;“, we have, from the action (3)—

®)

—-® 2,-® 2p2, (N2 ,—®
e 2o g*e”® - giRv(z)*e™® . B
[ ads) - A - ST A -0

Z

27)

—-d 2p2 2. —d
az(e—azci”) L 8RVENET 0 Gay 0 (28

z P

~ 2R20(2)2
0.8 + Wazﬁa — 0, (29)
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These equations will be considered below when we
compute the scalar meson couplings to pairs of light pseu-
doscalar states.

V. TWO-POINT CORRELATION FUNCTION OF
THE SCALAR OPERATOR

Let us consider in QCD the two-point correlation func-
tion

T43,(¢%) = i f dxe O T[OA (W) OEO)I0)  (30)

with O%(x) = g(x)T*¢(x). The AdS/CFT method relates
this correlation function to the two-point correlator ob-
tained from the action (3)—(8), which can be written in
terms of the bulk-to-boundary propagator (21)
Rt (82 _\e @@ P .
Hggs(qz) = 6ABTS( Z2>—825<— Zz) . O,
2

3D

C2 ’ 23 c2 ’

with the result

4 ZR 2 1 1
4B () = 5ABC_[< T4 —) In(c?z%) + (7E - _)

k L\4c? 2 2
2
q 1
+ o2y — =
4c2( YE 2)

(it )]

(omitting a (O(Ziz) contact term). The AdS expression of the

(32)

2= Zmin

correlation function (plotted in Fig. 1) shows the presence
of a discrete set of poles, corresponding to the poles of the
Euler function ¢, with masses given by the spectral relation
(16) and residues

R
F2 = T 16¢*(n + 1). (33)
20
— 10+
o™ (o]
o'l O
2 0
<
=
— |(\l
© _10
-20 K 1 1 1 1
-15 -10 -5 0 5 10 15
2
9
c?

FIG. 1. Two-point correlation function C'—ZH ads(g?/c?) in

Eq. (32). The renormalization scale is fixed to v =z 1 =

min
1 GeV.
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The factor % can be fixed by matching the AdS expression
(32) in the g> — 4+ (i.e. in the short-distance) limit,
expanded in powers of 1/¢%, with the QCD result. For
IT pqs, identifying z,,,;, with the renormalization scale % we
get

R
48(¢%) = 5AB; [q2 In

2
q
+2C2(ln<? _1n4+2’)/E+1)
2% 40
+Z -+ -=—+01 f’], 34
32737 (1/¢°) (34)

where the In(g?) terms come from the asymptotic expan-
sion of the Euler function. The QCD result, for N, = 3 and
in terms of quark and gluon condensates, is [28]

S4BT 3 1a, A 3,
HABD(qZ) — T[Q(l + 3777')6]2 ln(?) + ?<mqqq>
+i< G2> qgf(( T Aq)GS,,)
8q 40 v q
+ 7((@‘7“1)‘“(1)2)

2ar
34 <(qm)~“q) D> Gvurig >
q=u,d

+ 0(1/q6)], (35)
where possible terms related, e.g., to instanton contribu-
tions have not been considered. Matching the perturbative
term fixes the condition

R _ N,
k167
In the same way, by the two-point correlation function of

the vector current [6] the matching condition fixes the

value of g2: ’; = ey so that g2 = 3.

The residues of the two-point correlation function, re-
lated to the scalar meson decay constants, are now deter-
mined

(36)

N,
Fp=—=c'(n+1) 37
T
for all radial states labeled by n.

It is interesting to compare (37) to QCD calculations.
For a((980), the following result has been obtained for the
current-vacuum matrix elements defining the decay con-
stant [29]

F,, = (0103]a,(980)°) = (0.21 + 0.05) GeVZ  (38)

The AdS prediction is F,, = §c2 = 0.08 GeV?, having
fixed ¢ from the p° mass, c = mTP For the f,(980) a similar
result has been obtained for the matrix element of the s§
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operator, (0|3s|f,(980)) = (0.18 + 0.015) GeV>  [30].
Considering the uncertainties in QCD determinations, the
AdS results differ by about a factor of 2. For the first radial
excitation we have F =012 GeV?, while for large val-

ues of n the ratio & becomes independent of the radial

r

quantum number.
AdS/QCD duality can be checked for the various terms
in the # power expansion, comparing Egs. (34) and (35).

For m, = 0, the four dimensional gluon condensate can be

computed
<ﬁ G2> _2 .
T m?

which is smaller than the commonly used value (% G?) =~
0.012 GeV?, the estimated uncertainty of which is about
30% [31].

Considering O(1/g*) terms, in QCD one can use the
factorization approximation

=~ 0.004 GeV*, (39)

16
<(‘?0';w/\aQ)2> = ?<QQ>2y
(40)

(@7,0°0P) = — 4 (39

for the dimension 6 operators. Within such an approxima-
tion, the AdS and QCD expressions do not match, since the
O(1/4q*) termin (34) is positive, while it is negative in (35).

The last remark is that in the AdS expression (34) there
is a contribution interpreted in terms of a dimension two
condensate, while an analogous term is absent in the QCD
expansion (35). In this respect, the two-point correlation
function of the scalar operators presents the same phe-
nomenon occurring in the two-point correlation function
of vector mesons [32,33] and of scalar glueballs [26,34].
Although in QCD there is no local gauge-invariant opera-
tor of dimension two, the possible relevance of a dimension
two condensate in the form of an effective gluon mass term
is the subject of discussions [35], so that the AdS result
could be interpreted as an argument supporting the exis-
tence of this condensate. However, the AdS/CFT method
dictates duality between bulk fields and gauge-invariant
operators in the boundary theory. Another possible way to
explain the presence of this contribution is that, although
the quadratic dependence of the dilaton field in the IR is
required to provide linear confinement, at smaller values of
7 the functional dependence of ®(z) is less constrained, so
that in other versions of the background field such a term
could be removed; this deserves an explicit check. A differ-
ent possibility, put forward in [26], is that the subleading
(for z — 0) solution in the bulk-to-boundary scalar field
propagator plays a role, so that its coefficient can be tuned
to cancel the dimension two contribution. In such a sce-
nario, in which the AdS dual theory needs to be regularized
in the IR, the subleading solution modifies some terms in

055009-5



P. COLANGELO et al.

the power expansion of the two-point correlation function,
leaving the perturbative term unaffected.

VI. INTERACTION OF SCALAR MESONS WITH A
PAIR OF PSEUDOSCALAR MESONS

In the action (3) the interaction terms involving one
scalar S and two light pseudoscalar fields P only appear
in the covariant derivative Tr{|DX|*}. Using the equations
of motion and writing the axial-vector bulk field in terms of
the transverse and longitudinal components, Ay, = A +
Ay b, we have

4
ngp) 2 [de\/—_ge"b(Z)gMNv(z)
XTr{S(Oym — dyd)Oym — dyp)}  (41)

i.e.,

S(SPP)

4
50 = =2 [T O v @ @i oy
1 4
X N Ti[T°T"] — X [de,/—ge_‘D(Z)gMNv(z)
F

X S&(9pp)(On ) T TTP T, 42)
where §* = ¢ — 7. For np = 2, Ti[T*T?T¢] = L&,
and the adjoint part vanishes, while for ny = 3 we have

R3 2 1
ngp) k\/g’[dsxfeq’(Z)U(Z)SlUMN(aM'ﬁu)(&N‘//u)

R? 1
_ 7dabc [d5x;6*¢(z)v(z)sg nMN(aM¢b)(anc)'

(43)

In the Fourier space, this term involves the bulk-to-
2z?) of the scalar field, together
with the sources S 18),- As discussed in [6] in the case of the

hard-wall model, the longitudinal part of the axial-vector
field can be related to its source through the equation

boundary propagator S (‘Z—; c

dq2) = (44)

s N
All( 2 6222)(_iq#‘4ﬁ0#(‘]))’
while for the combination #* = ¢ — 7#* the equation
involves the propagator W,

~ q2
(g, z) = —2\1’(?; CZZZ)(_“]”A”() (). (45)
The contribution of only the pseudo-Goldstone bosons is
selected by the condition
(g, 2) = —~Ir<o 22)(—ighAly (). (46)
From Eq. (29) the condition 9,7 = 0 holds at g> = 0 and
the equation for W¥/(0, ¢?z?),

PHYSICAL REVIEW D 78, 055009 (2008)

-d :| B g%RQU(Z)Zef(D
3

a[% 5.%(0, 222 W(0, 222) = 0

(47)
coincides with the equation holding for A (0, ¢?z?) which

appears in the relation A% M(O, z) = A(0, czzz)A LOM(O).
We can then identify W(0, ¢>z%) = A (0, ¢*z?) [36], so that

J4(g,2) ——ﬂt(o 22 (—ig"Afy (@) (48)

In this way, the ngp P) term in (42), considering only the

octet contribution, reads

i  [d*q d*q,d*q
ngtPP) ;dahaf 22 )?2 B m)*s*(q) + ¢

+ 613)/ dz—e ‘D(Z)v(z)S<— 2z )
X Sgo(ql)[(azﬂ(O, c?z%))?

— 42 g3 AQ, 02Z2)2]< 612 q, A||0/L(C]2))

x (— qi%‘h ”()V(%))

This interaction term allows to compute the scalar cou-
plings to pseudoscalar states. Indeed, on the basis of the
AdS/CFT correspondence, the QCD three-point correla-
tion function involving two pseudoscalar and one scalar
operator

(49)

HaQchDaﬁ(pl’ py) =i [d4x1d4x2eipl'xl eiPr %
X (OITLOZ, (x)05(0)05, (x:)]10) (50)

can be obtained by a functional derivation of (49) with
respect to the source fields A”()(pl), Auo(pz), and Sg‘o(q),
with the result

PiaPag 2R
4% ap(P1s P2) = apﬁ d“bC/ dz—e ®u(z)
)

<s(. ) 0. A0 2

- % A, c212)2], (51)
with ¢ = —(p; + p,). The AdS expression of the strong
SPP couplings follows writing the bulk-to-boundary
propagator S in terms of the scalar mass poles, of the
residues and of the normalizable eigenfunction S,(2%) in
(17). Using the integral representation of the Tricomi
function [33,37]

Ula, b, x) = I‘(),/

1 — l)b exp[—lyfyx], (52)
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one derives the generating function of the Laguerre poly-
nomials [14]

1
(1 — y)2 eXp[_

y :°° 1 n
= > L@y 69

so that
S(q—2 CZZZ) i FnSn C Z ) (54)
%’ Rc\N, 2 + m? +ie’
with F, given in (37) and the functions S” in (17).
Moreover, defining the scalar form factor Fp
(Pdl@glPe) = Ff,“e(qz), (55)
we have
abe PiaP .
Wnag(pr p2) = = =5 SESAFE(G, (56)
1P

with f, the pion decay constant. The AdS expressions of
the scalar form factor and of the gg pp couplings follow

Fobe(q?) = dabckfz j dz—e v(z)S(— c z)

x [(azﬂl(o, 2 — % A, c2z2)2]

— _ gabe 2ngSnPP (57)
n Oq + n;,
with
12 o R} 8
8s,pP = I j(; dZZ—3€ (Z)R_W’N 7S, (c222)

<[ @.a0, 227 + mTS A7) 59

To compute gg pp from (58), one needs A(0, ¢?z%),
which can be obtained solving (27). However, since v(z)
is small (it depends on mq/R), one can neglect terms

proportional to v? and identify A (0, 22) with A ©(0, 22)

solution of
9: ( 2)) =0,

with ~ A©(0, 22)—,_1 regular
A0, 22) = 1.

The expression of gg pp for the lowest radial number
n = 0, since 50(22) = \/_23

S" Rc/ dze 2 v(3).

(39)

The solution is

8s,pp = (60)
The coupling depends lmearly on the field v. The numeri-
cal result is small, of the order of 10 MeV depending on the
quark mass used as an input. On the other hand, phenome-
nological determinations of the SPP couplings indicate
sizeable values, showing that the scalar states are charac-
terized by their large couplings to light pseudoscalar me-
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sons. For example, we identify again a(980) and f,(980)
as the lightest scalar mesons in order to compare theoreti-
cal results with data; the experimental value of g, ,, is
8aynm — 122 6 GeV, while for f, the result of a QCD
estimate is: gy x+x- = 6-8 GeV [38]. The origin of the
small value for the SyPP couplings in the AdS/QCD soft-
wall model is related to the difficulty of correctly describ-
ing chiral symmetry breaking in this model, as discussed in
Sec. IV. The expression of v is given by Eq. (24) with C =
0. It is determined by the light quark mass, which also fixes
the contribution of the coefficient of the z3 term in (26). A
larger result for the gg pp coupling would be obtained if, as
it happens, e.g., in the hard-wall model, the coefficients m,,
and {Gq), respectively, of the z and the Z3 terms in v, were
not related; in turn, this would modify the numerical result
for the SPP coupling from Eq. (60).

In Ref. [10] it was proposed to include additional higher
order potential terms U(X) in the effective action (3), with
the aim of obtaining an expression for v with unrelated (or
non linearly related) m, and chiral condensate, the inde-
pendent parameters driving chiral symmetry breaking. One
should look for potential terms U(X) giving solutions X(z)
which are finite in the IR region z — 0. In correspondence
to such solutions, at z — 0 the relation between m, and
(gq) would not be linear, thus providing a more accurate
description of the chiral symmetry breaking, and therefore
a better candidate as QCD gravity dual. However, a dedi-
cated study is needed in order to find the form of such new
terms in the action.

VII. CONCLUSIONS

We have studied the scalar sector in the 5d AdS soft-wall
model proposed as a QCD dual, finding that the masses of
scalar mesons are close to experiment, and the decay
constants differ from the available QCD determinations
by about a factor of 2. The two-point correlation function
of the scalar operator has a power expansion similar to
QCD, with violations in the dimension six condensates
computed assuming factorization. A dimension two con-
densate term, absent in QCD, appears in the power expan-
sion of the AdS expression, analogously to the two-point
correlators of vector meson and scalar glueball operators.
The strong couplings of scalar states to pairs of light
pseudoscalar mesons are smaller than in phenomenologi-
cal determinations, as a consequence of the difficulty of
correctly describing chiral symmetry breaking within this
model. This difficulty could be avoided by including addi-
tional potential terms in the effective Lagrangian defining
the model, a possibility which deserves a dedicated study.
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