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By means of unitarized Chiral Perturbation Theory it is possible to obtain a remarkable
description of meson-meson scattering amplitudes up to 1.2 GeV, and generate poles
associated to scalar and vector resonances. Since Chiral Perturbation Theory is the QCD
low energy effective theory, it is possible then to study its large N limit where qg states
are easily identified. The vectors thus generated follow closely a g behavior, whereas
the light scalar poles follow the large N. behavior expected for a dominant tetraquark
or two-meson structure.
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1. Introduction

We review here how the spectroscopic nature of the lightest scalar resonances can be
obtained from the large N, behaviotll of their associated polesIz in the meson-meson
scattering one-loop Chiral Perturbation Theory unitarizeds amplitudes.

The existence and nature of the lightest scalar resonances is a longstanding con-
troversial issue for hadron spectroscopy. Their relevance is twofold: First, one of the
most interesting features of QCD is its non-abelian nature, so that gluons interact
among themselves and could produce glueballs, which are isoscalars. Moreover, the
lightest ones are expected to be also scalars. Naively, once all quark multiplets are
identified in the scalar-isoscalar sector, whatever remains are good candidates for
glueballs. Unfortunately, the whole picture is more messy due to mixing, since the
resonances we actually see are a superposition of different states. Second, it is also
understood that QCD has an spontaneous breaking of the chiral symmetry since
its vacuum is not invariant under chiral transformations. The study of the scalar-
isoscalar sector is relevant to understand the QCD vacuum, which has precisely
those quantum numbers.
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Although QCD is firmly established as the fundamental theory of strong inter-
actions and its predictions have been thoroughly tested to great accuracy in the
perturbative regime (above 1-2 GeV), it becomes non-perturbative at low energies,
and helps little to address the existence and nature of light scalar mesons. Hence,
the usual perturbative expansion in terms of quarks and gluons has to be abandoned
in favor of somewhat less systematic approaches in terms of mesons. As a matter of
fact, most chiral descriptions of meson dynamics do not include quarks and gluons
and are hard to relate to QCD, and the spectroscopic nature is thus imposed from
the start. In contrast, models with quarks and gluons, even those inspired in QCD,
have problems with chiral symmetry, small meson masses, etc...

An exception is the formalism of Chiral Perturbation Theory®® (ChPT), which
is the most general effective Lagrangian made out of pions, kaons and etas, that
respects the QCD chiral symmetry breaking pattern. These particles are the QCD
low energy degrees of freedom since they are Goldstone bosons of the QCD sponta-
neous chiral symmetry breaking. For meson-meson scattering ChPT is an expansion
in even powers of momenta, O(p?), O(p?)..., over a scale A, ~ 47 fo ~ 1 GeV. Since
the u, d and s quark masses are so small compared with A, they are introduced
as perturbations, giving rise to the 7, K and 7 masses, counted as O(p?). At each
order, ChPT is the sum of all terms compatible with the symmetries, multiplied
by “chiral” parameters, that absorb loop divergences order by order, yielding finite
results. ChPT is thus the quantum effective field theory of QCD, and it allows for
a systematic and model independent analysis of low energy mesonic processes.

Since ChPT is an expansion in momenta and masses, it is limited to low energies.
As the energy grows, the ChPT truncated series violate unitarity. Nevertheless, in
recent years ChPT has been extended to higher energies by means of unitarization
OILSENTONLII The results are remarkablex, extending the one-loop ChPT calcula-
tions of two body 7, K or 7 scattering up to 1.2 GeV, but keeping simultaneously
the correct low energy expansion and with chiral parameters compatible with stan-
dard ChPT. Furthermore it generates the poles associated to the p(770), K*(892)
and the octet ¢ vector resonances, as well as those of the controversial scalar states,
namely: the o, K, ap(980), and the f,(980).

Among these states, the most controversial are the o, now called f,(600) in the
Particle Data Group (PDG) Review L2 and the k. They appear as broad resonant
structures in the scalar channels in meson-meson scattering since they do not display
a Breit-Wigner shape. Still, many groups7=8=“=]3=15 do find an associated pole in
the amplitude, but deep in .the complex plane. For a compilation of ¢ and x poles

10 Let us remark that meson-meson scattering datalL

see the nice overview in
are hard to obtain, since they are extracted from reactions like meson-/N' —meson-
meson-N, but with assumptions like a factorization of the four meson amplitude,
or that only one meson is exchanged and that it is more or less on shell, etc...
All these approximations introduce large systematic errors. Very recently, however,
other experiments on meson-meson interactions have become available, like the very

precise determination of a combination of w7 phase shifts from K4 decays 187 or
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the results from charm decays LI The latter have analyzed the pole structure of
their amplitudes and seem to find both the ¢ and k poles in reasonable agreement
with the works mentioned above but in completely different processes.

The controversy about their spectroscopic nature is even stronger. The interest
of unitarized ChPT is that these states are generated from chiral symmetry and
unitarity, without any prejudice toward their existence or structure. Amazingly the
nine scalars are generated together, suggesting they form an SU(3) multiplet, with
a similar composition, although probably mixed with other states when possible.

Once again, ChPT has the advantage that it is the QCD low energy effective
theory, and should behave as such in certain limits. For this reason we have studied!
the large N, expansionm , which is the only analytic approximation to QCD in the
whole energy region. Remarkably, it provides a clear definition of Gq states, that
become bound states when N, — oo, whereas tetraquark or two meson states do
not. Starting from the unitarized ChPT meson-meson scattering, and scaling the
parameters with N, according to the QCD ruleszz, it has been possible to show that
vector mesons follow remarkably well their ¢ expected behavior, whereas all scalar
nonet candidates behave as if their main component had a tetraquark or two-meson
structure.

In the next two sections we review in more detail the description of meson-
meson scattering with unitarized ChPT. In Section 4 we determine the parameters
of the poles in those amplitudes, and in Section 5 we will determine how those poles
behave in the large N, limit. Finally we will present some brief conclusions.

2. Meson-meson scattering and Chiral Perturbation Theory

Chiral Perturbation Theory®™ (ChPT) is built as the most general derivative ex-
pansion of a Lagrangian containing only pions, kaons and the eta. These particles
are the Goldstone bosons associated to the spontaneous chiral symmetry breaking
of massless QCD. In practice, and for meson-meson scattering, ChPT becomes an
expansion in even powers of energy or momenta, denoted as O(p?), O(p?), etc...,
over the scale of the spontaneous breaking, i.e., 47 fy ~ 1.2 GeV. Of course, quarks
are not massless, but their masses are small compared with typical hadronic scales,
and they are introduced as perturbations in the same power counting, giving rise to
the 7, K and ) masses, counted as M = O(p?). The main advantage of ChPT is that
it provides a Lagrangian that allows for true Quantum Field Theory calculations,
and a chiral power counting to organize systematically the size of the corrections
at low energies. For example, in the isospin limit, the leading order Lagrangian is
universal since it only depends on fj, the pion decay constant in the chiral limit,
and the leading order masses M2, MY and MS . However, it is possible to calculate
meson loops, whose divergences are renormalized in a finite set of chiral parameters
at each order in the expansion. The dependence on the QCD dynamics only comes
through higher order parameters. For instance, meson-meson scattering to one loop
depends on eight L; parameters5, whose values are shown in Table 1. As usual after
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renormalization, they depend on a regularization scale p:

_ I 1
Lia) = Lijn) + 15 log 2, 1)

where T'; are constants®. Of course, in physical observables the p dependence is
canceled through the regularization of the loop integrals. This procedure can be
repeated obtaining finite results at each order. As long as we remain at low energies,
only a few orders are necessary and the theory is predictive, since once the set of
parameters up to that order is fixed from some experiments, it should describe, to
that order, any other physical process involving mesons.

Table 1. O(p*) chiral parameters (x103) and their N. scaling. In the ChPT column,
L1, Lo, L3 come from2? and the rest from?. The IAM columns correspond to different fits3

o(ph) N¢ ChPT IAM I IAM II IAM III
Parameter || Scaling || u=770MeV || p=770MeV | p=770MeV | p =770 MeV
Ly O(N.) 04+0.3 0.56 £0.10 0.59 £ 0.08 0.60 £ 0.09
Lo O(N.) 1.35+ 0.3 1.21 +£0.10 1.18 £0.10 1.22+0.08
L3 O(N.) -35+1.1 —2.794+0.14 | —2.93£0.10 | —3.024+0.06
Ly o(1) —-0.3+0.5 —0.36 £ 0.17 0.2 £ 0.004 0 (fixed)
Ls O(N.) 1.4+0.5 1.44+0.5 1.8 £0.08 1.9+ 0.03
Le o(1) —-0.24+0.3 0.07 £ 0.08 0+0.5 —0.07+£0.20
L7 o(1) —0.4+0.2 —0.444+0.15 | —0.12£0.16 | —0.25+0.18
Lg O(N.) 0.9+0.3 0.78 £0.18 0.78 £0.7 0.84 £ 0.23
2L1 — Lo o(1) —0.55+0.7 0.09 £0.10 0.0+0.1 —0.02+0.10

Other salient features of ChPT are its model independence and that it has been
possible to obtain®24 from QCD the L; large N, behavior, given in Table 1. Also,
these parameters contain information about heavier“? meson states that have not
been included as degrees of freedom in ChPT.

However, ChPT is limited to low energies, since the number of terms allowed
by symmetry increases dramatically at each order, because the ChPT series violate
unitarity as the energy increases, and finally, due to resonances that appear rather
soon in meson physics. These states are associated to poles in the second Riemann
sheet of the amplitudes that cannot be accommodated by the series of ChPT, which
are polynomial (there are also logarithmic terms, irrelevant for this discussion).

For the above reasons, in recent years ChPT it has been extended to higher
energies by means of unitarization 6"7"&9*]“"“*3, that we discuss next.

3. Unitarized Chiral Perturbation Theory

In order to compare with experiment it is customary to use partial waves t;; of
definite isospin I and angular momentum J. For simplicity we will omit the I,.J
subindices in what follows, so that the chiral expansion becomes t ~ t3 + t4 + ...,
with t5 and t4 of O(p?) and O(p*), respectively. The unitarity relation for the partial
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waves t;;, where i, j denote the different available states, is very simple: when two
states, say ”1” and “2”, are accessible, it becomes

InT=TET* = ImT '=-% = T=(RelT '—ix)! (2)

with T_<t11 L‘12) 7 E_<01 0> 7 ()
t12 oo 0 o2

where o; = 2¢;/+/s and ¢; is the C.M. momentum of the state 7. The generalization

to more than two accessible states is straightforward in this notation. Note that,

since Im T~ ! is fixed by unitarity we only need to know the real part of the Inverse

Amplitude. Note that Eq.[@) is non-linear and cannot be satisfied exactly with a

perturbative expansion like that of ChPT, although it holds perturbatively, i.e,

ImT, =0, ImTy=TXT5 +0(°). (4)

The use of the ChPT expansion ReT~! ~ T, (1 — (ReTy)Ty ' + ...) in eq.@),
guarantees that we reobtain the ChPT low energy expansion and that we are taking
into account all the information included in the chiral Lagrangians (both about N,
and about heavier resonances). In practice, all the powers of 1/ fj in the amplitudes
are rewritten in terms of physical constants fr or fx or f,. At leading order this
difference is irrelevant, but at one loop, we have three possible choices for each
power of fo in the amplitudes, all equivalent up to O(p®). It is however possible to
substitute the fo’s by their expressions in terms of fr or fx or f, in such a way
that they cancel the O(p°®) and higher order contributions in eq.(®), so that

ImT; =0, ImT, =T XT5. (5)

We will call these conditions “exact perturbative unitarity”. From eqgs.(®),([H), and
the ReT~! ChPT expansion, we find

T ~ Ty(Ty — Ty) T, (6)

which is the coupled channel IAM that has been used to unitarize simultaneously
all the one-loop ChPT meson-meson scattering amplitudes:‘. Since all the pieces
are analytic it is straightforward to continue analytically to the complex s plane
and look for poles associated to resonances. Indeed, the analytic continuation to
the complex s plane has also been justified in terms of dispersion relations in the
elastic case®. Alternative methods have been proposed and applied successfully to
the one loop ChPT, for instance for mm scattermgzr’
we concentrate just on the IAM due to its remarkable success and simplicity, since
it only involves algebraic manipulations on the ChPT series.

The TAM was applied first for partial waves in the elastic region, where a smgle
channel is enough to describe the data. This approach was able to generate the
p and o poles in 7w scattering and that of K* in 7K — 7K. Later on, it has
been noticed that the x pole is also obtained within the single channel formalism.
Concerning coupled channels, since only the the 77w, 7K and aumplitude54=26 were
known at that time, at first® only the leading order and the dominant s-channel

. However, in this brief review
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loops were considered, neglecting crossed and tadpole loop diagrams. Despite these
approximations, a remarkable description of meson-meson scattering was achieved
up to 1.2 GeV, generating the poles associated to the p, K*, fo, ap, 0 and k. The
price to pay was, first, that only the leading order of the expansion was recovered
at low energies. Second, apart from the fact that loop divergences were regularized
with a cutoff, thus introducing an spurious parameter, they were not completely
renormalized, due to the missing diagrams. Therefore, it was not possible to compare
the L;, which encode the underlying QCD dynamics, with those already present in
the literature. In addition, the study of the large N, limit is cumbersome due to the
incomplete renormalization and since we do not know how the cutoff should scale.

As already explained the whole approach is relevant to study the existence and
properties of light scalars and it is then very important to check that these poles
and their features are not just artifacts of the approximations, estimate the uncer-
tainties in their parameters, and check their compatibility with other data. These
considerations triggered the interest in calculating and unitarizing the remaining
meson-meson amplitudes within one-loop ChPT. Hence, the KK — KK calcula-
tion was completedg7 thus allowing for the unitarization of the mm, KK coupled
system. There was a good agreement of the IAM description with the existing L;,
reproducing again the resonances in that system. More recently, we have completed'%
the one-loop meson-meson scattering calculation, including three new amplitudes:
Kn — Kn, nm — nn and K7 — K, but recalculating the other five amplitudes,
unifying the notation, ensuring “ exact perturbative unitarity”, Eq.(®), and also cor-
recting some errors in the literature. Next, we have unitarized these amplitudes with
the coupled channel IAM, which allows for a direct comparison with the standard
low-energy chiral parameters, in very good agreement with previous determinations.
In that work we presented the full calculation of all the one-loop amplitudes in di-
mensional regularization, and a simultaneous description of the low energy and the
resonance regions.

The first check was to use the standard ChPT parameters, given in Table 1
to see if the resonant features were still there, at least qualitatively, and they are.
Thus, they are not just an artifact of the approximations and of the values chosen
for the parameters. As already commented, this comparison can only be performed
now since we have all the amplitudes renormalized in the standard MS — 1 scheme.

After checking that, we made an TAM fit. Systematic uncertainties are the largest
contribution to the resulting error bands as well as in the fit parameters in Table
1. These error bands are calculated from a MonteCarlo Gaussian saunpling3 (1000
points) of the L; sets within their uncertainties, assuming they are uncorrelated.
Note that in Table 1 we list three sets of parameters for the IAM fit, fairly compatible
among them and with those of standard ChPT. They correspond to different choices
when reexpressing the fo parameter of the Lagrangian in terms of physical decay
constants. The TAM I fit was obtained? using just fr, which is simpler but unnatural
when dealing with kaons or etas. There, it could be observed that the f,(980) region
was not very well described yielding a too small width for the resonance.
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Fig. 1. IAM fit to meson-meson scattering data, set II in Table 1. The uncertainty bands are
dominated by systematic errors in the datal”.

For that reason, Fig.1 shows the results of a second fit2 (IAM II) using ampli-
tudes written in terms of fx and f, when dealing with processes involving kaons
or etas. Let us remark that the data in the f,(980) region is well within the uncer-
tainties. In particular, in the O(p?) one factor of 1/f, has been replaced by 1/fk
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for each two kaons present between the initial or final state, or by 1/ f;, for each two
etas appearing between the initial and final states. In the special case Kn — Km
1/f2 has been changed by 1/(fx f,). The difference between the two ways of writ-
ing the leading order amplitudes is O(p?), and is therefore included in the next to
leading order contribution using the relations™ between the decay constants and
fo. The 1/ fo factors in each loop function at O(p*) (generically, the J(s) given in
the appendix of * ) are changed to satisfy “exact perturbative unitarity”, eqs.(H).
According to the ChPT counting, the amplitudes are the same up to O( 1), but
numerically they are slightly different. A similar choice has been suggested 20 inde-
pendently within non-unitarized standard SU(3) ChPT to avoid the uncertainties
arising from fluctuation of vacuum ss pairs. In particular, it is suggested to obtain
elastic amplitudes Apg from the safe combinations Fif Ar or F2F% Az, etc... For
external fields this amounts to our choice, and the normalization of internal loop
function is then dictated by exact perturbative coupled channel unitarity. From Ta-
ble 1, we see that the only sizable change is in the parameters related to the decay
constants, i.e., Ly and Ls. For illustration we give in Table 1 a third fit, IAM III,
obtained as IAM II but fixing L4y = 0, its large N, limit, as it is done in recent K4
O(p*) determinations. As seen in Table 1, these chiral parameters are compatible
with those from standard ChPT, which means that we have a simultaneous descrip-
tion of the low energy and resonance regime. Finally, since the expressions are fully
renormalized, all the QCD N, dependence appears correctly through the L; and
cannot hide in any spurious parameter.

At this point one might wonder about higher order effects. There is a simple way
to extend the TAM to higher ordersﬁ7 first applied to two loop 77 scattering and the
pion form factorzx, with remarkable results. This study has been extended®? with
a careful analysis of the uncertainties. The amplitude depends on the O(p*) and
O(p®) parameters through six combinations, called b;. Despite the poor knowledge
about these two-loop parameters a good description of the data is foundzg, including
the ¢ and p regions, with parameters compatible within errors with those in the
literature. The error aunaulysis29 is also of relevance because it was shown that the
TAM crossing violations, taking into account the present experimental uncertainties,
are “ not very large in percentage terms”.

4. Poles associated to resonances

The most interesting feature of chiral unitary approaches is that the poles thus
generated are not included in the original ChPT Lagrangian and hence appear
without theoretical prejudices toward their existence, classification in multiplets, or
nature. Remarkably, the scalar resonances o, £, a9 (980) and f(980) appear together
in those chiral unitarized amplitudes, and it seems natural to interpret them as a
nonet (see also:m). Nevertheless, we should distinguish two different resonance gen-
eration mechanisms: it had already been notedH , that to generate the scalars just
the leading order and a cutoff was enough, whereas the vector mesons require the
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chiral parameters, particularly7=8 Ly, Ly and Ls. Of course, the chiral parameters
are always present, but changes within errors in their values do not affect the ex-
istence of the light scalar poles, but just the details of their description. Since the
vectors are fairly well established g states, this difference suggests that scalars like
the o, k, etc, may have a different nature. With the amplitudes described in the
previous sections we expect to reach a more conclusive statement.

Thus, in Table 2 we show the pole position for the resonancesz, including uncer-
tainties, for the different IAM parameter sets given in Table 1. For comparison we
also provide those obtained in the “approximated” IAMx'7 whereas we list in Table
3 the poles listed presently in the PDGM. These results deserve some comments:

The vectors p(770) and K*(892), are very stable within chiral unitary approaches.
Their positions are almost the same irrespective of whether one uses the single
chanmelh7 the approximated coupled channel® or the complete TAM=.

The o and k pole positions are robust within these approaches. No matter what
version of the TAM is used. Note the small uncertainties in some of their param-
eters, in very good agreement with recent experiments] A

The fp(980) has a sizable decay to two different channels and therefore it can only
be studied in a coupled channel formalism. In practice, both the approximated

and complete TAM generate a pole associated to this state at approximately
the same mass. However, as already remarked, the unitarized ChPT amplitudes
using just3 fr, vield a too narrow width. The good news is that it can be well
accommodated? using fr, fx and f,.

The a((980) also requires a coupled channel formalism, and the data on this region
is well described either by the approximated or the complete IAM. However,

the presence of a pole is strongly dependent on whether we write the ChPT
amplitudes only in terms of fr, or using the three fr, fx and f,. In the first case,
it has been pointed out , that the use of the “approximated” IAM with just f,
favored a “cusp” interpretation of the a(980) enhancement in 77 production.
With the complete IAM we do not find a pole near the ao(980) enhancement
and indeed the 77 phase-shift does not cross 7/2 and it neither has a fast phase
movement. In contrast, when expressing fy in terms of fr, fx and f, as described
in the previous section, we do find a pole and its associated fast phase movement
through 7/2, either with the approximated or complete TAM. Thus, this pole is
rather unstable as can be noticed from its large uncertainties in Table 2.

e We are more favorable toward the pole interpretation for the ap(980) because,
first, it is also able to describe better the f,(980) width. Second, we have already
remarked that even within standard SU(3) ChPT, the scattering amplitude calcu-
lations are safer against ss vacuum fluctuations if these fluctuation terms, related
to Ly and Lg are absorbed?? in terms of physical decay constants fr, fx and f
when expanding the anplitudes.

Let us remark that the f5(980) and ao(980) resonances are very close to the K K
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Table 2.  Pole positions (with errors) in meson-meson scattering. When close to the real axis
the mass and width of the associated resonance is ,/5p01e >~ M — iI'/2.

/Spole(MeV) p K* o fo ao K
IAM Approx — o5q i71 gooi21  442-i227 99414 1055421  770-i250
(no errors)
TAM T 760-182 88621 443-1217 98814 cusp? 7501226
(errors) 4524125 +£50+i8 4+ 174112 + 19+ i3 18+ 11
TAM 11 THLiTA  880-i24  440-i212 973011 111712 753-1235
(errors) £ 184110 +13+id4 +£8+ils T35 +1189 421 443 4 594 433
TAM TiT 7I8i68 889123 440-i216 97218 1091552 7541230

(errors) +314+i20 +224+i8 +7+i18  T2+ir T2 A 4904 o7

Table 3.  Mass and widths or pole positions of the light resonances quoted in the PDG!? Recall
that for narrow resonances ,/5p016 ~ M — iI'/2

PDG2004 p(770) K*(892)F o or fo(600) F0(980) a0 (980) K
Mass (MeV) 775.8 £ 0.5 891.66 £ 0.26 (400-1200)-i (300-500) 980 = 10 984.7 £ 1.2 not
Width (MeV) 150.34£1.6 50.8£0.9 (we list the pole)  40-100  50-100 listed

threshold, which can induce a considerable distortion in the resonance shape, whose
relation to the pole position could be far from that expected for narrow resonances.
In addition these states have a large mass and it is likely that their nature should
be understood from a mixture with heavier states.

5. Resonance Behavior in the large N, limit

First of all, let us recall that QCD not only predicts gg states to become bound
states in the N. — oo limit, but it tells us exactly what is the large N. dependence
of their mass and width: their mass should remain constant, whereas their width
vanishes as 1/N.. For instance, the 7, K, 7 masses behave as O(1) and fy, their
decay constant in the chiral limit, as O(y/N,).

The N, scaling of the L; parameters/l"22 is listed in Table 1. Let us then scale
fo = fo/Ne/3 and L;(n) — Li(1)(N./3) for i = 2,3,5,8, keeping the masses,
2L1 — Lo, Ly, Lg and L7 constant. We use TAM set IT in Table 1 for the parameters
at N. = 3. In Fig. 2, we show how the poles, represented by a dot, move in the lower
half of the complex plane as N, changes. On top, we see the p(770) and K*(892)
vector mesons, whose poles move toward the real axis. That is, the vectors widths
vanish at large N., thus becoming bound states. In contrast, in the bottom, we see
that both the o and x poles move away from the real axis, which means that they
dissolve in the continuum.

Not only we can see that vectors become bound states and scalars do not, but
we can determine what is the precise N, dependence. Before doing that, we should
nevertheless recall that it is not known at what scale pu to apply the large N,
to the L;. Certainly, the logarithmic part in eq.( ) is subleading, but it has been
pointed out®4 that it can be rather large for N, = 3, which is our starting point
for the N, evolution. In addition, the scale dependence is suppressed by 1/N, for
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Fig. 2. Large N, behavior of poles in the lower half of the second Riemann sheet of the unita-
rized one-loop meson-meson scattering amplitude from ChPT. For each value of N. the pole is
represented by a dot, in different meson-meson scattering channel. Note that the o and k behavior
is opposite to that of well know vector states as the p and K*.

L; =Ly, L3, Ls, Lg, but not for 2L — Lo, L4, Lg and L7. The choice u, or, in other
words, the choice of “initial values”, is a systematic uncertainty typical of the large
N, approach. Customarily, the uncertainty in the u where the N, scaling applies is
estimated® varying p between 0.5 and 1 GeV. We will check that this estimate is
correct with the vector mesons, firmly established as gq states. In addition, and in
order to show that the choice of IAM sets in Table 1 is irrelevant for our analysis,
we change now to set III. The behavior is exactly that already found in Fig.2 and
in previous works 142,

Let us then look back at vector mesons. In Fig.3 we show, for increasing ., the
modulus of the (I, J) = (1,1) and (1/2,1) amplitudes with the Breit-Wigner shape
of the p and K*(892), respectively. There is always a peak at an almost constant
position, becoming narrower as N, increases. We also show the evolution of the p
and K™ pole positions, related to their mass and width as |/Spoe ~ M — iT'/2. We
have normalized both M and I" to their value at N, = 3 in order to compare with
the expected gq behavior: My_/Ms constant and 'y, /T's ~ 1/N, The agreement
is remarkable within the gray band that covers the uncertainty p = 0.5 — 1 GeV
where to apply the large N, scaling. We have checked that outside that band, the
behavior starts deviating from that of gg states, which confirms that the expected
scale range where the large N, scaling applies is correct.

In Fig.4, in contrast, all over the o and & regions the (0,0) and (1/2,0) ampli-
tudes decrease as N, — oo. Their associated poles show a totally different behavior,
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Fig. 3. Left: Modulus of 77 and wK elastic amplitudes versus /s for (I,J) = (1,1),(1/2,1):
N. = 3 (thick line), No = 5 (thin line) and N. = 10 (dotted line), scaled at p = 770 MeV.
Right: p(770) and K*(892) pole positions: ,/spo1e = M — iI'/2 versus Nc. The gray areas cover
the uncertainty N. = 0.5 — 1 GeV. The dotted lines show the expected gq large N, scaling.
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Fig. 4. Top) Left: Modulus of the (I, J) = (0,0) amplitude, versus /s for N. = 3 (thick line),
N¢ =5 (thin line) and N, = 10 (dotted line), scaled at p = 770 MeV. Center: o mass N, behavior.
Right: o width N, behavior. Bottom: The same but for the (1/2,0) amplitude and the «.

since their width grows with N, in conflict with a gq interpretation. (We keep the M,
T notation, but now as definitions). This is also suggested using the ChPT leading
order unitarized amplitudes with a regularization scald-likad

In order to determine their spectroscopic nature, we abandon momentarily the
poles and look at the amplitudes in the real axis and the representative Feynman
diagrams given in in Fig. 5. Imaginary parts are generated from s-channel inter-
mediate states, as in Fig.5(a) or 5(c), when they are physically accessible. If there
was a gq meson, with mass M ~ O(1) and I ~ 1/N,., we would expect at precisely
Vs ~ M that Imt ~ O(1) and a peak in the modulus, as it is indeed the case
of the p and K*. However, we have checked that in the whole ¢ and k regions,
Imt ~ O(1/N2) and Ret ~ O(1/N,), which means that from gq states, the o and &
can only get real contributions from p or K* t-channel exchange, respectively, as in
Fig.5(b). The leading s-channel contribution for the x and o comes from Fig.5(c).

Then, one can immediately interpret the x as a Ggqq (or two meson) state, which
is predicted34 to unbound and become the meson-meson continuum when N, — co.
However, in the large N, limit, gggqq and glueball exchange count the same, and our
N, argument alone cannot decide between both structures for the o. Nevertheless,
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a) b) c)

UN, o

Fig. 5. Representative diagrams contributing to meson-meson scattering and their N, scaling.

given the fact that glueballs are expected to have masses above 1 GeV, and that the
k, which has strangeness and thus cannot mix with a glueball, is a natural SU(3)
partner of the o, a dominant Ggqq or two-meson component for the ¢ seems the
most natural interpretation, although most likely with some glueball mixing.

Let us finally turn to the other members of the hypothesized scalar nonet: the
f0(980) and the a((980). These resonances are more complicated due to the distor-
tions caused by the nearby KK threshold, and poles are harder to follow. Still, by
looking in Fig.6 at the modulus of the amplitude (0, 0) in the vicinity of the f,(980),
we see that the characteristic sharp dip of the f,(980) vanishes when N, — oo, at
variance with a gq state. For N, > 5 it follows again the 1/N? scaling compati-
ble with ggqq states or glueballs. The a¢(980) behavior, shown in Fig.7, is more
complicated. When we apply the large N, scaling at u = 0.55 — 1 GeV, its peak
disappears, suggesting that this is not a gg state, and Im¢t;y follows roughly the
1/N? behavior in the whole region. However, as shown in Fig.5, the peak does not
vanish at large N, if we take u = 0.5 GeV. Thus we cannot rule out a possible gqq
nature, or a sizable mixing with gg, although it shows up in an extreme corner of
our uncertainty band.

Before concluding we want to remark that similar results have been obtained=?
for all resonances and just for central values of the L; plus a cutoff, using the
approximated TAMS. Furthermore, either the tetraquark structure of these light
scalar states, or the fact that the lightest gq states are above ~1 GeV, has received

further support from other large N, studies=?* a5 well as other kind of analysis:w.

1

f0(980) region

0.8
Im too, VS=960 Me

0.8

0.6 0.6

0.4 0.4

0.2 . 0.2
f0(980) region

900 950 1000 1050 1100 5 10 15 20 25

Fig. 6. Left: Modulus of a (I, J) = (0,0) amplitude, versus /s, for N. = 3 (thick), N. = 5 (thin),
N¢ =10 (dashed) and N, = 25 (dotted), scaled at p = 770 MeV. Right: Im tgg versus Ne.
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Fig. 7. Left: Modulus of a (I,J) = (1,0) scattering amplitude, versus /s, for N. = 3 (thick),
N¢ =5 (thin), N = 10 (dashed) and N. = 25 (dotted), scaled at u = 770 MeV. Right: scaled at
p = 500 MeV. Center: Imtgg versus N.. The dark gray area covers the uncertainty p = 0.55 —
1 GeV, the light gray area from p = 0.5 to 0.55 GeV.

6. Conclusions

We have reviewed a recent set of works %= in which we show how the unitarized

one-loop Chiral Perturbation Theory (ChPT) amplitudes generate poles associated
to the lightest vector and scalar resonances and we study their large N. behavior.
This amplitudes respect the chiral expansion and are fully renormalized. Indeed
they provide a remarkable description of two body scattering of pions, kaons and
etas up to 1.2 GeV using just the O(p*) ChPT parameters, with values compatible
with previously existing determinations in the literature.

We have then studied! the evolution of the poles, mass and width associated
to each one of these resonances, through the QCD large N, scaling inherited by
the ChPT parameters. We have found that the p and K™ vector mesons follow
remarkably well their expected gg behavior, both qualitatively and quantitatively.
In contrast, the o, &, fo(980) and ap(980) large N, behavior is in conflict with a
dq nature (not so conclusively for the ao(980)), and strongly suggests a ggqq or two
meson main component, maybe with some mixing with glueballs, when possible.
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