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Abstract

We study the scalar and pseudoscalar sector in a five-dimenional model describing
chiral symmetry breaking. We calculate the scalar and pseudoscalar two-point correlator,
the mass spectrum and interactions. We also obtain the scalar and pseudoscalar contri-
butions to the coefficients of the chiral lagrangian and determine the scalar form factor of
the pseudo-Goldstone bosons. Most quantities show a good agreement with QCD.
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1 Introduction

The AdS/CFEFT correspondence [1] has provided a new approach to tackle strongly coupled
theories. This has recently boosted the search for string realizations of QCD-like theories [2, 3].
A crucial ingredient in these realizations is a (compact) warped extra dimension that plays
the role of the energy scale in the QCD-like theory. It is therefore interesting to look for
properties of QCD in the strong regime that can be derived from weakly coupled theories in
five-dimensions. Examples of this type of properties have already been found in high-energy
hadron scattering [4], string breaking [5], hadron form factors and hadron spectroscopy [6]-[13].

In Refs. [10, 11] a five-dimensional model was proposed to study the breaking of the chiral
symmetry in QCD. The model was described in terms of infinite weakly coupled resonances,
similar to QCD in the large- N, limit. The vector sector was studied and several relations among
couplings and masses were derived based only on the (warped) five-dimensionality of the space.
The predictions of the model showed a good agreement with QCD.

Here we will extend this analysis to the scalar and pseudoscalar sector. We will calculate
the scalar and pseudoscalar two-point correlator and show that they have a similar behavior
to that in QCD. We will obtain the masses and couplings of the resonances, pointing out the
implications of working with a warped extra dimension. We will also calculate the scalar form
factor of the pseudo-Goldstone boson (PGB) and the pseudo(scalar) contributions to the L;
coefficients of the low-energy chiral lagrangian. A prediction for the quark masses will also be
given. We will compare our results with the QCD experimental data whenever this is available.

2 A five-dimensional model for QCD

The 5D model proposed to study the properties of QCD with 3 flavors consists in a theory
where the chiral symmetry U(3),®U(3)g is gauged in the 5D bulk '. Parity is defined as the
interchange L « R. The bulk fields are the gauge bosons L,;, Rj; and a complex scalar field ®
transforming as a (31,,3r). This scalar plays the role of the operator ¢z in QCD whose vacuum
expectation value (VEV) is responsible for the breaking of the chiral symmetry. The 5D metric
in conformal coordinates is defined as

ds* = a*(2) (nudatdz” — dz?), (1)

where a is the warp factor. We will work within AdSs

a(z) = —, (2)

where L is the AdS curvature radius. The AdS; metric will guarantee conformal invariance of
the model at high energies. The fifth dimension is assumed to be compact, Ly < z < Ly [14].

IThe U(1) 4 is broken by the anomaly that, although it will not be studied here, can also be incorporated in
extra-dimensional models along the lines of Ref. [3].



The boundary at z = L; generates a mass gap in the model (breaks the conformal symmetry
at energies ~ 1/L;), while the boundary at z = Ly is only needed to regulate the theory. When
performing calculations one must take the limit Ly — 0 and eliminate the divergences that one
encounters by properly adding UV-boundary counterterms [1]. The action is given by

S :/d4x/dz£5, (3)

where

1 1 1 1
L5 = \/g M5 Tr {—ZLMNLMN - ZRMNRMN - 5\DMcby? - §M§,yq>12 . (4)
The covariant derivative is defined as
Dy® =0y @+ iLy® —1PRyy (5)

where M = (u,5) and ® = 1/v/3®, + ®,T,, with Tr[T,T;] = 6, (and similarly for Ly, and
Ryy). For the value of the scalar mass we take M2 = —3/L? that, by the AdS/CFT dictionary,
corresponds to associate the scalar ® with a CF'T operator of dimension 3 such as qq. Solving
the equation of motion for ® we obtain

(@) =v(z) =crz+c2”, (6)

where ¢; and ¢y can be written in terms of the value of v at the boundaries

_ ML - ¢ L3 - ML
C1 = 2 2\ Co = 2 2\ (7)
LLi(LF — I3) LLi(IF - 1)
where we have defined I
MQEL—OU’LO, fELv}Ll. (8)

It can be shown that a nonzero ]\A/fq corresponds to an explicit breaking of the chiral symmetry
in the UV, while a nonzero ¢y corresponds to a spontaneous breaking of the chiral symmetry
in the IR. Therefore the value of ¢, is determined dynamically by minimizing the action. In
order to get a nonzero value for ¢, in the chiral limit (M, = 0) we add a potential for ® on the
IR-boundary:

1
Lig=—ad'V(D)|,, V(®)= —§m§ Tr|®2 + A\ Tr |®[*. (9)
An origin for this type of potentials can be found in string constructions [2, 3]. To determine

the value of ¢y, or equivalently the value of ¢, we must minimize the effective 4D action obtained
after substituting Eq. (6) into the 5D action. For Ly — 0, this is given by

_MQ ]/—\ZQ SM 3 62 L4
Sep ~ — [ d*xTr<{ MsL 44 1 _9> 4“2 | L V(6= 1
that is minimized for 1
¢ =— (mjL* — 3MsL) + O(M,). (11)

4N
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This 5D model depends on 5 parameters: > ]\A/[/q, Ms, Ly, € and A. The value of ]\A/[/q is related
to the quark masses as we will see below. The values of M5, L; and & were determined in
Ref. [11] from the gauge sector of the theory. By using the QCD values for N,, M, and M,,, it

was found [11]:
N. - I N
MsL = 9.2 = N, = 320 MeV, E~4. (12)
Our predictions will be given using the above values (although in certain cases we will study
the dependence of the predictions on &). This leaves the scalar sector of the theory depending
only on one parameter, \. An estimate of its value can be obtained using naive dimensional

analysis (NDA) that gives A ~ 1/(167%) ~ 1072 — 1073.

3 The scalar and pseudoscalar sector

We define ‘
®=(v+8)e’l, (13)

where S corresponds to a real scalar and P to a real pseudoscalar under parity. Since we will
be considering the chiral limit M, — 0, we have v oc 1 and the symmetry breaking pattern
U3)r® UB)gr — U(3)y. Under SU(3)y we have that both S and P transform as 1+ 8. We
will work in the unitary gauge. This corresponds to add the gauge fixing terms

M 2
LY =-=221 |9,V - 6—‘/85(@\/5) :

26\/ a

Msa & 2 (14)
EéF = ——2§A Tr {%AM — EAag,(&Ag,) — fA\/ﬁaQUP} ,

where Vi, Ay = %(LM + Ryy), and take the limit £y 4 — oo, i.e.
1
35(aV5) =0 s P = —\/§a3U05(aA5) . (15)

The above equation will allow us to write P as a function of Aj in the 5D lagrangian. After
integration by parts, the 5D quadratic terms for the scalar S and the pseudoscalar As are given
by

3
M,
Lg= "2 = {5[82 — a~%95a%s + aQMg]s},
(16)
M,
La =25 {A5 [0°D + D(QUQaQD)]A5},
where D is a differential operator defined by
1

2We trade m} for & by means of Eq. (11). In the following we will take & — £1 + (’)(]\7(1) and treat £ as a
parameter.



The scalar and pseudoscalar field has also 4D boundary terms that, after using the 5D equation
of motion for Ajs (i.e., DAs = —0*A5/(2v%a?)) and Eq. (11), can be written as 3

M5a 2 82 Iy 4
Liound - Tr [a®S05S + A5W35(a145) + 24,0, As5] o a V(S)}Ll
+  Msa® Tr[S]@w}LO : (18)
where YRS
s _
V(S)}L1 =m% Tr[SZHL1 + O(S?), mey = T2 "9l O(M,) (19)

To cancel the quadratic terms on the IR-boundary of Eq. (18) we impose the conditions
[M505 +2am3|S|, =0,  As|, =0. (20)

The boundary conditions on the UV-boundary will be specified later.

The interactions between scalars and pseudoscalars that we will be considering are

a® M. S 2
Conn = 50T |2 (00— s 1)
M5 S 2
= WTr[(ag,(aAg,)@H@g,(aAg,))]. (22)

The SVV interaction is absent. This is a consequence of the U(3)y invariance and the fact
that only dimension-four operators are considered in Eq. (4). This interaction, however, could
be induced by higher-dimensional operators or loop effects.

With the above lagrangian for the scalar and pseudoscalar sector we can calculate any
relevant physical quantity. We will be considering two approximations. First, we will be
working at the tree-level. According to Eq. (12) this corresponds to work in the large- N, limit.
Since loop effects are expected to be of order 1/N,, our predictions for QCD quantities will
have a 30% uncertainty. Second, we will take the chiral limit ]\qu — 0. For the pseudoscalar
sector this limit will be taken in the following way. We will first perform the calculations with
c1 — 0 and fixed Ly (this is equivalent to M, — £L3/L3 and ¢y — £/(LL})). Next we will take
the limit Ly — 0. This procedure simplifies the calculations and avoids singularities at z = L.

3.1 The scalar and pseudoscalar correlator

In this section we will calculate the scalar and pseudoscalar two-point correlator. In QCD these
are defined as

s p(p*) = —/d%eim(Jg,p(x)Jg,p(O)} , (23)

30ne obtains the same result if, instead of the equation of motion, one uses the mass eigenfunction equation,
DAs = m?A5/(2v%a?), as we will do later to perform a Kaluza-Klein decomposition of the sector.



where Jg¢ = qq and Jp = iG7sq. The correlators Ilg p can be obtained from the generating
functional S according to

528 58S
e = —= - 24
where s and pg are the scalar and pseudoscalar external sources coupled to QCD:
L=—Trlg,¢qr] + h.c, ¢=DM;+s+ip,. (25)

The AdS/CFT correspondence tells us [1] that S is obtained in the 5D theory by integrating
out the bulk fields restricted to a given UV-boundary value. These boundary values play the
role of the external sources coupled to QCD. In particular, for the 5D scalar field we have

Lo

7 (26)

@}Loza

where the constant a will be determined by matching with the QCD correlators in the UV as
we will see later. Up to the quadratic order in the fields, Eq. (26) leads to

LO p2 85(GA5) LO
‘LO « [ (S OZE A rq) ) ‘Lo \/_26L3U Lo @ [ p ( )

Let us calculate S = [ d*x Lo at the quadratic level for S and As. By solving the equations
of motion from Eq. (16) with the boundary conditions of Eqgs. (20) and (27), and substituting
the solution back into the action, we get (in momentum space) *

Lot = %HS(pQ) Tr[s?] + %Hp(ﬁ) Te[p?] + I Ti[s] (28)

For a AdS; space Ilg can be given analytically at the tree-level. We obtain

1 ip Jo(ipLo) + b(p)Yo(ipLo)

s(p?) = &®*MsL | — + — , )
S( ) ’ L(Z) Ly Jl(ZPLo) +b(P)Y1(7pro)

(29)

where J,,Y,, are Bessel functions, p is the Euclidean momentum and b(p) is determined by the
IR-boundary condition of Eq. (20):

b(p) = _ilejg(ile) - i}\fle(ile) (30)
ipL1Ya(ipLy) — 55 Vi (ipLy)

Taking the limit Ly — 0 we find

2

1 1 mp
Mg(p?) ~ o’ M:L | — + —p?In(p?L?) + —— 31
s(p”) ~ a*Ms Lg+2p n(p o)+25(p) (31)

4There is also a mixing term between p, and the longitudinal part of A,lL, that we are not writing.



The divergent terms for Ly — 0 can be absorbed in a bare mass and a bare kinetic term for s.
After this renormalization the correlator is finite. For large momentum pL; > 1, we find

062M5L

g (p®) ~ p?Inp?, (32)
as expected from the conformal symmetry. Matching with QCD in which at large momentum
we have N
I3 (p°) ~ 8—02292 Inp?, (33)
T
we obtain, using Eq. (12),

a=3. (34)

The next to leading terms in the large momentum expansion in Eq. (32) are suppressed exponen-
tially, contrary to QCD where one finds that the scalar correlator has power corrections. This
is because we assumed, for simplicity, that the scalar had a potential only on the IR-boundary.
In more realistic models such as those arising from string theories the scalar potential is present
in the 5D bulk (although peaked towards the IR). In these cases the scalar correlator has power
corrections. Also, if the 5D metric deviate in the IR from AdS or if higher-dimensional operators
are included in Eq.(4), then power corrections can be present in IIg.

For small momentum IIg(p?) can be approximated by

2 N
L2 2ae2L?

s (p*) ~ 3N, +0(p?). (35)

The scalar correlator Eq. (29) can also be written as a sum over infinitely narrow resonances,
similarly as in large- N, QCD:
2 F3, Mg
IT = E = _on 36

n

Therefore the masses of the scalar resonances can be determined by finding the poles of Eq. (31),
i.e., by the equation b(p) = 0. In Fig. 1 we plot the value of the mass of the first and second
scalar resonance as a function of A for £ = 4. The first resonance mass ranges from Mg, = 0
MeV (A — 0) to Mg, = 1226 MeV (A — o0). We compare this value with the masses of the
ag states (since these are the QCD scalars whose masses are not very sensitive to M,). We
see that for a value of \ close to its NDA estimate, A\ ~ 1072 — 1073, the mass of the first
scalar resonance is closer to that of a((980) than to that of ag(1450). Nevertheless we must
recall that we are working in the large-N, limit and then corrections can be as large as 30%.
Consequently we cannot discard to associate S with ag(1450). The scalar decay constants
Fg are determined by the residues of I[Ig. We obtain

2 3N,w M2 (%K(Msng) - MSnLlYg(MSnLl)> -
FS — 5 5 . 37
Ms, Ly (1= 55 ) Jo(Ms, 1) + (55 + M3, L3 = 2) Ji(Ms, L)

For A ~ 1072 we obtain Mg, ~ 1 GeV and Fs, ~ 260 MeV, while for the second resonance we
get Mg, ~ 1900 MeV and F§g, ~ 370 MeV. Using this result we can calculate the value of the
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Figure 1: Mass of the first and second scalar resonances as a function of A\ for & = 4. The
dashed lines show the experimental values for the masses of the scalar resonances ay(980) and

ao(1450).

coupling ¢, defined in Ref. [15]. We obtain ¢,, = Fs, Ms, /(4By) ~ 41 MeV (taking the value
of By from Eq. (63)) very close to the value used in Ref. [15]: ¢, ~ 42 MeV.

To calculate the pseudoscalar correlator IIp we must rely on numerical analysis. Only for
small and large momentum we are able to give analytical results. For large momentum pL; > 1
we have

3N 3N cP 1 64 3N, £2
Ip(p?) = =5 +p | = 1In(p?’L3) — L + O(— h P2 38

Again the divergences can be cancelled by adding a proper mass and a kinetic term for the
pseudoscalar p; on the UV-boundary. From Egs. (32) and (38) we can obtain the correlator
[Igp = [Ig — Ilp at large momentum. It drops as Ilgp ~ ¢ /p*. Comparing with [l p =
Iy — 4 ~ cg/p*, we find ¢f’ = 12 ¢4 [11] in strong disagreement with QCD in which one has
cf = 3cg. This can be improved if, as we said, we consider more realistic theories where the
scalar potential is present in the 5D bulk and therefore IIg has power corrections.

At low momentum ° and for £ > 1 we find

_2B3F?

(%) = 285 N + 0. (39)
where VAN 535 e2/3
- 2V3N.«£ , e>1 PPN, €
By = Fr=1140) ¥ ———-—. 40
= Thr o O = e o

I14(p?) is the axial-vector correlator calculated in Ref. [11]. The first term of Eq. (39) shows a
pole at p? = 0 as expected due to the presence of the massless PGB.

By looking at the poles of IIp we can find the pseudoscalar masses. The lowest mode is the
massless PGB of the spontaneous chiral symmetry breaking. There is a nonet of PGBs but we

°In order to obtain the correct result it is important to take the limit Lo — 0 before taking p?> — 0 [16].
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Figure 2: Mass of the first massive pseudoscalar resonance as a function of &. The shadow
band shows the experimental value for mw(1800).

must recall that the inclusion of the U(1) 4-anomaly will give mass to the singlet [3]. The mass
of the first massive resonance is shown in Fig. 2 as a function of £&. We see that its value is far
from the mass of the w(1300) state. Nevertheless, we find that, for £ ~ 4, Mp, is close to the
mass of 7(1800) suggesting that this could be the state to be associated with our first massive
pseudoscalar resonance. For this resonance we find a decay constant Fp, ~ 374 MeV.

Finally, we calculate the linear term in Eq. (28) to be associated in QCD with the gq
condensate: I's = —(Jg). We find

ML? 4 26L2/Ly — 3M,L2  Tp—0  2V3N.E 190 2V3N.E
— _— — e
Ly(L3 — LY) Ly (L} — L§) L

I's = V3N, (41)

3.2 Scalar meson interactions

To study the interactions it is convenient to perform a Kaluza-Klein (KK) decomposition of
the 5D fields:

1 SR
S(z, 2) = ()8 (z), A = P(PM™ (2). 42
We impose the following boundary conditions on the UV-boundary:
S|, =0,  P|, xd(ads)|, =0, (43)

that cancel the boundary terms of Eq. (18). The wave-functions of the KK-modes S™ are
given by

22 Jl(MSnLO) Lo—0 22
—_—

S
= Ji(Mg, 2) — 28520y pp S

J1 (Mg, z), (44)

where Ng, is a constant fixed by canonically normalizing the fields, [a®(f5)?dz/L = 1. In
Fig. 3 we plot the wave-functions of the first two KK-modes.
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Figure 3: Wawve-functions of the n = 1,2 scalar resonance, the PGB and the first massive
pseudoscalar for € =4 and A = 1073,

The equation that determines the wave-functions of the pseudoscalars can be obtained from
Eq. (16). This is given by
M3

202q?

Dff =

n

fa - (45)

The lowest state, P(9) = r, is the PGB that in the limit Ly — 0 is massless. Its wave-function
is given by

i Lo—o 2 V2¢ 2 Lz (V2€/3) V2¢ 2
fm(z) == N [12/3< 3 L3> o (\/_5/3)K2/3< 3 L3>], (46)

where Nj is determined by the condition —557 f"05(af™)|r, = 1. The wave-function of the

massive modes must be obtained numerically from Eq. (45) with the normalization condition
[dz (fF Mp,)?/(2v*aL) = 1. The wave-functions of 7 and P! are shown in Fig. 3.

The couplings between the resonances are easily obtained by integrating the 5D interactions

over z with the corresponding wave-functions. The coupling of a scalar to two PGBs comes
from Eq. (21). We obtain

‘CSnfm = Gnﬂ'ﬂ' Tr[S(n) (a;ﬂr)Q] s (47)
where G, is given by
[05(af™)]?
_ 5 S
Gn7r7r - L3/ fn 2@31]3 . (48)

In Fig. 4 we show the coupling of the first modes as a function of A for € = 3,4. We find that
G rxr becomes smaller as n increases. This property is also present in the coupling between a
vector resonance and two PGBs, and it is due to the oscillatory behaviour of the KK wave-
functions. Associating S with ao(980), we find that Mg, ~ 980 MeV for A ~ 1073, and
the prediction of the 5D model for the agmn coupling is Girr ~ 5.4 GeV ™! for £ = 4. In the
notation of Ref. [15] we find cq = F2G1r/2 =~ 20 MeV to be compared to the value |cg| ~ 32
MeV given there. If the width of a¢(980) is dominated by the decay to nm we find

[(ag — nm) ~ 27 —56 MeV , for { =4 — 3. (49)
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Figure 4: Coupling of the n = 1,2, 3 scalar resonance to two PGBs as a function of A for £ =4
(solid line) and & = 3 (dashed line).

Unfortunately, the experimental value of the width of a¢(980) has a large uncertainty I'(ag) =
50 — 100 MeV [17].

4 (Pseudo)Scalar contributions to PGB interactions

By integrating the heavy scalar resonances we obtain the following four-PGB interaction

1 G?

(8 _ 1 2 nmwm
£ = 5 { B0~ g0} S e (50)
from the scalar octet and . o
1) _ 2 2 nmwm
L= ETY [(Our) ];m, (51)

from the scalar singlet. The sum over the KK-modes in Egs. (50) and (51) is dominated by
the first resonance. At large momentum we find that the first resonance gives 82% of the total
contribution and this percentage rises to 94% at zero momentum (for A ~ 107?). Therefore,
as in the vector case [11], we find that the scalar mediation of the four-PGB interaction is
dominated by the exchange of the first resonance.

Four-PGB interactions can also arise from Eq. (22). We find

Gt — 1 /dz 05 (af™)] ‘

Loa="""Tr[(md, )], where gmu = SANLL? PG

(52)
At high energies the four-PGB amplitude arising from Eq. (52) grows as ~ E%. Nevertheless,

this bad energy behavior of the four-PGB amplitude is cured by the contribution arising from
Egs. (50) and (51) that cancels the E? terms. This occurs thanks to the sum rule

Z G7217r7r =6 Gt - (53)
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Eq. (53) is a property of any 5D model in which the breaking of the chiral symmetry is realized
by the Higgs mechanism.

We can also calculate the coupling of the PGB to the source s that defines the scalar form
factor of the PGB. Apart from a contact piece given by

L2y = —By Tr[rs] (54)

this coupling is mediated by the octet and singlet scalar resonances that gives respectively

® _ 2 1 2 Gnﬂ'ﬂ'FSn MSn
e, = {mi@ms) - i i T
a 1 9 GnmrFSn MSn
£7r2s = gTI'[(aMTF) ] TI'[S] ; W . (55)

The scalar form factor of the PGB is then given by (normalized to unity at zero momentum)

p2 Gnmr FSn MSn

ffpzl— -
) 2By =, p? + M3,

(56)

At low momentum the sum in Eq. (56) is dominated by the first resonance that gives 75% of
the total contribution (for A ~ 1073). At large momentum we find that the form factor goes as
1/p?, as expected from the conformal symmetry [4]. The cancellation of the constant term in
F5(p) occurs due to the sum rule

> " GunnFs,Ms, = 2By . (57)

This sum rule is fulfilled in any 5D model whose metric approaches to AdSs for z — 0 (conformal
theories in the UV). In Eq. (57) we find that the first two resonances give a similar contribution,
while the contributions of the heavier resonances tend to cancel out. Therefore we see that
F2(p) is very well approximated by the exchange of only the first two resonances.

4.1 The Chiral Lagrangian

At energies below the massive resonances our 5D model is described by the QCD chiral la-
grangian. In this section we calculate the (pseudo)scalar contributions to the coefficients of the
chiral lagrangian and compare these results with the QCD values.

Up to O(p?), the chiral lagrangian for the octet of PGB, 7 = m,T,, is given by [18]

2

F
Lo = f Tr [D,U'D*U + U'x + X'U], (58)

where

DU =d,U —iR,U +iUL,, U=V (59)
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and

X = 2By (M, + s +ips) , M, = Diag(my, mq, ms) . (60)
The prediction of our model for F} is given in Eq. (40). It gives
£\
F, ~ 87 (Z) MeV . (61)
For the prediction of By we can use Eq. (41):
(qq) = —F2By = —2\/§N6% ~ —(226 MeV)? (%) , (62)
1
that leads to 3 )
2V3N.E £\*
By = ~ 1520 ( — MeV .
0= L3 520 (4) eV (63)

Notice that By = By as it should be, since the first term of Eq. (39) can also be deduced by
integrating out the PGB at tree-level in the chiral lagrangian. The relation By = By also leads

to the right matching of Eq. (54) with the chiral lagrangian. The value of the quark masses M,
is related to the VEV of ® on the UV-boundary. Using Egs. (8), (26) and (34) we obtain °

1 —
M, = ﬁMq. (64)

From the chiral lagrangian we have
(m2)ap = 2Bo Tr [M,T, T3] , (65)
that for myo ~ 135 MeV and myo ~ 498 MeV gives
my +mg = 11.5 MeV | mg = 150 MeV . (66)

The value of the quark masses in Eq. (66) are scale independent. This is because we took
M2 = —3/L? that corresponds, by the AdS/CFT dictionary, to fix the dimension of M, to be
exactly one. In QCD however the quark masses evolve with the energy scale u. To minimize
this discrepancy we must compare our predictions with the experimental values of the quark
masses taken at the lowest energy scale (~ 1 GeV). From Ref. [17] we have m, +m4 =7 — 16
MeV and mg = 108 — 175 MeV at p ~ 1 GeV in good agreement with Eq. (66).

At O(p?) the chiral lagrangian is given by [1§]
Ly = LTY*[D,U'D'U| + Ly, Tr [D,U'D,U| Tr [D*U'D*U] + L3 Tr [D, U D*UD,U'D"U]
Ly Tr [D,U'D*U] Tr [Ux + X'U] + Ls Tr [D,U'D*U (U'x + x'U) |
L¢ Tr? [UTX + XTU] + L; Tr? [UTX — XTU] + Lg Tr [XTUXTU + UTxUTx}
— iLy Tr [FE'D,UD,U" + F}*D,U'D, U] + Lo Tr [U'F&'UFy,,] . (67)

+
+

®In Refs. [10, 11] the quark masses did not have the correct normalization since the value of a was not
calculated.
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At tree-level, the (pseudo)scalar resonances only contribute 7 to Ly 34568 The contributions to
the coefficients Ly and L3 coming from the octet and singlet scalar can be read from Egs. (50)
and (51). We obtain

1

i = —3r, LY =-1f, (68)
2 4
® _ § GmwrFﬁ (1) _

n

The octet and singlet contribution to the coefficient L, cancels out, as expected from large- N,
(18], and only L3 gets a nonzero scalar contribution. For A ~ 1073 and £ = 4 (3) we obtain
Lgs) ~(.2-107 (0.3-107?). Adding the vector contribution to Lj calculated in Ref. [11] we get
L3~ —2.4-107% (—=1.7-1073) to be compared with the experimental value [19] L3 ~ —3.5+1.1.
The scalar contribution to L, and Lj can be obtained from Eq. (55):

LY = =, =y, (70)
F2 G Fs

L® — = nam” Sn LW —o. 71

5 8BOZ MSn ) 5 ( )

n

As expected from large-N,, the total contribution to L, is zero. The value of Ls is shown in
Fig. 5 as a function of Mg, for £ = 3,4. For Mg, ~ 1 GeV we obtain Ls ~ 1.1 - 1072 in good
agreement with experiments. Lz can also be calculated from the axial-vector correlator [11]:

1 dlly
~ 16By dM,

(72)

5

My=0 .
For £ > 1 with \¢? fixed 8, we obtain

2. + Iy Ly 1.2-107% [1-0.23 1 %+009 1077 (41
3F2I2 192064 — ' £ ' )\ ¢ '

N N_m3
5 —_—

V3I(3)°

(73)
Finally, the coefficient Lgs can be computed from the correlators IIg p. We have
1
W = ko e 79
3
1 d
L® = ——[QH 2) _ Ip(p? } L =o. 75
s el (Ms(p?) — Tp(p?)) o’ s (75)

" L7 will not be studied here since it arises from integrating out the singlet PGB that becomes massive when
the U(1) 4 anomaly is considered.

8In Ref. [11] the value of L5 was given for A2 >> 1 and therefore the last term of Eq. (73) was not present.
This last term arises due to the ¢ dependence on Mq - see Eq. (11). Also a factor 1/2 was missing in Eq. (67)
of Ref. [11] and therefore the prediction of L5 given there was a factor 2 larger.
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Figure 5: Prediction for Ls and Lg as a function of Mg,. The horizontal line corresponds to
the experimental value with the error bands [19].

Then Lg = Lég) + Lél) = 0, as expected from large-N,. Using Egs. (35), (39) and (63) in the

. . )\ .

Notice that this expression is only valid for € > 1 with A2 fixed. In Fig. 5 we show the exact
value of Lg as a function of Mg,. For Mg, ~ 1 GeV and & = 4 we obtain Lg ~ 0.6 - 1072 again
in good agreement with the experimental value. From Fig. 5 one can see that small values of
Msg, are preferred. The coefficient Lg can also be written as

Fgl + Z <F§n+l - Flgn)
n=1

that shows that in the limit where the chiral symmetry is restored, { — 0 and Fs,,, — Fp,,
only the first term remains. For £ ~ 4 we find that the first term still dominates (it gives 70%
of the total contribution for A ~ 1073) since the other resonances, being so heavy, are not very
sensitive to chiral symmetry breaking.

N, 6 3N,

L —
° T 32 BRIz T e

1

Ls=——
® 7 32B?

: (77)

5 Conclusions

We have analyzed the scalar and pseudoscalar sector of a five-dimensional model proposed to
study mesons in QCD. We have calculated the scalar and pseudoscalar two-point correlator and
we have obtained the mass spectrum and interactions. This has allowed us to determine the
(pseudo)scalar contribution to the scalar form factor of the PGB as well as the contribution to
the L; coefficients of the chiral lagrangian. We have also found two interesting sum rules for
the scalar couplings and masses of the resonances that are fulfilled generically in AdSs; models.
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Comparing with the experimental data, we have found a good agreement for the L; pre-
dictions (see Fig. 5) and the quark masses. For the first massive pseudoscalar resonance we
have obtained a mass around 1800 MeV, quite different from the mass of the lowest QCD pseu-
doscalar resonance 7(1300). This has suggested us to associate this state to 7(1800). We have
also given predictions for the scalar couplings and decay constants but the absence of clean
experimental data has not allowed us to compare them with QCD.

Previous approaches to calculate the scalar and pseudoscalar spectrum and/or determine
their contribution to L; can be found in Refs. [20]-[23]. In particular, the analysis of Refs. [21,
22] has certain similarity with ours. Refs. [21, 22] work in the large- N, limit where QCD is
described as a theory of infinite hadron resonances. These sets of infinite hadrons, however, are
approximated in Refs. [21, 22] by taking only the lowest modes, and their masses and couplings
are determined by demanding a good high-energy behaviour of the correlators and form factors.
In our approach we have shown that the correlators and form factors have the correct high-
energy behaviour since this is dictated by the conformal symmetry. We have also found that,
in certain cases, it can be a good approximation to take only the lowest resonance. Therefore
in these cases our approach and that of Refs. [21, 22] give similar results. Nevertheless, we
have showed that the single-resonance approximation is not always justified (for example in
Eq. (57)) and this approximation can lead to large errors in the determination of the scalar
parameters.

The analysis carried out here can be extended to study three-point or four-point correlation
functions or to incorporate the effects of my either in the mass spectrum or in the interactions.
Also the effects of higher-dimensional operators or departures from AdSs in the IR-boundary
can be studied. These effects are important to study the power corrections in the correlators.
We leave this analysis for the future.
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