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1. Introduction

The AdS/CFT correspondence [[i]] has provided a new approach to tackle strongly coupled
theories. This has recently boosted the search for string realizations of QCD-like theories [B,
Bl 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 [ff], string breaking [fJ], hadron form factors and hadron
spectroscopy [A]-[L3).

In refs. [0, [L] 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-IN, 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 cal-
culate 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, point-
ing 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) con-
tributions 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 Ljs, Ry and a complex
scalar field ® transforming as a (3r,,3r). This scalar plays the role of the operator ¢g 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® = a2(z)(nuydx“dx” - dzZ) , (2.1)
where a is the warp factor. We will work within AdSs
alz) = =, (2.2)

where L is the AdS curvature radius. The AdSs metric will guarantee conformal invariance
of the model at high energies. The fifth dimension is assumed to be compact, Ly < z <
Ly [[4. The boundary at z = Ly generates a mass gap in the model (breaks the conformal
symmetry at energies ~ 1/L;), while the boundary at z = Lg 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 [I.

Sy = /d4x/dz£5, (2.3)

1 1 1 1
L5 = /g Ms Tr | = Lan LMY — 2Ry nRMY + S| Dy @ — S M| | (2.4)

The action is given by

where

The covariant derivative is defined as

where M = (u,5) and ® = 1/V/3®, + ®,T,, with Tr[T,Ty] = g (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

(D) =wv(z) =12+ 25, (2.6)
where ¢; and ¢y can be written in terms of the value of v at the boundaries

MyL3 — ¢ L2 £ — ML,

=" 2.7
¢ IL - 1) =0

T ILL(E 12

!The 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. [E]



where we have defined

M,

L
7oVl £=Lv|, . (2.8)

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

Lo 2 4

Lig = —a'V(®)], , V(®) = —gmj Tr[@° + ATr[@[*, (2.9)
An origin for this type of potentials can be found in string constructions [B, ff]. To determine
the value of ¢o, or equivalently the value of &, we must minimize the effective 4D action
obtained after substituting eq. (B.6) into the 5D action. For Lo — 0, this is given by

M2 M2 5M 3 &2 L4
~ 4
Seg_—/d :UTr{M5L[2L2 +F— L3 +2L4 +V(5)L4 , (2.10)
that is minimized for
1 —~
¢ = — (miL? — 3M5L) + O(My,). (2.11)

4\

This 5D model depends on 5 parameters:? Mq, Ms, Ly, € and A. The value of Mq
is related to the quark masses as we will see below. The values of M5, L1 and & were

determined in ref. [[LT] from the gauge sector of the theory. By using the QCD values for
N, M, and M,,, it was found [{I]:

N, - 1
=N., —~320MeV, ¢~4. (2.12)

M;L =
127‘1’ L1

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, A\. An estimate of its value can be obtained using naive
dimensional analysis (NDA) that gives A ~ 1/(1672) ~ 1072 — 1073.

3. The scalar and pseudoscalar sector

We define
d=(v4S)e, (3.1)

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 o< 1 and the symmetry breaking

We trade mj for £ by means of eq. () In the following we will take £ — &1 + O(Mq) and treat £
as a parameter.



pattern U(3),® U(3)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
Lhp =0Ty [auvu - 5—Va5(av5)] ,
28y a
M=a 5 2 (32)
[’éF = Bl Tr |:6MAM — —A85(aA5) — SA\/§G2UP:| s
284 a
where Vi, Ay = %(LM + Ryr), and take the limit &y, 4 — oo, i.e.
1
O5(aVs) =0, P=———05(ads). 3.3
5(aV5) TaaiyO5(ads) (3.3)

The above equation will allow us to write P as a function of A5 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,
P ST {5[62 — 43950305 + aQMq%]S},
3.4
aMs 2 2 2 (34)
L, =— 5 Tr {A5 [0°D + D(2v%a D)]Ag,},
where D is a differential operator defined by
1
D=1- 65 W(%a . (35)

The scalar and pseudoscalar field has also 4D boundary terms that, after using the 5D
equation of motion for As (i.e., DAs = —9%45/(2v?a?)) and eq. (R-11]), can be written as?

M5a 2 2 Ly 4
Loound = == Tr [a25058 + As55—05(aA5) + 24,,0,45) (LO —a'V(s)|,,
+ Msd® Tr[S]85v‘LO , (3.6)
where \e2
4 30, —
V(S)|,, = mA ), + O, mi=T5 2P Lo0). @)

To cancel the quadratic terms on the IR-boundary of eq. (B.6) we impose the conditions
[M505 + 2am3]S|, =0,  As;|, =0. (3.8)

The boundary conditions on the UV-boundary will be specified later.
The interactions between scalars and pseudoscalars that we will be considering are

(13M5 S 2
[,SA5A5 = 9 Tr [W <8M35(aA5)) — 4US(DA5)2] R (3.9)
M — )
Loy = oot Ty | (05(a45) 8, 05(a45))°] (3.10)

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



The SV'V 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. (R.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. (R.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 Mq — 0.
For the pseudoscalar sector this limit will be taken in the following way. We will first
perform the calculations with ¢; — 0 and fixed Lg (this is equivalent to ]\7(1 — £Lg /L3
and c; — £/(LL3)). 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

ng(pz) = —/d4xeip$(J5,p(x)J5,p(0)>, (3.11)

where Jg = gq and Jp = iqy5q. The correlators IIg p can be obtained from the generating

functional S according to
52S 52S

Mg = — Ip = —, 3.12
57 582 F dp? (3.12)

where s and p, are the scalar and pseudoscalar external sources coupled to QCD:
L=—-Trlgr ¢qr] + h.c., ¢=DM;+s+ip;. (3.13)

The AdS/CFT correspondence tells us [l]] 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

o, = 79, (3.14)

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. (B.14) leads to

Lo p? _ 0O5(ads)

q

Lo
= 0—Ps. 3.15
Lo O Pbs (3.15)

Let us calculate S = [ d*z Leg at the quadratic level for S and As. By solving the
equations of motion from eq. (B.4) with the boundary conditions of eqs. (B.§) and (B.17),

and substituting the solution back into the action, we get (in momentum space)*

Lo = ST1s(?) Tr[s?] + 3o (%) T[] + s Trls] (3.16)

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



For a AdSs space IIg can be given analytically at the tree-level. We obtain

1 ip Jo(ipLo) + b(p)Yo(ipLo)
L% Lo Ji(ipLo) + b(p)Y1(ipLo)

s (p?) = o*MsL (3.17)

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

. . 2 .
b(p) = _2pL1J2(sz 1) — ﬁj‘fL J1(ipLy) (318)
ipL1Ya(ipL1) — S5 Y1 (ipLy)

Taking the limit Ly — 0 we find

7Tp2

s (p®) ~ o®*MsL 0

+ p 2In(p?Ld) +

L2 (3.19)

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
a’MsL
s (p?) ~ —=—p*Inp?, (3.20)

as expected from the conformal symmetry. Matching with QCD in which at large momen-

tum we have N
C
g (p?) ~ 3 Pt (3.21)

we obtain, using eq. (£.12),
a=3. (3.22)

The next to leading terms in the large momentum expansion in eq. (B.2() are suppressed
exponentially, contrary to QCD where one finds that the scalar correlator has power cor-
rections. 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. (@), then power corrections
can be present in Ilg.
For small momentum Il5(p?) can be approximated by

2 N,

) .
s(p”) ~ 3N, —L—%+m

+0(p?). (3.23)

The scalar correlator eq. (B.17) can also be written as a sum over infinitely narrow reso-
nances, similarly as in large-N. QCD:
Fg M3
Oe(p?) = 5222 3.24

Therefore the masses of the scalar resonances can be determined by finding the poles of
eq. (B19), i.e., by the equation b(p) = 0. In figure [I] we plot the value of the mass 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 ao(980) and ay(1450).

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 — oo). 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 A close to its NDA estimate, A ~ 1072 -1073,
the mass of the first scalar resonance is closer to that of ap(980) than to that of ap(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 ap(1450).
The scalar decay constants Fg, are determined by the residues of IIs. We obtain

~ 2
3N.w M2 (%Yl(MSnLl) - MSnLlYQ(MSnLl))

Fi = (3.25)

Mg, Ly ( - %) Jo(Mg, L1) + <% + M2 I3 - 2) Ji (Mg, L)

For A ~ 1073 we obtain Mg, ~ 1GeV and Fg, ~ 260 MeV, while for the second resonance
we get Mg, ~ 1900 MeV and Fg, ~ 370 MeV. Using this result we can calculate the value
of the coupling c,, defined in ref. [[[5]. We obtain ¢,, = Fs, Ms,/(4By) ~ 41 MeV (taking
the value of By from eq. ([.14)) very close to the value used in ref. [[g]: c,, ~ 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
pL1 > 1 we have

L2 2 p12 5 LS
(3.26)
Again the divergences can be cancelled by adding a proper mass and a kinetic term for
the pseudoscalar ps on the UV-boundary. From eqgs. (B:2() and (B.26) we can obtain the
correlator Illgp = Ilg — IIp at large momentum. It drops as Ilgp ~ céj/p‘l. Comparing
with I g = Iy — 14 ~ cg/p*, we find c§ = 12¢q [] in strong disagreement with QCD
in which one has céj = 3 ¢g. This can be improved if, as we said, we consider more realistic

3N, 3N, P 1 64 3N, £2
Ip(p?) = =5 +p° “In(p*L3) — ;% +0 ( )] ) where ¢l = —— 23 .

theories where the scalar potential is present in the 5D bulk and therefore IIg has power
corrections.
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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 7(1800).

At low momentum?® and for £ > 1 we find

2B2F2
p(p?) ~ 2 — N.Bj + 0(p*), (3.27)
where V3R 5/3 2/3
~ 2v/3N£ 9 €1 2 N, &
By=——+= F2=11400) ¥ ——— . 3.28
0 F7%L,j{, ’ ™ A( ) 31/6F( )2 L2 ( )

I14(p?) is the axial-vector correlator calculated in ref. [[[]]. The first term of eq. (B.27)
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 must recall that the inclusion of the U(1)4-anomaly will give mass to the
singlet [[J]. The mass of the first massive resonance is shown in figure f] as a function of &.
We see that its value is far from the mass of the m(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. () to be associated in QCD with the gq
condensate: I'g = —(Jg). We find

\/—NML%+2£L JLy —3M,L2  M,~0  2V3N.&  ro—0 2V3N.E

FS = — _ —
L3(L3 — 13) (13- 1Y) %

. (3.29)

3.2 Scalar meson interactions

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

8

S(z, 2)

2)S™ (z As(z,2) = \/_Z P P™ (). (3.30)
_ n=0

5In order to obtain the correct result it is important to take the limit Lo — 0 before taking p* — 0 [E]
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Figure 3: Wave-functions of the n = 1,2 scalar resonance, the PGB and the first massive pseu-
doscalar for € =4 and A = 1073,

We impose the following boundary conditions on the UV-boundary:

S|, =0, P

Lo o< O5(ads)|, =0, (3.31)

L

that cancel the boundary terms of eq. (B-f). The wave-functions of the KK-modes S are
given by

22 J1(Ms, Lo) Lo—0 22

S
= J1 (M, - ——Y1(M, —

J1(Mg,z), (3.32)

where Ng, is a constant fixed by canonically normalizing the fields, [ a3(f5)?dz/L = 1. In
figure f| we plot the wave-functions of the first two KK-modes.

The equation that determines the wave-functions of the pseudoscalars can be obtained
from eq. (B.4). This is given by

M2
P _ Py P
Dfy =555 fn - (3.33)

The lowest state, P(O) = 7, is the PGB that in the limit Ly — 0 is massless. Its wave-

function is given by

™ Lo—0 23 V26 23 Iy3 (v2¢/3) V2¢ 23
[f(z) — L‘;’NO [12/3 <TL_‘;’> - mKQ/g <TL_‘;’>] , (3.34)

where Ny is determined by the condition —m fT05(af™)|, = 1. The wave-function of
the massive modes must be obtained numerically from eq. (B:33) with the normalization
condition [ dz (fFMp,)?/(2v?aLl) = 1. The wave-functions of 7 and P!) are shown in
figure B

The couplings between the resonances are easily obtained by integrating the 5D in-
teractions over z with the corresponding wave-functions. The coupling of a scalar to two

PGBs comes from eq. (B.9). We obtain

Lsnﬂ'ﬂ' = Gn7r7r TT[S(n) (8;1,77)2] s (335)



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).

where G is given by

s [05(af™)]?

G R v v 2a3v3

nwm \/T (3.36)
In figure | we show the coupling of the first modes as a function of A for ¢ = 3,4. We find
that G,rr 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 ag(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. [[§] we find ¢y = F2G1.r/2 =~ 20 MeV to be compared to
the value |cq| ~ 32 MeV given there. If the width of a¢(980) is dominated by the decay to
nm we find

I'ap — nm) ~ 27— 56 MeV , for £ =4 —3. (3.37)

Unfortunately, the experimental value of the width of a¢(980) has a large uncertainty
I'(ag) = 50 — 100 MeV [T

4. (Pseudo)Scalar contributions to PGB interactions

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

(8 _ 1 2 2 1 2 2 G%nwr
e8] = { @) - T} S (@)
from the scalar octet and
(1) — 77/71"7'('
L= —Tr (Op) Z PN M2 , (4.2)

from the scalar singlet. The sum over the KK-modes in eqs. (1)) and ({.3) 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 ~ 1073).

,10,



Therefore, as in the vector case [[L1]], 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. (B.1). We find

L1 = % Tr[(w(a_,:ﬂ)z] , where g

! /dz Os(asm)] (4.3)

T UM L2 a6

At high energies the four-PGB amplitude arising from eq. (@) grows as ~ E2. Never-
theless, this bad energy behavior of the four-PGB amplitude is cured by the contribution
arising from eqs. (f.1) and ({.9) that cancels the E? terms. This occurs thanks to the sum
rule

> G =6gu. (4.4)

Eq. (f4) 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[x?s] (4.5)
this coupling is mediated by the octet and singlet scalar resonances that gives respectively

GnWﬂFSn MSn
P+ Mg,

)

) = {Tr[(@,ﬂr)Qs] - %Tr[(@,ﬂr)Q] Tr[s]} 3

n
GnmrFSn MSn

4.6

£, = gMOm I T Y

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

p2 Gn7r7r FSn MSn

Fip)=1- =

(4.7)

At low momentum the sum in eq. (f.4) 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 [i]. The cancellation of the
constant term in F2 (p) occurs due to the sum rule

> GuanFs,Ms, = 2By (4.8)
n

This sum rule is fulfilled in any 5D model whose metric approaches to AdSs for z — 0
(conformal theories in the UV). In eq. (f.§) 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 .7:7*? (p) is very well approximated by the exchange of only the first
two resonances.

— 11 —



4.1 The Chiral Lagrangian

At energies below the massive resonances our 5D model is described by the QCD chiral
lagrangian. 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 = 7,7y, is given by [L§]

F2
Ly=-FTr [DUTD*U + Uty + XU, (4.9)
where
DU =3, U —iR,U +iUL,,  U=¢Vir/Fn (4.10)
and
X = 2By (Mq + s +ips) My = Diag (1., mq, ms) - (4.11)

The prediction of our model for Fj is given in eq. (B:2§). It gives

Fr ~87 <§> ’ MeV . (4.12)

For the prediction of By we can use eq. (B.29):

(qq) = —F2By = _Q@Nc% ~ —(226 MeV)? (i) : (4.13)
1
that leads to ~ .
2V3N.E <£> s
By= "2 ~1520( 2 ) MeV. (4.14)
F213 4

Notice that By = By as it should be, since the first term of eq. (B.27) can also be deduced
by integrating out the PGB at tree-level in the chiral lagrangian. The relation By = Eo
also leads to the right matching of eq. (.§) with the chiral lagrangian. The value of the
quark masses M, is related to the VEV of ® on the UV-boundary. Using egs. ®3), B14)
and (B29) we obtain®

1 —
M, = ﬁMq- (4.15)

From the chiral lagrangian we have
(m72r)ab = 2By Tr [MqTaTb] s (416)

that for m_ o ~ 135 MeV and myo =~ 498 MeV gives
my, + mg = 11.5 MeV ms = 150 MeV . (4.17)

The value of the quark masses in eq. (4.17) are scale independent. This is because we took
Mq% = —3/L? that corresponds, by the AdS/CFT dictionary, to fix the dimension of M,

SIn refs. [@, the quark masses did not have the correct normalization since the value of @ was not
calculated.

- 12 —



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 (~ 1GeV). From ref. [ we have
My +mg =7 —16MeV and mgs = 108 — 175 MeV at p ~ 1 GeV in good agreement with

eq. (EI7).

At O(p?) the chiral lagrangian is given by [[[J]
L4 = L, To*[D,U'D*U| + Ly Tr [D,U'D,U| Tx [D*U'D"U|
+Ls Tt [D,U'D*UD,U'D"U]
Ly T [D,UTDU] T [UTy 4+ xTU] + Ls Te [DUT DU (U + 410
+Lg Tr? [UTX + XTU] + Ly Tr? [UTX — XTU] + Lg Tr [XTUXTU + UTxUTx]
—iLy Tr [FR'D,UD, U + FF D, U'D,U] + Lo Tr [U'FR'UFp] - (4.18)
At tree-level, the (pseudo)scalar resonances only contribute’ to Li34565- The contribu-

tions to the coefficients Ly and Ls coming from the octet and singlet scalar can be read
from eqs. (1) and ({.9). We obtain

8 1 (s 1 8
L§>:_§L§)’ LV =¥, (4.19)
2 4
(8) Gnﬂ'ﬂ'Fﬂ' (1 _
Ly = En ST Ly =o. (4.20)

The octet and singlet contribution to the coefficient L cancels out, as expected from large-
N. [}, and only L3 gets a nonzero scalar contribution. For A ~ 1073 and ¢ = 4 (3) we
obtain Lg8) ~ 0.2-1073 (0.3-1073). Adding the vector contribution to L3 calculated in
ref. [LI]] we get Lz ~ —2.4-1073 (~1.7 - 1073) to be compared with the experimental
value [[[9 L5™ ~ —3.5 £ 1.1. The scalar contribution to Ly and L5 can be obtained from

eq. (fL6):

L = _% L®, LY =-® (4.21)
2
®  F7 Gnrn L, (1 _
Ly = 3B, En o Ly’ =0. (4.22)

As expected from large-NN,, the total contribution to L4 is zero. The value of Ly is shown
in figure f] as a function of Mg, for & = 3,4. For Mg, ~ 1GeV we obtain Ly ~ 1.1-1073
in good agreement with experiments. L5 can also be calculated from the axial-vector
correlator [[L1[:
1 dll 4

168y dM, My=0 ’

5 (4.23)

"L 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.

,13,



For &€ > 1 with A2 fixed,® we obtain

+ Feli 1.2-1073 [1 -0 23<%>§ +0 09<£> <%>§]
19204 ’ 19 ) A & '
(4.24)
Finally, the coefficient Lgg can be computed from the correlators IIg p. We have

2N,
3F2I2

N,73
L5 ~ 1
V3L (5)S

1
1) = ), L =1, (4.25)
(8) L o dr, 2 2 (1)
Ly = —— 1I —1I Ly’ =0. 4.2
& = g [P s0) - 1e0P))| L =0 (4.26)

Then Lg = LéS) + Lél) = 0, as expected from large-N,. Using eqs. (B-23), (B-27) and ({f.14)

in the above equation, we obtain
4\3 1073 [4)3
~8-107* |1 -0.27 <—> +0.11 <—> <—> :
[ : X ) \e

(4.27)
Notice that this expression is only valid for € > 1 with \¢2 fixed. In figure f| we show
the exact value of Lg as a function of Mg,. For Mg, =~ 1GeV and { = 4 we obtain

6 N 3N,
B2L?  2)\2B2I2

1

Lg ~ 0.6 - 1072 again in good agreement with the experimental value. From figure [ one
can see that small values of Mg, are preferred. The coefficient Lg can also be written as

e’}
Fgl + Z <F§n+1 - Fﬁn)
n=1

that shows that in the limit where the chiral symmetry is restored, { — 0 and Fg, ., — Fp,,

1

Ls = ——
* 7 3282

: (4.28)

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.

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 cor-
relator 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.

Comparing with the experimental data, we have found a good agreement for the L;
predictions (see figure [) and the quark masses. For the first massive pseudoscalar resonance

8In ref. [E] the value of Ls was given for Aé2 > 1 and therefore the last term of eq. (.24) was not
present. This last term arises due to the £ dependence on M, - see eq. () Also a factor 1/2 was missing
in eq. (67) of ref. [ﬂ] and therefore the prediction of L5 given there was a factor 2 larger.
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Figure 5: Prediction for Ly and Lg as a function of Mg,. The horizontal line corresponds to the
experimental value with the error bands .

we have obtained a mass around 1800 MeV, quite different from the mass of the lowest QCD
pseudoscalar 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 deter-
mine their contribution to L; can be found in refs. 20]-[RJ]. In particular, the analysis of
refs. [21], P has certain similarity with ours. Refs. [21], PJ] 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, B 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 sym-
metry. 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, PJ
give similar results. Nevertheless, we have showed that the single-resonance approximation
is not always justified (for example in eq. ([£.§)) 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 cor-
relation functions or to incorporate the effects of mg 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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