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CHAPTER

Introduction

1.1 Quantum Chromodynamics

Quantum Cromodynamics (QQCD) has been established as the theory
behind the strong interactions. This is a Yang-Mills gauge theory
based on the SU(3) color symmetry group which has quark fields as
degrees of freedom and gluons as its gauge fields. The non-abelian
structure of the symmetry group is responsible for the two most no-
torious features of this theory:

e Confinement

e Asymptotic freedom

13



14 INTRODUCTION

Those features come from the behavior of the coupling constant ay
of the theory with energy. As energy decreases the coupling constant
increases, this gives rise to confinement, quarks and gluons do not
exist free in space, they are always bound into color singlets which are
called hadrons. Asymptotic freedom is the result of the behavior of
the coupling constant at high energies, it decreases. In practice one
can only perform calculations perturbatively at high energies, but not
to study the interaction of hadrons at low energies.

These features of QCD make direct application of the QCD La-
grangian hardly feasible in order to solve strong interaction problems.
Perturbative calculations can be done just at high energies where the
strong coupling constant gets small, but for low energies, because of
the running of this coupling, direct use of the QCD Lagrangian can be
done just via lattice calculations which are extremely time and com-
puter resources consuming, but still give insights into the connections
between hadrons and the underlying QCD dynamics.

In view of the difficulties presented by QCD, hadron problems can
be tackled by different approaches, namely effective theories. The idea
is to use QCD Lagrangian‘s symmetries to construct Lagrangians for
the interaction of hadrons (color singlets) instead of quarks. One of the
most successful theories in this direction is chiral perturbation theory
(xpr), that makes use of the approximate chiral symmetry of QCD.
In this approach the pseudoscalar mesons are interpreted as the Gold-
stone bosons coming from the spontaneous break of chiral symmetry
and in principle on can easily use the fields with the Goldstone bosons
in order to construct Lagrangians from the interaction of mesons to
any desired order in momentum.

Chiral theories make use of the approximate SU(2)4 symmetry of
the QCD Lagrangian, known as chiral symmetry. A new Lagrangian
is built based on this symmetry, and expanded in a power series of
the boson‘s momenta [1, 2]. This theory has overwhelming success in
describing scattering of hadrons at low energies [3, 4, 5, 6, 7] or hadron
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production [8]. The application of this theory in the framework of
unitarization in coupled channels has extended the energy region of
its applicability [9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19].

Chiral perturbation theory, as its name says, is a perturbation the-
ory, where the amplitudes are expanded in power series of the particle’s
momenta. It is possible to improve the results by going to higher or-
ders in the momentum expansion but, the price paid is the huge num-
ber of free parameters that appear in the higher order Lagrangians.
Therefore x pr has many limitations since the theory eventually breaks
down, once the energy is sufficiently large. The absolute limit of ap-
plicability in meson-meson interaction is the appearance of the first
singularity of the T-matrix which happens for the ¢ meson. This puts
a limit around 450 MeV for the applicability to 77 interactions.

The idea behind unitarization in coupled channels is to use the
chiral amplitudes as a kernel to solve a scattering equation respecting
the analytical properties of the scattering matrix (S-matrix), in par-
ticular that it should be unitary. This is a non-perturbative method
and hence has a wider energy range of applicability. It allows also
the study of the formation of resonances which is a non-perturbative
phenomenon and, moreover, the inclusion of coupled channels allows
one to study the inelasticity among the channels and the decays of
resonances.

The resonances that appear within this method are usually called
dynamically generated resonances, since they appear from the dynam-
ical interaction of the particles included explicitly as building blocks
of the framework. For instance by studying the interaction of the light
pseudoscalar mesons in s-wave or the interaction of pseudoscalars with
vector mesons, one obtains the low lying scalar and axial particles as
dynamically generated resonances [20, 21, 22, 23, 24]. In these works,
eventhough one includes only pseudoscalar and vector mesons as de-
grees of freedom in the Lagrangians, the unitary S-matrix has poles
that can be associated with the axial and scalar mesons. Also nucleon
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resonances can be studied within this framework [10, 11, 12, 13, 25, 26|

1.2 Hadrons

There are two basic ways of constructing color singlets out of quarks.
A quark-antiquark pair (gq) or a three quark combination (¢qq). The
first one has an integer spin and is called a meson, the second one has
half integer spin and is called a baryon. Apart from coming in three
different colors, the quarks also come in different flavors but, while
the color symmetry is exact, the different quark flavors have different
masses, making the flavor symmetry not an exact one.

There are six known different quark flavors (u, d, s, ¢, b and t),
if their masses were the same, the QCD Lagrangian would also have
flavor symmetry, but this is not the case. The six quarks with their
quantum numbers are presented in Table 1.1. Since the mass difference
between the up and down quarks is much smaller than the hadron
masses, one can still consider a SU(2) symmetry, known as isospin
symmetry, in order to classify the hadrons. Strong interactions also
conserve flavor, so one can also define four new quantum numbers,
strangeness, charm, bottom and top. As a convention the quark has
the sign of this new quantum number equal to its electrical charge
sign, so the strange quark has S=-1 and the charm quark has C=1, S
referring to strangeness and C to the charm quantum number.

Although the quark’s flavor do not form a symmetry of the strong
interactions, one can still classify the hadrons within flavor multiplets.
For example, out of 3 quark flavors (u, d and s) and their respective
anti-quarks, one can construct nine ¢q flavor states which will fit into
two SU(3) multiples, an octet and a singlet, according to their SU(3)
structure: 3 ® 3 = 8@ 1. Out of 4 quarks one generates a 15-plet and
a singlet of the SU(4) symmetry.

Many models have been developed in order to construct bound
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Table 1.1: Data is from PDG [27]. Quark masses depend on definition,
since no free quark has been observed. The electric charge is given in
units of the absolut value of the electron charge. The column [ refers
to isospin, I3 to the third component of isospin, S to strangeness, C
to charm quantum number, B to bottom quantum number and T to
top quantum number.

Quark Electric | I | I3 | S | C| B | T | Mass (MeV)

name Charge

up (u) 2 s1310]0]0]0 1.5t0 3
down (d) -5 51-5/10]0]0]0 3to7
strange (s) -5 0 0]-1/0]0]|0 95+ 25
charm (c) 2 olo 0o [1]0]0] 1250490
bottom (b) || L |00 |0 |0]|-1]0] 4200&70

top (t) % 0[{0]0]0]0]1]172500£2700

states out of quarks and to study their spectra. One of the first such
models was the MIT bag model which was based in the earliest nuclear
models. More recent quark potential models make use of phenomeno-
logical one gluon exchange potentials, with confinement, to construct
wave functions for quarks. These models successfully describe many
hadrons and resonances [28, 29], but they also have caveats. For in-
stance, quark models predict the first even nucleon excitation heavier
than the odd one [30], but those resonances are identified today, the
even one with a mass around 1440 MeV and the odd one with 1535
MeV. These models also tend to overestimate the masses of scalar and
axial mesons [31].

In order to explain the discrepancies in between the predictions
from quark models and the observed states, theoreticians started to
make new interpretations of hadrons. There are many more exotic
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possibilities to construct color singlets, like glueballs, which would
correspond to bound states of gluons (gg or ggg), one can also think
of hybrids, which are states made up of quarks and gluon (¢gg) or mul-
tiple quark states like tetraquarks (qqgq) for mesons or pentaquarks
(gqqqq) for baryons.

There is though a less exotic picture. If the interaction between
two hadrons is attractive and strong enough, it could bound these
two particles in a new state, or generate resonances. This picture is
called molecular picture and it differentiates from the tetraquark or
pentaquark picture, since the quarks in this case are correlated inside
two different hadrons. These molecular states are also called dynami-
cally generated when they involve multiple channels or configurations,
since they are generated by the dynamical interaction of the hadrons
in these many channels.

Many models which use unitarization in coupled channels are able
to dynamically generate resonances. The Jiilich model [32, 33], for
instance, has successfully described the first even nucleon resonance
(the Roper resonance) as dynamically generated by the interaction of
the nucleon with a pion, the A with a pion and the nucleon with a
o meson. The o itself, and many other scalar resonances, are also
dynamically generated by chiral models [20, 22, 34, 35, 36]. Also the
spectrum of axial resonances can be described this way [23, 24, 37]
and many baryonic resonances like the A(1405) [25, 38, 39] and the
N(1535) [40] among others [38, 41, 42].

1.3 Charmed Resonances

Recent experimental developments have allowed the observation of
many hadrons with charm quarks. In this sector the predictions of
quark potential models [43] are in agreement with the properties ob-
served for the pseudoscalar charmed mesons (D and D) and for the
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vector charmed mesons (D* and DY) but also states that do not fit
well the interpretation of baryons as gqq states or mesons as qq states
have been found. In particular two charmed resonances discovered
by BaBar [44] and confirmed by other experiments [45, 46, 47], the
D4(2317) and Ds;(2460) have animated the debate about non ¢g
mesons. Also non-strange partners of these resonances have been ob-
served [48, 49].

The predictions for the masses of these states with quark model
potentials already existed [43] and turned out to be off by more than
100 MeV. The fact that the Dyy(2317) lies just below the DK thresh-
old and the Dg;(2460) just below the D*K threshold made many
theoreticians speculate that these states could be meson molecules
[50, 51, 52, 53, 54, 55]. Others support a tetraquark assignment
[56, 57, 58], or usual ¢G states with more sophisticated quark model
potentials or within QCD sum rules calculations [59, 60, 61, 62] and
there is also the possibility of admixture between these configurations
(63, 64, 65].

In the hidden charm sector (mesons with ¢¢ quark pairs) also new
controversial resonances have been found. Among them the X (3872),
observed in four different experiments [66, 67, 68, 69], has attracted
much attention and is the one in which there is more data available.
The narrow width of this state makes its interpretation as a usual
charmonium (pure c¢) state very difficult. For this resonance too,
many exotic theoretical interpretations have been investigated such
as tetraquarks, hybrids and molecules [70, 71, 72, 73, 74]. Nowadays
there are many observed states with hidden charm whose structures
are not yet established, like the Y (4260)' [75], the X (3940) [76], the
Y (4160) [77], the Y (3940) [78, 79], the Y (4350) [80], the Y (4660) [81]
and even charged ones, the Z(4430) [82], the Z(4040) and the Z(4240)
[83]. For a good review on heavy meson spectroscopy one can refer to

!The Y particles cited here are identified in PDG [27] as X.
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(84, 85, 86, 87].

In this work we will study the dynamical generation of resonances
in the meson-meson interactions. First, Lagrangians will be con-
structed having as degrees of freedom all mesons from the 15-plet
of pseudoscalar mesons and the 15-plet of vector mesons. In a first
step, we will extrapolate the usual chiral Lagrangians used for SU(3)
to SU(4) flavor symmetry but, since this is not a good symmetry of
nature it will be explicitly broken down to SU(3) by identifying terms
in the Lagrangians where the interaction must be driven by a heavy
(charmed or hidden charm) meson. The SU(3) symmetry breaking
will be implicitly done just by taking into account the mass differ-
ences of the particles. In the resulting Lagrangians it is possible to
identify terms that correspond to the chiral Lagrangians already used
to study only the light sectors [20, 22] or only the charmed sector
[51, 52, 53, 54] in different works. Still these Lagrangians present the
possibility to make predictions in the hidden charm sector and in the
scattering of heavy pseudoscalars with light vector mesons, which had
not been studied before in the framework of unitarization in coupled
channels.

In the next chapter the construction of the Lagrangians will be
explained in detail. Chapter 3 is dedicated to present the mathemat-
ical framework used to solve the scattering equations in a unitarized
coupled channels basis. In the following chapter the results will be pre-
sented and uncertainties will be commented. In Chapter 5 we study
in more detail the hidden charm sector and analyze the available data
in this sector. Chapter 6 presents calculations of radiative decays of
mesons and in Chapter 7 we present our overview and conclusions.



CHAPTER

Phenomenological Model

In this chapter we will present the Lagrangians used for the interaction
of pseudoscalar mesons, vector mesons and photons. The Lagrangians
come from chiral symmetry in the hidden gauge formalism, which in-
cludes interactions of pseudoscalar mesons among themselves, of vec-
tor mesons among themselves and with pseudoscalars and interactions
of the mesons with photons. Chiral symmetry has been successfully
used in the description of light mesons and the Lagrangians are, in
principle, written for SU(3) flavor symmetry. We extend them to
SU(4) symmetry, but latter we use the mass difference between light
and charmed mesons in order to break this symmetry back to SU(3).
In the end of the chapter we introduce also a different method to break
the SU(4) flavor symmetry.

21
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2.1 The Chiral Lagrangian

Neglecting the quark masses, the QCD Lagrangian is chiral symmetric
and it is possible to construct an effective field theory based in this
symmetry.

The SU(3) lowest order chiral Lagrangian, respecting the Lorentz
invariance, which is invariant under parity and charge conjugation
reads [3, 4, 6, 88]:

2

2
Ly = FTr(9,U0"U) + < Tr (x'U +U'x) (2.1)

where U is the field containing the pseudoscalar mesons from the
SU(3) octet and T'r represents a trace in flavor space:

U = eh%bg (2.2)
ps = - %_—i—% K° (2.3)
K- K* A
m2 0 0
X = 0 m2 0 (2.4)
0 0 2m3—m?2

The first term in the Lagrangian of eq. (2.1) gives rise to the
kinetic term for the pseudoscalar mesons and to contact interaction
terms. The second term gives rise to mass terms for the mesons and
also constant contact interaction terms.

This Lagrangian has just one coupling parameter (f;), the next to
leading order Lagrangian contains terms with more than two deriva-
tives in the field U and terms coupling more than two U fields, there
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are 10 new terms and therefore 10 new parameters. The next to next
to leading order has more than 100 parameters, making the predictiv-
ity of the theory very poor.

By expanding the exponential matrix U in eq. (2.3) one can write
the terms of the Lagrangian in eq. (2.1) until order ¢§ and one gets
the following interaction Lagrangian for the pseudoscalar mesons:

Lpppp = %}CQTT ((au¢8¢8 - ¢83u¢8)(3“¢8¢8 - ¢86M¢8)
+ Mo}) (2.5)

with M = y of Eq. (2.4).

2.2 Phenomenological Lagrangian

Our aim is to study open and hidden charm resonances, therefore we
want to extend the Lagrangian in eq. (2.5) from SU(3) to SU(4).
In SU(3) the pseudoscalar mesons are represented by an octet of this
symmetry group, the adjoint representation of this group. In SU(4)
the adjoint representation of the symmetry group is a 15-plet. In figure
2.1 we show a pictorial representation of this multiplet together with
its pseudoscalar meson assignments.

The procedure we follow here in order to insert the heavy (charmed)
mesons in our framework is to use, instead of a field containing the
SU(3) octet, a field containing the SU(4) 15-plet in our Lagrangian.
The field containing the mesons from a 15-plet of SU(4) reads:
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Figure 2.1: The 15-plet of pseudoscalar mesons
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0

i + + O
\/§+%+\/ﬂ% T K D
— 70 0 —
m wrwetas K D
= 2.6)
— 0 —2 —
K K \/%78 —1—% Dy
0 + + -3
D D Df A

this field is constructed by means of the \;’s which are the SU(4)
generators. Note that adding anything proportional to a singlet (a
diagonal matrix) to the field ® results in no extra contribution in the
derivative term of the Lagrangian of eq. (2.5). We will use this fact
to write the matrix ® in the physical basis, considering the mixing of
the ng, 115 and a singlet 7, into the physical states n, n/ and 7.. To
construct the physical states we have to look into the quark content
of each state. Let’s consider the following orthonormal states:

1 _
mo o= 5(ua + dd + $5 + cc) (2.7)
1 -
= —(utu+dd—2ss 2.8
1 _
ms = ——=(ut+ dd+ ss— 3cc) (2.9)

V12

The states we work with are given by:

(utt + dd — s5) (2.10)

(utt + dd + 2s3) (2.11)

Q
S
(@) w

e = (2.12)
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So, if we sum to the field in eq. (2.6) a diagonal matrix proportional
to %771 we can rewrite the matrix ® in physical basis':

moom + + 7Y
st Bt m K D
_ 70 / 0 _
> = (2.13)
_ —0 3 _
K K 2 - % D,
D° D+ D" Ne

For this field we define the hadronic current:

J, = (8,9)® — 00,0, (2.14)

and we rewrite the Lagrangian of eq. (2.5) for the SU(4) symmetric
case:

1
Lpppp = TFTT (JHJM—FM(I)LI) (215)

The interaction described by the Lagrangian in eq. (2.15) is SU(4)
flavor symmetric but, due to the much bigger mass of the charm quark,
we know that SU(4) is not a good symmetry in nature, and therefore
we would like to break this symmetry. In order to do that we first
note that a 15-plet of SU(4) breaks down into three multiplets of the
lower SU(3) symmetry, namely an octet, a triplet, an antitriplet and
a singlet:

Hrom now on, all fields (®, ¢s, ...) refer only to the fields in the physical
basis and not to the mathematical basis of eqs. (2.3) and (2.6), unless it is said
otherwise.
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15sp@) — (18 3@ 3@ 8)su3), (2.16)

the singlet and the octet have charm quantum number equal to zero,
while the antitriplet and the triplet have positive and negative charm
quantum number, respectively (see Fig. 2.1).

So, let’s decompose the field ® into its heavy and light components:

o — <z§ zi*) (2.17)
where,
2+ o+ L wt Kt
Z 70 !
_ T 2
K K N
DO
o3 = | D™ (2.19)
Dy
¢3 = (D° D* Df) (2.20)
o1 = Me (2.21)

and we can write the hadronic current as:

JE TR JE 4+ TR
oo (T T T ) (2.22)
W

where the hadronic currents Jf; are given by:
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Ji = (0"d)g; — d:i0" ¢, (2.23)

from where one verify that Jj; is zero.
We can now rewrite the Lagrangian in terms of the Ji}:

1

L= pplr (b Tssys + 2785 Ty + S Tz, + M D)
1
+ 122 (2J§8J83u + 2J15 83 + 25 a1 + S5 T33,
+ QJ{%J?)I;L) (2.24)

Now we should distinguish between two types of currents, namely,
currents carrying charm quantum number and currents that do not
carry charm. Each interaction term in the Lagrangian is the result of
the coupling of two hadronic currents. If two currents carrying charm
are coupled, it means that in the underlying interaction, a charmed
meson must be exchanged in between them, and hence a heavy me-
son, since it must contain the heavy charm quark which is exchanged.
In the underlying interaction this term would be proportional to the
propagator of the heavy meson, while currents that do not exchange
charm would be proportional to the propagator of a light meson. Fol-
lowing the principle of vector meson dominance through its efficient
implementation in the hidden gauge formalism [89], we assume that
the exchanged particle in the underlying interaction is a vector me-
son, and since the meson propagators are proportional to the inverse
squared of the meson mass, terms in the Lagrangian of eq. (2.24)
which couple hadronic currents carrying charm should be suppressed
by the factor

2
y = L (2.25)
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in relation to the terms coupling currents that do not carry charm.
This philosofy was already adopted in the study of meson baryon
intercations in [90, 91]. In eq. (2.25) my, is the mass of a light vector
meson and my is the mass of a heavy vector meson, we use for these
parameters the values

my, = 800 MeV (2.26)
my = 2050 MeV,

which are typical values for the masses of these particles. In figure 2.2
we show pictorial representations of such exchanges of mesons. This
approach is the same done elsewhere [92].

The terms in the Lagrangian with J§,.J33, and JiJs3, also con-
tain the exchange of a heavy meson, but a hidden charm one, the
J/1. To suppress from these two terms the part of J/1¢ exchange we
need the Lagrangian for the interaction of pseudoscalars with vector
mesons, that we introduce in the next section. Apart from the cor-
rection in these two terms, the final Lagrangian for the interaction of
pseudoscalar mesons reads:

1
L = TPTT (Jgsjssu + 235 Jssu + gz + Mq)4)

1 ’ ,
+ op (27T Tz + 27Tt Tusu + 27T Jsry + T T3

+ Q’YJ%JSM) (2.28)

The first term in this Lagrangian is the same obtained from the
lowest order chiral Lagrangian for SU(3), and the second term is %
of the Lagrangian one obtains from heavy quark symmetry and chi-

ral symmetry for the interaction of the Goldstone bosons with heavy
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D D D Tt

@ S @ @
VL Vi
@ 0 @) (@
T I TT D
JEq J33, Jgs J83u

Figure 2.2: Same process coming from two different terms in the La-
grangian of eq. (2.24). The V; and Vy indicate a light and a heavy
vector meson, respectively. The ®,, indicates the SU(3) multiplet (n)
to which the meson belongs.
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mesons. This factor % will be explained latter on. Other terms are ei-

ther corrections resulting from the exchange of heavy mesons or terms
for the interaction of heavy pseudoscalars with themselves.

The parameter used to suppress the J/1 exchange, analogously to
the v parameter, has the form:

2
= L (2.29)
My

Another possible source of SU(4) symmetry breaking can be the
coupling f appearing in the Lagrangian. In later chapters we present
results in two different schemes, in one we use f = f, = 93 MeV and in
the other one we use f, and fp = 165 MeV, depending on the mesons
appearing in the legs of the contact diagram in a way we explain in
more detail later on.

2.3 Hidden Gauge Formalism

We are also interested in the interaction of the mesons with photons,
and in including in our framework interactions with vector mesons. In
order to do that we will follow the hidden gauge formalism introduced
in [4, 89]. The interaction of the photons comes from substituting the
derivative in the Lagrangian (2.1) by a covariant derivative given by:

D, U = 0,U—ieQA,U+iUeQA, (2.30)

where @) is a matrix for the electric charge of the quarks:

: (2.31)

O
I
|
S O O N
=
—_
I o
—
N O OO
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the photon field is represented by A, and e is the electric charge of
the electron (% =a=5).

To introduce the interaction of the vector mesons one sums to the
chiral Lagrangian the following Lagrangian:

2

Ly =T (VuV) + 20T ((vu SNV 3F“>)<2-32>

9
1 , .
r, = 5 (uT(au —1eQA,)u~+ u(0, — ZeQAu)uT) (2.33)
W o= U (2.34)
V/UJ = auvy - aVVu - Zg[V/u Vl/]? (235)

in these equations V), is a field analog to ® containing the a 15-plet
plus a singlet of fields representing the low lying vector mesons:

Py wn + K PO
V2 V2 Pu M e
*— *Pﬂ Wi *0 *—
pim ege g0 p
v, = ’ vEovE o T (2.36)
*— I *0 *—
Ku K;L ¢H Dsu
DZO DZJF D::[ J/u

This field is already in the physical basis, the quark contents of the
neutral vector mesons are given by:

1 3 -
w = E(uu—dd) (2.37)
¢ = ss (2.38)

Jjp = cc (2.39)
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From the chiral Lagrangian with the covariant derivative of eq.
(2.30) one obtains the following coupling of pseudoscalars to photons:

‘C,Ypp = ieTT(QJM)A“, (240)

but from the Lagrangian (2.32) one also obtains a coupling given by:

. M '
Lpp = —26492‘}2TT (QJ,) A*, (2.41)
so if we have
My,
= — 2.42

these two Lagrangians cancel each other and, as a result, the photons
do not couple directly to the pseudoscalar mesons. Still from the
Lagrangian (2.32) we obtain the following couplings:

M2

Ly = — ;eTT(VMQ)A" (2.43)
M2 \

Lppy = 149}/2TT(VMJ’). (2.44)

We see that to obtain the coupling of a pseudoscalar to a photon we
must first couple the pseudoscalar to a neutral vector meson, through
the Lagrangian in eq. (2.44) and then the vector meson converts itself
into a photon through the Lagrangian in eq. (2.43). But the strength
of this coupling is the same that we had for on-shell photons coupling
directly to the meson current, since the product of the coupling of
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Y

Figure 2.3: The PP~ coupling through a neutral vector meson.

the Lagrangians in egs. (2.43) and (2.44) is proportional to eM? and
the sum for this process for each possible intermediate neutral vector
meson is M%Q/ We show in Figure 2.3 a diagram representing such
process. For virtual photons this mechanism provides the form factor
of the pseudoscalar mesons dominated by vector mesons propagators.

The Lagrangian (2.44) can also be used to weight the contribution
of the J/1 exchange in the couplings J%,.J33, and JizJ33,. These cor-
rections have been calculated for each process and are shown in the
appendix.

We also want a Lagrangian for the coupling of two vector mesons

to a pseudoscalar that we get from [93]:

39PPv_ wo
Evvp == ﬁe“ ﬁTT(a,LVVc?anCD) (245)

The last Lagrangian we use refers to the scattering of pseudoscalars
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with vector mesons. To build this Lagrangian we construct first a
current for the vector meson field:

J., = (0 V)V' =V,0,V"., (2.46)

and the Lagrangian is constructed by coupling this current to the
pseudoscalar one:

‘CPPVV = —%}CQTT (Juju) . (247)
The coupling strength (ﬁ) is chosen so that it coincides with the one
used in works considering chiral symmetry and heavy quark symmetry
[51, 53, 94].
With this Lagrangian we perform the same symmetry breaking
procedure described before in order to break the SU(4) flavor symme-
try by supressing exchanges of heavy mesons.

2.4 SU(N) Symmetry Breaking

One can introduce flavor symmetry breaking effects in the SU(3) La-
grangian with two new terms [95, 96]:

Lsp = f?(m%(gf’%m’%Tr((i—\/§A8)(U+UT—2))
L (CENC NGRS i0) R

L, = UU (2.49)

where \g refers to the standard diagonal 8" SU(3) generator.
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In [97] these Lagrangians are extended to SU(N), so that one can
consider also the heavy mesons with charm or beauty. In this new
approach the symmetry breaking sector is written as:

1Z - 1
‘CSB — g Z "}/kTT ((1 — ik(k — 1))\]92,1)([][#[# + luluUT>)
k=3

- %éw ((i - \/%Akzl)w + Ut - 2)) (2.50)

but now U belongs to a SU(N) representation.

By expanding the U matrix until fourth order in the meson fields,
one can identify the mass and kinetic terms for each field and fix the
symmetry breaking parameters for SU(4) and SU(3) as:

w = SUh 1) (2:51)
S5 = 5 (fhmi — fm?) (252)
uo= 5B+ fh-2f) (253)
Sy = Sl — S fhmi — < fom? (2.54)

In this work we will consider only the difference between fp and
f= which is about 70% and we will make the approximation fx = f.

We also consider this type of symmetry breaking when calculat-
ing scalar resonances, in order to study the model dependency of the
results.



CHAPTER

Meson-Meson Scattering

3.1 The Potential

Now we are interested in applying the Lagrangians derived in the pre-
vious chapter in order to solve the scattering problem of two mesons.
We study two possible interactions, namely, the scattering of two pseu-
doscalar mesons, and the scattering of a pseudoscalar with a vector
meson:

Pi(p) + Po(k) — PI(p) + F5(K) (3.1)
P(p)+V(k) — P(p)+V'(K) (3.2)

From the Lagrangians in eqs. (2.28) and (2.47) one can obtain tree
level transition amplitudes for such processes. For each set of possible

37
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Table 3.1: Channel content in each sector for the pseudoscalar pseu-

doscalar_interaction
Charm H Strangeness ‘ I ‘ Channels

1 1 1| 7Dy, KD

0| DK, nDs, n'Ds, 0D

0 > | mD, KD, nD, 7D, n.D
-1 0| DK

0 1 3 | 7K, nK, K, DD, n.K
0 1| KK, nm, nm, ', DD, n.w

0| KK, T, 0, 0N, NeNes
77,77/, DD, Dsta NeTs 77677,

charge (or isospin), strangeness and charm quantum numbers there
are many possible two meson states coupling to it, so that one needs
to work in a coupled channel formalism.
We show in tables 3.1 and 3.2 all two meson states for each set (C,
S, I) of possible quantum numbers spanning a coupled channel space.
The amplitude for the scattering of two pseudoscalar mesons ob-
tained from the Lagrangian in eq. (2.28) reads:

1
MG =~z (aG(s =)+ 85 (s = 1)+ — )

+ constant (3.3)
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Table 3.2: Channel content in each sector for the pseudoscalar vector

meson interaction

Charm | Strangeness | I9(JF%) | Channels

1 1 1(17) | nD%, Dyp,
KD*, DK*
0(1%) | DK*, KD*, nD%, n'Dz,
Dswa Ds¢7 UCD:7 DS‘LZ}
0 L(1*) | xD*, Dp, KD?, D,K*, nD",
n/D*a Dwa D¢7 TICD*a DJ’IZ}
-1 0(1*) | DK*, KD*,
0 1 s(17) | nK*, Kp, nK*, f K*, Kw,
Kw, DD?, D,D* , KJy, nK*
0 1H(177) T(KK*—FCC) w, T, Np,
' p, T(DD* +c.c.), nep, Ty
1=(1%) | wp, %(KK* —c.c.), %(DD* —c.c.)
01(11:) T(KK*—FCC), %(DD*—FC.C.),
07(17") | 5(DsD; = c.c)
0= (1%7) | mp, Nw, %(DD* —c.c.), New,

nJy, %(DSD: +c.c.), nedy,
n'w, né, n'e, Ned,

%(I_(K* —c.c.), nJy
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where ¢ and j refer to the initial and final channels, the superindex
C refers to the charge basis and s, t and u are the usual Mandelstam
variables:

the constant term comes from the M.®* term in the Lagrangian in eq.
(2.28). All amplitudes for the scattering of two pseudoscalar mesons
are given in Appendix A.

The amplitude for the scattering of pseudoscalars with vector mesons
obtained is:

MG(s,tu) = ZL(s—u)ee. (3.7)

again the superindex C refers to the charge basis, the labels ¢ and j to
the initial and final channels while s, ¢t and u are the usual Mandelstam
variables, and e and € are the initial and final vector mesons polar-
izations. In appendix B we present the coefficient ¢ for all possible
channels in each coupled channel space. When projecting the am-
plitude in s-wave the polarization vectors are actually left out of the
integral, as an approximation. In figure 3.1 we show an example of a
meson scattering process showing the diagrams that give contribution
to each of the coefficients a, 5 and 7 in eq. (3.3).

We study the scattering of the mesons in s-wave, so we project
each amplitude in s-wave:

1

Vij(s) = 5/11 d(cos&)/\/lij(s,t(s,cos@),u(s,cos&)) (3.8)
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D(p) D(p‘) D(p) D(p°) ‘
‘\ ’ ~~\ ‘/ T[(K) D(p )
T(K) mK*) 1K) mK*) D(p) (K )
from from from
‘]58 J33/L Jgg J83u Jgg JSSM

Figure 3.1: Diagrams contributing in the amplitude for pseudoscalar-
pseudoscalar scattering.

These potentials, for each possible initial and final channels for each
coupled channel space are collected in a matrix. This matrix, V' is the
potential that we use as a kernel for solving the scattering equation.
Each one of these matrices can be written in charge, isospin or SU(3)
basis. In appendix C we give a list of isospin and SU(3) states used to
transform the potential for the pseudoscalar meson interaction from
one basis to another.

In the next section we comment on the SU(3) flavor structure of
the interaction and how it gives us insight on the possible resonances
that we generate.

3.2 The SU(3) structure

We have constructed Lagrangians for the interaction of 15-plets of
SU(4). In order to break SU(4) symmetry what was really done was
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actually to break (decompose) the SU(4) 15-plets. Once SU(4) sym-
metry is broken into SU(3), the 15-plet breaks down into four multi-
plets of the lower symmetry, an octet, a triplet, an antitriplet and a
singlet:

15— | 108 (3.9)
3c

the C and C' in the SU(3) multiplets indicate their charm content.

The octet and the singlet have null charm quantum number, the
triplet and the antitriplet have negative and positive charm quantum
number, respectively.

When studying the meson-meson interaction, one can decompose
the scattering of two 15-plets of SU(4) according to their SU(3) inner
structure. Table 3.3 shows this decomposition for the scalar sector,
while table 3.4 shows it for the axial sector. Note that the axial sector
is richer, since one can differentiate between the vector meson and the
pseudoscalar multiplets. For instance there is only one combination of
1®8 for the pseudoscalar mesons while there are two for the interaction
of pseudoscalars with vector mesons, namely 1* ® 8 and 1 ® 8" where
the asterisk refers to the vector meson multiplet.

5015 = 1615615620 @456 45 ¢ 84 (3.10)
The SU(3) decomposition of each one of these multiplets reads:

60 30 ) 150
20" — | 8 , 84— | 1®&8427
66 3¢ @ 154

6ce
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Table 3.3: SU(3) decomposition of the meson-meson interaction for
the scalar sector in SU(4). The sectors not shown in the table corre-
spond to the C' = —1, —2 states which are just charge conjugate states
(antiparticles) from the ones shown.

charm ‘ Interacting multiplets

2 33 —-3®6

1 38— 1543@6
31— 3

0 33 —-8ad1

11 —1

8®1 —8

SR8 —=1®8¢DIL D10 10 P 27

1_50 300

S® 10 _ 3c ® 6

B2l s a6 | 0 27| se10
gC‘C‘ 154

With help of the SU(3) isoscalar factors and isospin coefficients of
appendix C we can transform the amplitudes into SU(3) basis. Once
the potential is written in a SU(3) basis, it is possible to identify
in which multiplets the interaction is attractive, and therefore, may
generate resonances or bound states.

In the C=2 sector there is no attractive interaction in any multi-
plet. In the C=1 sector the antitriplets and the sextets coming from
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Table 3.4: SU(3) decomposition of the interaction between pseu-
doscalar and vector mesons in SU(4). The irreps marked with an
* refer to the vector meson multiplet.

charm H Interacting multiplets

2

3®3*F—3D6

38 = 150336
8SR3*—=15P3D6
31*—3
1®3*—3

33*—8a1

33 —-8a1

I1®1*—1

S®1* — 8

1®8 —8

SR8 = 108P 810D 10 @ 27
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the 3® 8 are all attractive, note that this means two times more reso-
nances for the axial mesons than in the scalar case, since there are two
possibilities for the interaction in this sector. In the C=0 sector all
singlets are attractive, including the heavy ones coming from the 3®3
interaction. While in the axial sector the two light octets coming from
the 8 ® 8 are attractive, in the scalar sector only one gives contribu-
tion in s-wave, the 84; the other one, the 84, because of its symmetry
properties (one is dealing with identical particles in the SU(3) limit),
has a p-wave structure.

From these first considerations one can expect a very rich spec-
trum for the scalars and axial mesons. As we will see, most of the
observed light scalar mesons fit this picture of dynamically generated
resonances. In the heavy sector, apart from describing known scalar
and axial resonances, this model makes predictions on new possible
states, including exotic ones. One should note that some members of
the sextets with C=1, S=1, I=1 and C=1, S=-1, I=0 are exotic states,
since no state with such quantum numbers can be constructed out of
a qq pair.

3.3 T-matrix Calculation

We want to study the generation of resonances from the interaction.
The generation of resonances and bound states is a non-perturbative
feature of an interaction, and therefore we shall solve the scattering
problem in a non-perturbative way. The procedure we follow here
is to use the potential V' that we have obtained in order to solve a
scattering equation in a unitarized way. We calculate the T-matrix
using the Bethe-Salpeter equation in an on-shell formalism.

For the interaction of two pseudoscalar mesons, the Bethe-Salpeter
equation, in the on-shell formalism of [13, 20], assumes an algebraic
form:
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T=V+VGT. (3.11)

In this equation V is the potential, a matrix constructed with the
tree level transition amplitudes for each one of the possible channels,
projected over s-wave. The matrix G is diagonal with each one of its
non-zero elements given by the loop function for the two particles in
each channel:

dq* 1 1

Gy = if , _ (312
! (2m)4 g% — m? +ie (P — q)? — m3 + i€ (3.12)

1 mi mi—mi+s_  mj

— i+ Log— + —2 L "Jlog—2

1672 <a Log 2 * 25 Ogm%

2 2
— 2
N i(Logs ms + mi + 2py/s

NG

+ Log

—s4+m3 —m}+2py/s
s +mj —mi+2py/s )>
—s—m3+m3+2p\/s/)

(3.13)

in equation (3.12), P is the total four-momentum of the two mesons
in channel 7 and m; and my are the masses of the two mesons in this
channel. The expression in eq. (3.13) is calculated using dimensional
regularization. Over the real axis p is the three-momentum of the
mesons in the center of mass frame:

s — (mq +m2)?)(s — (my — my)?
p o Ve mam)—m—mt)
2y/s
In figure 3.2 we show a diagrammatic representation of the scat-
tering equation.
Equation (3.11) can be easily inverted:
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Figure 3.2: Diagrammatic representation of the Bathe-Salpeter scat-
tering equation.

T=01-vVa) 'V (3.15)

In the complex plane the momentum p is calculated using the ex-
pression in eq. (3.14). Eq. (3.11) with egs. (3.12-3.13) makes implicit
use of dispersion relations in which only the right hand (physical) cut
is considered. It was proved in [21] that the left hand cut provides a
moderate contribution, and more important, very weakly energy de-
pendent, such that its contribution can be easily accommodated in
terms of the subtraction constant that we use, in the range of energies
of interest to us.

For the interaction of the pseudoscalars with the vector mesons,
one has to take into account the polarization of the vector mesons. In
this case the unitarized T-matrix assumes the form [21, 24]:

T = —(1+VvGe)'ve= (3.16)

In this equation Gisa diagonal matrix with each element given by:

~2

Gy = G <1+p—2> (3.17)

3ms;
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here Gy; is the usual loop function given by equation (3.13) with m;
the mass of the pseudoscalar meson and ms the mass of the vector
meson. The factor (1 + %), where p’ is the meson on-shell three
momentum, is in fact small in the energy regions where we find poles
and so, it could very well be omitted, but we keep it in our calculation.

The loop function has the right imaginary part to ensure the uni-
tarity of the T-matrix [22]:

p

8my/s

When looking for poles in the complex plane one should be careful
because of the cuts of the loop function beyond each threshold. Bound
states appear as poles over the real axis and below threshold in the first
Riemann sheet. Resonances show themselves as poles above threshold
and in the second Riemann sheet for the channels which are open.

Over the real axis the discontinuity of the loop function is known
to be two times its imaginary part [11] so, knowing the value of the
imaginary part of the loop function over the axis, eq. (3.18), one can
do a proper analytic continuation of it for the whole complex plane:

p

4\/s’

G™ and G' refer to the loop function in the second and first Riemann
sheets, respectively.

Figure 3.3 shows some plots of the loop function in the complex
plane.

There are three kind of states that our model generates. A bound
state appears as a pole in the first Riemann sheet below threshold.
A resonance is associated with a pole in the second Riemann sheet
of the channels which are open. Some times a pole might appear

Gl = Gl +i Im(p) > 0. (3.19)
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Figure 3.3: Upper left: Imaginary part of the loop on the first and
second Riemann sheets superposed. Upper Right: Real part of the
loop in the first Riemann sheet. Bottom left, right are the imaginary
part of the loop in the first and second Riemann sheets, respectively
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for certain values of the subtraction constant, but while changing it
a bit the pole moves beyond a threshold and does not appear in the
appropriate Riemann sheet for this threshold. This situation generates
a cusp at threshold in the cross section and might generate a peak in
the cross section of lighter channels, but can not be associated with a
pole in the right Riemann sheet, we call this states virtual states or
Cusps.

Until now our formalism worked only with stable particles, but in
some cases, in the scattering of pseudoscalars with vector mesons, one
has a p or a K* meson in the coupled channels, and these particles have
relatively large widths. The consideration of the mass distributions of
these particles can be relevant whenever thresholds are open thanks
to this mass distribution.

In order to take this into account we follow the procedure of [24,
26] and convolute the loop function with the spectral function of the
unstable particle, hence, using a new loop function:

. 1 Mgr+2CR)* /1 1
G(Vs,m,Mg) = — U <—> Im | —= :
N J(Mp—2Tp)? T M? — M2 +iMglg
x  G(v/s,m, M) (3.20)
(Mg+2Tg)? ~ o (—1
¥ [ (2
(Mp—2T'g)2 T
1
x Im|—= : (3.21)
M? — M]% + ZMRFR

In the following chapter we will comment further on this issue and
present results, for the heavy resonances, by taking into account the
finite width of the p, K* and other possible vector mesons in the cases
where the generated resonances have important coupling to channels
involving these mesons.
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Figure 3.4: Loop function convoluted with the spectral function of an
unstable vector meson. Real part on the left and imaginary part on
the right.

In figure 3.4 we show plots of the loop function convoluted with a
spectral function.
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CHAPTER

Results

4.1 Parameters

The first parameters that we must set in our work are the meson decay
constants, f, and fp. The f, is a well known and measured parameter,
it is fixed by experiment and the most recent measurements fix it to
V2 fr+=130.740.14£0.36 MeV [27]. We will use in this work f,=93
MeV.

The fp decay constant is known with much less precision, we use
for it the value 165 MeV. This value is in between the values measured
for the D and the D, mesons.

Still one could in principle use also the meson decay constants for
the other pseudoscalar mesons, fx and f,,, instead we want to keep the
model as simple as possible and with as few parameters as possible, so

23
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rather than introducing these other parameters we will do a statistical
study of the uncertainties in our results by varying the meson decay
constants along with some other parameters.

Other parameters which are, of course, fixed by experiment are
the meson masses. We will assume that isospin symmetry is exact
so, all particles belonging to a same isospin multiplet have the same
mass. For the pions we use m,=137.5 MeV, for kaons mx=496 MeV
and for the etas m, =548 MeV and m,y =958 MeV. In the heavy sector
we use, for the pseudoscalars mp=1867.5 MeV, mp,=1968 MeV and
my,,=2980 MeV. The masses of the light vector mesons are: m,=775
MeV, mg~=894 MeV, m,=783 MeV and m,=1019 MeV. While for
the heavy vector mesons we use: mp-=2008.5 MeV, mp:=2112 MeV
and m/,=3097 MeV. When studying isospin breaking we introduce
the following quantities:

Am,=2.5 MeV, Amg=-2 MeV, Amp=2.5 MeV, Amg-=-2 MeV
and Amp-=1.5 MeV. In this way the masses of the members of a
multiplet split: for the charged members of a multiplet the mass will
be equal to m + Am while for the neutral members it will be m — Am.

Other parameters which are given by experiment are the vector
meson’s widths, in order to do the convolution of the loop function
with the spectral function of the unstable mesons. The vector mesons
which have widths larger than 1 MeV are the K*, p, w and ¢. We use
for their widths the values:

I'y)= 149 MeV, I'k+= 50 MeV, I',= 8.5 MeV and I'y;= 4.3 MeV.

In the next section we study the SU(3) symmetry limit of the
model, so we have to choose values for the masses of the multiplets in
this limit. We will use for the pseudoscalars:

mg=450 MeV, m3=1900 MeV and m;=m,, .

While for the vector mesons, we use:

mg-=800 MeV, m3-=2050 MeV and m-=m .

The parameter v has already been introduced in the previous chap-
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ter, its value is v = (m ) there is another SU(4) breaking parameter
that appears in the amphtudes listed in Appendix A and B that sup-
presses J/1 exchanges in the 3 ® 3 interaction. This parameter is
called v and its value is ¢ = (Z—f) Varying these two parameters
over the whole physical allowed range has less than 5% effect over the
results.

The only parameters left to be fixed are the subtraction constants,
«, in the loops. In principle a different one could be chosen for each
channel, but instead we use for a the same value in all channels involv-
ing mesons with similar masses. We will separately fit the values of «
for the generation of the scalar and the axial resonances and, in each
case, we will use three values for a. For channels involving only light
mesons we use one («ay, ), another (ay,) for channels with one heavy and
one light particle and a third one (ay) for channels with two heavy
particles. The use of different values for the subtraction constants, for
the heavy and for the light sectors is justified since the meson masses
in each sector set different scales.

First we fit the values of the subtraction constants so that one
known resonance in each sector is described. For fitting «; we chose
the C=1, S=1, I=0 sector. We adjusted the subtraction constant so
that the pole generated in this sector has a real part that matches
the mass of the known resonance with these quantum numbers, the
D40(2317) in the case of the scalar resonances and the Dg;(2460) in the
case of the axial resonances. For fitting the o, we used the C=0, S=0,
I=1 sector for fitting the a¢(980) in the case of the scalar resonances
and the b (1235) in the case of the axial resonances. In the case of the
hidden charm resonances the only resonance know experimentally is
the X (3872) resonance. We obtain other two possible states which are
predictions, so we cannot be sure about their positions but we discuss
these cases in a future chapter and use experimental data in order to
analyze the hidden charm sector in more detail. We also analyze the
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Table 4.1: Values for the subtraction constants « in each model for
generating the scalar resonances.

Subtraction || xy-model | Model A | Model B
constant
arg, - -14 -
ap -1.15 -1.48 -1.16
(0522 - -14 -

effect that varying our free parameters has over these states.

For the scalar mesons we used two models, the chiral one of La-
grangian (2.5), extended to SU(4) and with flavor symmetry breaking
described by eq. (2.50), that we call y-model and the phenomenologi-
cal model developed in this work by suppression of heavy vector meson
exchanges described by eq. (2.28). The y-model we used just in the
sector C=1 to compare the results and study their model dependence.
For each one of these models the «y, is fitted separately. Moreover,
for the phenomenological model we follow two prescriptions for the
coupling in front of the Lagrangian (#), in one of them we use for f
two possible values, f, and fp depending on the mesons interacting,
and in another prescription we use only the pion decay constant, f;.
These two prescriptions we call model A and model B, respectively.
Note, however, that model B is used in order to respect constrains
from chiral symmetry, where the interaction of pions with heavy par-
ticles (D-mesons in our case) should be governed by f; only [1], so
this prescription is only important for the interaction of heavy mesons
with light ones (sector C=1) and thus we used this prescription only
in this sector.

The values used for the a parameters in each model and in each
sector are in Tables 4.1 and 4.2.



SU(3) SYMMETRY BREAKING o7

Table 4.2: Values for the subtraction constants « in each model for
generating the axial resonances..

Subtraction || Model A | Model B
constant
g, -0.8 -
ayp, -1.55 -1.15
(0524 -1.34 -

4.2 SU(3) Symmetry Breaking

While we developed explicit SU(4) flavor symmetry breaking in our
models, the SU(3) flavor structure has been maintained and is only
implicitly broken by the different masses of the mesons with different
isospin or strangeness.

It is then possible to restore SU(3) symmetry by setting the masses
of all particles in a same SU(3) multiplet to a common value. For this
purpose we introduce the parameter z, x = 0 is the case when SU(3)
symmetry is restored and x = 1 the case we see in Nature with SU(3)
broken. The meson masses as a function of x are given by:

m(x) = m ~+ x(Mppys. — M) (4.1)

where m is the meson mass in the SU(3) symmetric limit.

All resonances belonging to the same multiplet will have the same
mass once SU(3) is restored, while its breaking removes this degener-
acy in the masses of the different isospin multiplets. So, when written
in the SU(3) basis, the non-diagonal elements of the matrix V' (the
ones which represent mixing between different SU(3) multiplets) can
only be proportional to m2 — m?% or equal to zero.
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As we mentioned in the previous chapters, we can decompose the
interaction according to its SU(3) structure. From this decomposi-
tion we found that in the C=1 sector, for the scalars, the interaction
was attractive in the resulting antitriplet and sextet coming from the
3®8 — 15 @ 3 @ 6, while for the axials, there are two attractive
antitriplets and two sextets, that come from the interaction of the
antitriplet of vector mesons with the octet of pseudoscalars and the
interaction of the antitriplet of pseudoscalars with the octet of vector
mesons. In the C=0 sector, for the scalars there are one attractive
octet and one singlet coming from the interaction of two octets and
one extra singlet coming from the interaction of an antitriplet with a
triplet. This extra singlet is a hidden charm resonance. There is also
an antisymmetric octet, but since here we are dealing with identical
particles (pseudoscalars interacting with pseudoscalars), the interac-
tion vanishes for s-wave. For the axials the situation is richer, we have
also a singlet coming from the interaction of the two octets, but now
there are two attractive octets coming from this sector, and we get
also two heavy hidden charm singlets coming from the interaction of
triplets with antitriplets.

For the scalars, in the C=0 sector, in the SU(3) limit, we generate
one bound state pole (first Riemann sheet and pole below threshold)
for a light singlet at \/Epol€:835 MeV, this pole, when breaking the
SU(3) symmetry, becomes a resonance (moves to the second Riemann
sheet for the 77 channel), it can be found in the position /s, =(681-
144i) MeV and is identified with the o resonance. Apart from this
pole, in the SU(3) limit we can identify a second light state that
appears as a narrow cusp at threshold (in the SU(3) limit the light
threshold is at 900 MeV). This state actually has three degenerate
members, since it is an octet. When breaking the SU(3) symmetry
the degeneracy is removed and three different states appear, for S=0,

[=0 at \/s,,,,=(966-10i) MeV, identified with the fo(980), for S=0,
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[=1 at \/s,,,=(988-33i) MeV, identified with the a((980) and for S=1,
=5 at \/s,,,,=(844-124i) MeV, identified with the x. Thus, here we
reproduce what is well known in the light sector from other works [7,
20, 22, 98]. In Figure 4.1 we show how the states move while breaking
SU(3) through the parameter x in steps of Az=0.2. It is interesting
to note that, although the dynamical terms in the Lagrangians are
SU(3) symmetric, the degenerate states coming from the octet have
very different paths in the complex plane only because of the different
physical masses of their constituents.

Still in the C=0 sector we obtain one more resonance that comes
from the interaction of the heavy triplet with the heavy antitriplet. In
the SU(3) limit this pole appears at /s ,.= (3750-20i) MeV while,

pole
when using physical mases for the mesons the pole appears at \/Epole:
(3723-24i) MeV. There are no experimental claims for the observation

of a hidden charm scalar resonance in this energy region, so this state
is a prediction of our model.

For the sector C=1 we did the calculation with two different pre-
scriptions, models A and B, as mentioned before. In model A, in the
SU(3) symmetric limit, the antitriplet appears as a bound state at
\/§p0l6:2254 MeV and splits into two states, a bound state with S=1,
[=0 at /s,,,=2318 MeV, identified with the D;,(2317) and a reso-
nance with S=0, I=5 at \/s,,,,=(2134-1247) MeV identified with the

2 ole™

Dy(2400). The results for the antitriplet in model B are very similar:
in the SU(3) limit it appears as a bound state at /s _, =2247 MeV

pole
which, for mesons with physical masses, splits into a bound state with

S=1, I=0 at \/Epol€:2318 and its companion, a resonance with S=0,

=5 at /s,,,=(2104-108i) MeV. The sextets differ a little in the two
models. In model A the sextet appears at \/s_, =(2724-4147) MeV for

pole™

x=0 and splits into three resonances, one at \/Epole:(2717—431i) MeV

with S=1, I=1, a second one at /s, =(2707-434i) MeV with S=0,
I=5 and the third one at /s, =(2702-405i) MeV with S=-1, I=0. In
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Figure 4.1: Light Scalars. The octet starts from 900 MeV and the
singlet from 835 MeV. Each point is the result of varying x from 0 to
1 in steps of Azx=0.2.
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model B the sextet is a bit lighter and therefore narrower, since it has
less phase-space for decaying, although in both models, A and B, it is
very broad. For model B the sextet is a resonance at /s, =(2600-
283i) MeV in the SU(3) symmetric limit, and it splits into three com-
ponents at \/s,,,,=(2589-300¢) MeV for S=1, I=1, /s, =(2575-2931)
MeV for S=0, I=5 and v/s,,,,=(2579-273i) MeV for S=-1, I=0. We
show in Figure 4.2 the path of the poles while breaking the SU(3)

symmetry for the antitriplet and the sextet in model A.

We show in Tables 4.3 and 4.4 all the pole positions and their
identification. Moreover we show in Table 4.5 the results obtained
with the y-model in order to compare the uncertainties from each
model for the SU(4) flavor symmetry breaking.

The case for the axial resonances is very similar except for the fact
that in the C=1 sector we have two antitriplets and two sextets, out
of which one state in each case appears narrow even in the case of
using physical masses. The reason for the narrow antitriplet and sex-
tet is because, as we show in more detail later when calculating the
residues of the poles, one antitriplet sextet pair is basically composed
by the interaction of light pseudoscalars with heavy vector mesons,
while the other pair is composed by the interaction of a light vector
with a heavy pseudoscalar. Although this second pair is usually heav-
ier than the first one, its couplings to the lighter channels that involve
light pseudoscalars with heavy vector mesons are usually suppressed
and therefore these resonances couple weakly to the open channels for
decaying.

We show in Figures 4.3 and 4.4 the path of the poles while breaking
the SU(3) symmetry for the antitriplets and the sextets in model A.
and in Tables 4.6 and 4.7 all pole positions and their identification for
models A and B.

In the next section we discuss the uncertainties in the results by
taking into account the uncertainties in the parameters and in the
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Figure 4.2: Charmed Scalars. The antitriplet starts from 2254 MeV
and the sextet from (2724-4147) MeV. Each point is the result of vary-
ing « from 0 to 1 in steps of Az=0.2.
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Table 4.3: Pole positions for the scalar resonances in model A. The
column Irrep shows the pole position in the SU(3) limit.

C Irrep S | I(J?) | RE(y/s) | IM(y/s) | Resonance
Mass (MeV) MeV] | [MeV] ID
1 3 1] 0(0%) | 2318 0 | Dx(2317)
2254 0 L0%)| 2134 | -124 | Dy(2400)
G 1 1(0%) | 2717 | 431 @
2724 0| 2(0") | 2707 -434 (?7)
414 1] 00%) | 2702 | -405 (?)
0 1 0 |0(0%) | 681 144 o
835
8 1|07 ] 844 124 K
900 (cusp) | 0 | 1(0%) 988 -33 ag
narrow 0(0™) 966 -10 fo
1
3750 0 | 0(0%) | 3723 24 (?)
-120
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RESULTS

Table 4.4: Pole positions for the scalar resonances in model B, only
used for light-heavy meson pairs. The column Irrep shows the pole
position in the SU(3) limit.

C Irrep S | I(J") | RE(y/s) | IM(y/s) | Resonance
Mass (MeV) MeV] | [MeV] ID
1 3 1| 0(0%) | 2318 0 D7,(2317)
2247 0| 3(0%)| 2104 -108 | D (2400)
6 1| 1(0%) | 2589 -300 (?)
2600 0| 3(07)| 2575 -293 (?7)
-i283 -1 0(0%) | 2579 273 (?)
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Figure 4.3: Charmed axials. The antitriplet starts from 2444 MeV and
the sextet from (2536-189:7) MeV. Each point is the result of varying
x from 0 to 1 in steps of Ax=0.2.
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Figure 4.4: Charmed axials. The antitriplet starts from (2532-0.57)
MeV and the sextet from (2700-0.5¢) MeV. Each point is the result of
varying x from 0 to 1 in steps of Az=0.2.
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Table 4.5: Pole positions for the C=1 sector with the y-model.

C | Trrep | S | I(J?) | RE(y/s) | IM(y/s) | Resonance
[MeV] [MeV] 1D
1] 3 | 1]o0")] 2315 0 | D(2317)
0 [1(07) | 2148 | -107 | Dg(2400)
6 [ 1]107)] 2428 | -248 @
0]2(0") ] Cusp Broad (7)
1 0(07) | 2410 | -194 @)

section that follows we discuss each resonance separately.

4.3 Theoretical Uncertainties

For the scalar resonances in our phenomenological model we have esti-
mated the theoretical uncertainties by allowing the parameters of the
model to vary within the physical allowed range. We do this analysis
only for the heavy mesons.

The true free parameters in our model are the « subtraction con-
stants in the loop functions, all other parameters are meson masses or
meson decay constants which are, in principle, fixed by experiment.

In chiral models, chiral symmetry is tied to the use of the function
iV2¢
U = e 7, which requires the use of just one f, usually f,, in the

different amplitudes. Of course this symmetry is partially broken and
in practice one has different values of f for different mesons. For in-
stance fr and f, are about 20%-30% bigger than fr. On the other
hand, fp = 1.7f; and fp, = 2.24f,. So far we have taken f, for the
light mesons and one value for fp = 1.77f.

In view of this we shall vary these parameters in the calculation in
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Table 4.6: Pole positions for axial resonances in model A. The column
Irrep shows the results in the SU(3) limit. The results in brackets for
the I'm+/s are obtained taking into account the finite width of the p,
w, ¢ and K* mesons.

C Irrep S | I€(JF%) RE(V/s) IM(+/s) | Resonance
Mass (MeV) [MeV] [MeV] ID
1 3 1] o1F) 2459 0 D;1(2460)
2444 0] 1(1%) 2311 -116 | D;(2430)
6 1] 1% 2529 -238 (7)
2536 0| %(17) 2608 (cusp) | Broad ®)
-i189 -1 | 0(1") | 2504 (cusp) | Broad (7)
1] o1F) 2601 -0.1 | D41(2536)
3 [2598] [-0.2]
2532 0] (1) 2532 -0.02 | D;(2420)
-i0.5 [2517] [-13]
6 1] 1% 2760 -33 ™)
-146]
2700 (cusp) || 0 [ (1) 2830 -58 7
[2827] [-80]
Narrow -1 0(1t) 2760 -2 (7)
[2761] [-89]
0 1 010 (17) 915 -16 h1(1170)
1047
8 1] I(1%) 1119 -69 K, (1270)
1175 01t(1F) 1259 -29 by (1235)
0-(177) 1263 -6 h1(1380)
1 0| 0F(1FF) 3866 -0.003 | X(3872)
3909
8 1] Iaf) 1225 -4 K, (1270)
1175 01 (1) 1017 -90 a1 (1260)
0T (1FF) 1296 0 f1(1285)
1 00 (1F) 3875 -25 (7)
3912
-i17
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Table 4.7: Pole positions for model B, only used for heavy-light pairs
of mesons. The column Irrep shows the results in the SU(3) limit.
The results in brackets for the I'm,/s are obtained taking into account
the finite width of the p, w, ¢ and K* mesons.

C Irrep S | I9(JPY) | RE(y/s) |IM(y/s) | Resonance
Mass (MeV) [MeV] [MeV] ID
1 3 1| 0(17) 2459 0 D1 (2460)
2437 0 (%) 9219 101 | D, (2430)
6 T 1(17) 9504 ) @
2500 (cusp) | 0 | 2(11) 2599 41 (7
Narrow -1 | 0(1%) | 2540 (cusp) | Narrow (7)
1] o1%) 2638 -0.2 | D.(2536)
3 [2634] -0.7]
2555 0| I(17) 9516 001 | D,(2420)
0.7 (2529 -19]
6 I 119 2733 2 @)
[2740] -67]
2690 0 (1) 2798 17 @)
2795] [-53]
i3 1 o) 2744 3 @)
2739] -20]
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order to estimate the uncertainties of the results.

Other parameters used in the model are m; and mpy which appear
in the correction factors v and 1. These parameters should be fixed
by the masses of the vector mesons, the lowest possible value for the
light vectors being the p mass (775 MeV) and the highest one the K*
mass (894 MeV), while for the heavy ones we have mp« = 2008.5 MeV
and mp: = 2112 MeV, but varying these parameters, in these ranges
has negligible effect over the results.

To study the theoretical errors in our model and the stability of
our results we will create random sets of values for the parameters
fp, fr and ag in the proper physical allowed range. For each set of
parameters we look for the poles generated and calculate their residues
in the different channels. Some sets, in particular sectors, may not
generate poles in the appropriate Riemann sheet, producing instead
cusps close to some threshold, this will give us information about the
stability of the results.

We take a range for fp given by the average value between the
magnitude of this quantity for the different mesons, plus minus the
dispersion from the average, hence fp € [146,218] MeV and for f,
values between 85 MeV and 115 MeV. For the values of the subtraction
constants, o we follow here the prescription from [99] where a natural
range for this parameter is presented, and we use this range. This
range is actually very small, less than 1% change in the absolute value
of a. The idea in [99] is to chose a scale p and set the loop functions
of all channels in this energy scale to zero. Since the imaginary part
of a loop is different from zero if we are above the threshold, this
scale should be smaller than the smallest threshold. In this paper it is
shown that if a pole appears for values of o around this natural value
the pole generated corresponds to a truly dynamically generated state.
If, instead, on has a value of a very different from the natural value
one can show that this extra strength in the subtraction constant is
equivalent to adding to the amplitude a genuine qq pole, and therefore
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the generated state would not be dominantly a dynamical state.

In the case of the resonance at C=1, S=1 we have slightly changed
this prescription in order to get better agreement with the data. Fol-
lowing the prescription in [99] we get the resonance with the mass
shifted about 50 MeV from its experimental value. So for this case
instead of using a different value of «y, in each channel (that results
from the prescription in [99]) we have used one single value of a;=
-1.58, which is the approximate value obtained with the prescription
in [99] for the DK channel, in all channels. And we have used for it an
uncertainty of 3 x 1072. Also in the case of the heavy hidden charm
resonance we have slightly changed the prescription in order to get
the pole very close to threshold. There is no known resonance with
this quantum numbers but, as we will see in chapter 5, a pole close to
threshold describes well the data for the DD mass distribution in the
reaction ete™ — J/1DD. In this case we have used o y=-1.340.15.

For each sector we generated random sets of parameters within the
ranges discussed above until there were 120 poles generated for each
resonance. Then we proceeded to calculate the average pole position
and the average residues in each channel, for these 120 sets where
a pole was generated, and we also calculated the standard deviation
from the average with:

N (X - X;)?
0_2 — zl](v_l ) (42)

In equation (4.2), X is the mean value of the resonance magnitude
we are calculating (pole position or residue), X; is the value of this
magnitude for parameter set ¢ and N is the number of sets used for the
average. This statistical study was done for the five C=1 resonances
and for the hidden charm one, since the study of these resonances is
one of the main purposes of interest in this work. The uncertainties in
the axial sector should be of the same order of magnitude. We show
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Table 4.8: Data from [27]

RESULTS

Resonance ID [ C [ S| I | Mass (MeV) | T (MeV)

fo 0]0]0] 930+£10 40-100
o 0[0|0| 400-1200 | 600-1000
ao 001 9847£12 50-100
K 0 1[I 67240 55034
D7(2317) | 1|1]0| 2317.8£0.6 <38
D;(2400) | 1[0 | L [ 2403£14£35 | 283+24+34
2352450 261450

in Table 4.8 the experimental situation in the scalar sector from the
PDG [27] and in Table 4.9 the pole positions with uncertainties from
our model.

We should remark that in the C=1, S=1, I=0 sector there were 20
sets of parameters, out of 120, where there was no pole generated in
the appropriate Riemann sheet, instead we had a pronounced cusp at
the DK threshold. For the hidden charm scalar state this happened
in half of the sets generated and in all other sectors the poles were
stable for all sets generated.

In the next section we comment the results for the scalar resonances
in each sector separately and show the residues with uncertainties for
the resonances of Table 4.9, and in the section that follows we do the
same for the axial resonances.
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Table 4.9: Pole positions with uncertainties.

C | Trrep | S | I(JP) | RE(y/s) | IM(y/s) | Resonance
MeV] | [MeV] ID
1] 3 | 1]o00%) 2322424 0 | Dry(2317)
0 [ 1(07) | 2003243 | 110436 | D;(2400)
6 [ 1 [1(07) | 276636 | 492459 | (7)
0 | 2(07) | 2752437 | -496+61 )
T10(07) | 2751439 | 461465 | (7)
0 1 | 000" |3718£10 | 226 B

4.4 The Scalar Resonances

4.4.1 C=0, S=0, I=0

The model successfully generates poles which can be associated with
the known light scalar resonances. In this sector, in the low energy
region, two poles can be found in the T-matrix, one corresponding
to the fy, but with a lower mass than one expects and another one
for the o. It is actually possible to adjust the mass of the fy pole in
our model by increasing the aj parameter, but by doing that the ag
pole in the S = 0, I = 1 sector moves beyond the threshold at 992
MeV and becomes a virtual state, and moreover the width of a more
massive fp decreases in our approach. One would expect that the
width of a more massive fj increases, since more phase-space becomes
available, but one has to take into account the fact that, the closer a
pole is to a threshold, the smaller the couplings are. This is a conse-
quence of Quantum Mechanics and is a well known feature related to
the compositness condition [100, 101, 102, 103]. We will provide an
alternative and intuitive demonstration of this feature based on our
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model in Section 5.2.

Another pole is expected in this sector from the interaction of
the heavy triplet with the antitriplet, and it appears around 3.7 GeV.
One should notice that the width found for this new heavy resonance is
small if compared with the huge phase-space avaible to decay into light
hadrons. This happens because the couplings to the light channels (see
Table 4.12) are very suppressed by the dynamics of the interaction.

Close to the pole position the T-matrix can be expanded as:

9:9;

Ty =29
S — Spole

(4.3)
where s, is the pole position and g, is the coupling of the resonance
to channel k. Therefore, calculating the residues of the pole to the
different channels it is possible to extract the values for the couplings
of the resonance to each channel. We show in Tables 4.10, 4.11 and
4.12 the couplings of the resonances to the channels in model A.

Figure 4.5 shows the absolute value of the square of the T-matrix
for this sector, as an illustration. One can clearly see in this figure the
poles of the o and f, resonances.

The relatively large coupling of these light resonances to the heavy
mesons, particulary to DD, is irrelevant since this channel is so far
away of the o or fy region that has no repercursion in any observable
of these resonances.

4.4.2 C=0, S=0, I=1

In this sector the model successfully generates the ay resonance. Both
the mass and the width found for it in the model agree very well
with experimental values. Note, however that this sector was actually
used to fit ay, but fitting just this one parameter, both the width
and the mass for the ay are in good agreement with experiment. As
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Figure 4.5: TT" for wm-channel in C=0, S=0, I=0 sector. One can see
in this figure the poles for the o and f, resonances.
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Table 4.10: Residues for the pole at (641-144i) MeV in the C=0, S=0,

[=0 sector
Channel | Model A
g; [MeV]
T 2098-23051
KK -53-6351
nn 732-671
nn’ 283+18i
n'n 7424331
DD -4584+4-448i
D,D, -556+421i1
NN 1766-33i
nen’ 1563-295i
NeNe 1163-178i

mentioned if we used the pole position of the fy resonance to adjust the
parameter «;, we would lose the ag pole in the second Riemann sheet
and it would have become a virtual state. This relative instability
of the ay resonance with respect to the parameters of the theory is
not new, it also occurs when using the inverse amplitude method for
unitarization and the potential of the lowest order chiral Lagrangian
where the ag appears as a cusp and not a pole. The pole is, however,
regained when the information of the second order Lagrangian is used
as input in the potential [22].

Table 4.13 shows its couplings! to the different channels.

'because of the identical particles, the w7 channel in I = 1 just contributes to
odd parity partial waves (indeed, the amplitude has a p-wave structure ¢t — u).
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Table 4.11: Residues for the pole at (966-10i) MeV in the C=0, S=0,

[=0 sector
Channel | Model A
g; [MeV]
T 218-10061
KK -2327-1611i
m 2132-81
nn’ -784-32i
n'n 815-74i
DD 138846101
D,D, | 3731+137i
nen | 1187-2151
nef | -2051-229i
NeNe -1003-165i

4.4.3 C=0, S=1, I=;

The pole generated here should be identified with the x resonance.
This resonance, however, is a very broad one and although there is
debate on the existence of this state, there are many experiments to
support it [104, 105, 106, 107]. In Table 4.14 we show the residues
of the pole at (844-124i) MeV to the channels with the appropriate
quantum numbers.

4.4.4 C=1, S=1, 1=0

The D4y(2317) is reproduced in this work as a mixed bound state
of DK, Dyn and D,n'. Experimentally the observed decay channel
for this resonance is D,m which is, in principle, not allowed in our
approach since it is an isospin violating process, and we are not con-
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Table 4.12: Residues for the pole at (3723-24i) MeV in the C=0, S=0,

I=0 sector

Channel | Model A with errors
g; [MeV] g; [MeV]

g -9-168i1 (-12+10)+i(-180+14)
KK -5-48i (-5b£3)+i(-49+2)

nn 111943081 (1078+130)+i(267+52)
n' 1893+455i1 (18054220)+i(401474)
n'n 1389-401i | (1222+210)+i(-376+161)
DD 8610+28761 | (87394+959)+i(2607+364)
D,D, 6021-7681 | (59044650)+i(-813+541)
Nen 57247671 (603+£99)+i(686+£148)
nen’ 584+131 (561+58)+i(9435)
NeTe 2137+61i (2080+65)+i(56+131)

Table 4.13: Residues for the pole at (988-33i) MeV in the C=0, S=0,

I=1 sector
Channel | Model A
g; [MeV]
v 0
KK -2612-319i
™ 1701-384i
v -491-1i
DD -3058-563i
NeTw -1398-2671
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Table 4.14: Residues for the pole at (844-124i) MeV in the C=0, S=1,
I:% sector

Channel | Model A

g; [MeV]

TK 2098-1646i1
nkK 1132-595i1
D.,D -3220+-4551
e 1660-2021
nK -292+4-322i

sidering isospin violation until now. However if one considers isospin
violation by solving the Bethe-Salpeter equation for charge eigenstates
instead of isospin ones and considering the real masses of the mesons,
including the differences between different I3 components, one gets a
very narrow width of less than 1 keV for this resonance. Another pos-
sible source of contribution is to consider n — 7° mixing by means of
which in [54, 103, 108] one gets a width of the order of a few keV. The
width of this resonance is given as an upper bound of about 4 MeV in
27].

The couplings of this pole to the channels are shown in Table 4.15
for the models considered in this work. Note that models A and B
differ very little from each other.

4.4.5 C=1, S=0, I=;

Two poles are found here, one is the antitriplet companion of the
D4(2317), also experimentally known and to be identified as the
Dy(2400). Although the antitriplet pole generated by the model in
this sector has a width in agreement with the experimental value, the
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Table 4.15: Residues for the pole at 2318 MeV in the C=1, S=1, I=0
sector.

Channel | Model A | Model B | x-Model | with errors
g; [MeV] | g; [MeV] | |gi] [GeV] | g; [MeV]

DK -7215 -7506 10.2 67711898

Dyn 2945 2996 6.4 -27744306
D,n/ -4103 -4137 - 3870+£595
Dyn. -2053 -1244 0.5 21024241

model fails in predicting its mass by around 150 MeV, which might
not be too serious considering that the experimental width is around
300 MeV.

Additionally another state is generated, belonging to a sextet. Here
the different models give different results. In the y-model this reso-
nance has a smaller mass and width, but disappears as = reaches 1
because of thresholds effects, it becomes a virtual state and can be
seen as a cusp around 2410 MeV. In models A and B a pole is gen-
erated, but in slightly different positions, in model A it is around 100
MeV heavier and has a broader width accordingly.

Residues for the these two resonances are in Tables 4.16 and 4.17.

4.4.6 C=1, S=1, I=1 and C=1, S=-1, I=0

The other two states belonging to the sextet are to be found in these
sectors. However they differ in mass and width from one model to
the other. While with the x-model these poles have mass around 2430
MeV and width about 0.5 GeV, within model B their mass is 150 MeV
larger and the widths are a little bigger, but similar, while in model
A the mass of these states are around 2700 MeV and the widths close
to 1 GeV, which would make these states completely irrelevant from
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Table 4.16: Residues for the pole at (2134-124i) MeV in model A,
(2104-1081) in model B and (2148-107i) in x-model, in the C=1, S=0,

I:% sector
Channel | Model A Model B x-Model with errors
gi [MeV] g: [MeV] | |gi| [GeV] gi [MeV]
Dr 6268-35051 | H873-3638i 8.9 (6549+90)+i(-3551+£290)
Dn 3614-7751 | 4182-7101 1.4 (37714+226)+i(-1126£171)
Dn/ 3070-6741 | 3202-734i - (33444241)+i(-961+£202)
D,K 4963-2528i | 4698-2505i 5.7 (5323+43)+i(-2665+176)
Dn. 2836-7971 | 1791-494i 3.2 (5555+667)+i1(-1874+338)

Table 4.17: Residues for the pole at (2707-434i) MeV in model A and
(2575-2931) in model B, in the C=1, S=0, I:% sector

Channel Model A Model B with errors
gi [MeV] g; [MeV] gi [MeV]
D -2370+4939i | -2029+-4481i | (-2276+£100)+i(5490+£218)
Dn 3020-4312i 3012-3618i | (3057483)+i(-4419+303)
Dn/ -115+1491i 108+12771 (-1224£33)+i(1584+101)
DK 2574-3388i1 2680-27551 | (2583459)4i(-3340+268)
Dn. 540-108i 380-401 (1048+126)+i(-74+67)
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Table 4.18: Residues for the pole at (2717-431i) MeV in model A and
(2589-300i) in model B, in the C=1, S=1, I=1 sector

Channel |  Model A Model B with errors
g; [MeV] gi [MeV] g; [MeV]
Dgm 3180-5332i | 2983-4731i | (3155488)+i(-56574295)
DK -3198+4990i | -3089+42671 | (-3187+89)+i(5265+316)

Table 4.19: Residues for the pole at (2702-4051) MeV in model A and
(2579-2731) in model B, in the C=1, S=-1, I=0 sector
Channel | Model A Model B with errors
g; [MeV] g; [MeV] g; [MeV]
DK | 4613-7074i | 4481-6066i | (4633+£144)+i(7454+499)

the experimental point of view. It is interesting to note, however, that
these are truly exotic states, since their quantum numbers cannot be
reached in the ¢g picture. In a previous work [52] these states appear
as narrow resonances, though in [109, 110], using a similar approach
but with higher order chiral Lagrangians, these states become broader.

In Tables 4.18 and 4.19 we show the residues of these two states in
models A and B.

4.5 The Axial Resonances

4.5.1 C=1,8=1,I=1

In contrast with the scalar resonances where the sextet state becomes
very broad, the axial sextets are narrower, hence easier to be detected
experimentally. One should note also that these states are truly ex-
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Table 4.20: Residues for the pole at (2760-33i) MeV in model A and
(2739-2i) in model B, in the C=1, S=1, I=1 sector

Channel | Model A Model B

g; [MeV] g; [MeV]

Dirm 558416931 | 76+642i
pDy 6482-8891 | 3879+3461

D*K 566417451 | 1746011
K*D T782+6721 | 420443261

Table 4.21: Residues for the pole at (2529-2381) MeV in model A, in

the C=1, S=1, I=1 sector

Channel | Model A
g; [MeV]
Dim 4609-45251
pD, 1097-1080i
D*K | 4414-3755i1
K*D 980-954i

otics since quark models cannot generate qq pairs with such quantum
numbers. We found two poles in this sector at positions (2529-238i)
MeV and (2760-331) MeV, for model A. In model B the heavier pole is
narrower, but has similar mass, while the other pole becomes a cusp.

Tables 4.20 and 4.21 show the results of g; for the poles in this
sector.

The large coupling of the lighter state to D} and KD*, or the
heavier one to Dsp and DK* make these states qualify as roughly
quasi-bound states of these channels respectively. Note that they sep-
arate two basic configurations: heavy vector-light pseudoscalar and
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heavy pseudoscalar-light vector.

When taking into account the finite p and K* widths the resonance
at (2760-331) MeV becomes broader, since it is very close to the K*D
threshold, and once the K* acquires a width, this resonance is allowed
to decay through it. The position of this pole when considering the
vector meson width is (2761-1451) MeV in model A and (2740-671) in
model B.

4.5.2 C=1,8=1,I=0

The two poles found in this sector have the proper quantum numbers
to be identified with the two D, resonances. The first pole appears
as an exact bound state at 2459 MeV and we identified it with the
D¢1(2460) state. Experimentally the main hadronic decay channel for
this resonance is D7 which is an isospin violating decay and therefore
not taken into account by our model. Other decays for this resonance
are three body decays or electromagnetic ones, which are also not
included in our framework.

The other pole, in model A appears at (2601-0.2i) MeV and couples
mainly to the DK™ and D,w channels. The only open channel for it
to decay is the K D* channel but, because of the dynamics of the
interaction, this resonance barely couples to it. This explains the
small width of this resonance in the model, 220 KeV, despite the 70
MeV phase-space available for it to decay. We identify this pole with
the Dg;(2536) which is also observed in the decay channel K D* with
a small width (I' < 2.3 MeV [27]).

Tables 4.22 and 4.23 show the values of the couplings g; for each
channel for the two poles in this sector.

Once more we see that the lighter state couples strongly to K D*
and 1D} while the second one couples strongly to DK™ and D,w.
Hence the decoupling into two families of heavy vector-light pseu-
doscalar and light vector-heavy pseudoscalar shows up in this sector
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Table 4.22: Residues for the pole at 2459 MeV in the C=1, S=1, I=0
sector

Channel | Model A | Model B
g; [MeV] | g; [MeV]
K*D -490 -263
D*K 6871 7439
Din -4072 -4917
Dy 1366 1656
wDy -756 -828
oD, 6 8
Din. 9 30
J/Dg -308 -326

too.

The widths of the light vector mesons have no significant effects
over the resonances generated in this sector, because the mass of the
resonances are far away from the threshold of the DK™ channel.

4.5.3 C=1,5=0,I=;

Here the companions of the two antitriplets and the two sextets should
be found. Note that when we refer to the SU(3) multiplet we are talk-
ing about the case when one has SU(3) symmetry. This correspond
to = = 0 in the pole trajectories. At x = 1, since SU(3) symmetry is
broken, the physical states mix the SU(3) multiplets. Yet, the study
of the trajectories allows us to trace back any pole to its origin in
the SU(3) symmetric case, and we have used this information for the
classification of states in Tables 4.6 and 4.7.

The antitriplet companion of the pole for the D;(2460) is the pole
located at (2311-1161) MeV that we identify with the D;(2430) because
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Table 4.23: Residues for the pole at (2601-0.2i) MeV in model A and
(2638-0.21) in model B in the C=1, S=1, I=0 sector
Channel | Model A | Model B
g; [MeV] | g; [MeV]
K*D | 982851 | 10095-4i
D*K | 27442401 | 19342251
Din 74-118i 131-971
Din/ 618+411i | 5834341
wDy 3574-14i | 4133-9i
oD -5012-101 | -5779-11i
Dn. -71-0.31 | -127-0.31
J/D, | -3-2i 7:0.31

of its naturally large width, since it is strongly coupled to the wD*
channel into which it is free to decay. On the other hand the pole at
(2532-0.02i) MeV, companion of the one identified with the Dy, (2536),
has its coupling to the 7 D* channel strongly suppressed and therefore
has a very narrow width. Because of this unnatural narrow width we
are tempted to identify it with the D;(2420) although the mass of our
dynamically generated state is around 100 MeV off the experimental
value for this state. Moreover, when considering the finite widths of
the vector mesons, this pole gets a larger width, its imaginary part goes
to —13 MeV, implying a width of about 26 MeV, in fair agreement
with experiment.

As for the sextets, in model A one of the poles becomes a broad
cusp at the K D7 threshold as one gradually breaks SU(3) symmetry
through the parameter x, and the other pole emerges from a cusp into
a pole at (2830-58i) MeV. The channel to which it is most strongly
coupled is closed, the D,K*, but it also has sensitive couplings to all
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Table 4.24: Residues for the pole at (2311-1161) MeV in model A and
(2249-101i) in model B in the C=1, S=0, I=3 sector

Channel Model A Model B
g; [MeV] g; [MeV]
D*r -6020+3505i | -5761+3897i1
pD 573-2541 579-219i
DK 2966-21941 2615-22551
K*D, 26-461 9+6i
D*n 61-4521 -218-601
D*y/ -43+146i -17-121
wD -820+200i | -1004+290i
oD -51+106i 354231
D*n. 28+15i 116+31i
J/D -773-1201 -1098-88i

channels into which it is allowed to decay. The consideration of the
finite width of the vector mesons increases the width of this resonance,
the pole goes to the position (2827-81i) MeV. In model B the pole
that becomes a cusp (virtual state, in model A has a lighter mass and
appears in the second Riemann sheet at (2599-41i), the other pole has
a similar mass and width to the one in model A.

The couplings of the poles in this sector to the channels are given
in Tables 4.24, 4.25, 4.26, and 4.27.

As in the former cases, the states are clearly separated into the
heavy vector-light pseudoscalar and light vector-heavy pseudoscalar
sectors.
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Table 4.25: Residues for the pole at (2532-0.02i) MeV in model A and
(2547-0.01i) in model B in the C=1, S=0, I=% sector
Channel | Model A | Model B
g; [MeV] | g; [MeV]
D*m -344-791 | -27+67i
pD -8656-81 | 9358-161
DK 563-621 | -1205-611
K*Dy -5401-61 | 5250-111
Drn 662-251 | -1143-261
D*n/ 413491 | -248+101
wD -684+61 | 162451
oD 836+61 -40+-61
D*n. 7-3i 22-0.11
J/pD | -19+42i | 29+2i
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Table 4.26: Residues for the pole at (2599-41i) MeV in model B in the

C=1, S=0, I:% sector

Channel Model B

g; [MeV]

D*rm 133-2450i1
pD 1067413811
DK 7527+1154i
K*D, 2162+442i
D*n 4852-14911
D*nf -1829+454i

wD 121-437i
oD -1131+316i

D*n. 29-11
J/pD -86-59i
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Table 4.27: Residues for the pole at (2830-58i) MeV in model A and
(2798-47i) in model B in the C=1, S=0, I=% sector

Channel Model A Model B
g; [MeV] g; [MeV]
D*rm 24449351 7246071
pD -1850+2008i | -1045+1618i
DK 205411771 189+724i
K*D, 6866+20121 | 8340-+16951
D*n 50+1103i -974+674
D*nf -402-7111 -581-585i1
wD 3670-1631 3782-689i
oD -50754+1301 | -52874846i
D*n. 206+144i 29641351
J/YD 7+16i 21+13i
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Table 4.28: Residues for the pole at (2760-2i) MeV in model A and
(2744-31) in model B in the C=1, S=-1, I=0 sector
Channel | Model A Model B
g; [MeV] g; [MeV]
D**K~ | -10+705i -24-7271
K*= Dt | 273747791 | 4725-202i
D*K? 10-7051 2447271
KDY | -2737-779i | -4725+202i

4.5.4 C=1,8=-1,I=0

The two remaining exotic members of the sextet should be found in
this sector. In both approaches one of them becomes a broad cusp
at the K D* threshold when x = 1 while the other one is a narrow
resonance with pole position around (2750-i2) MeV. The couplings of
this pole are given in Table 4.28.

When taking into account the width of the vector mesons, this
resonance gets a much bigger width, of the order of 180 MeV. In this
case, and in all other sectors, when the effect of the finite width of the
vector mesons were taken into account, the only significant effect one
could observe was over the width of the resonance. The effect over the
mass of the resonances was of at most of the same order of magnitude
than the uncertainty, and the same is true for the couplings.

4.5.5 C=0,S=1,I=;

The light states studied in this and in the following subsections were
already investigated in other works [23, 24]. We corraborate the basic
findings of these works.

Two poles are found here coming from the two octets in the scat-
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Table 4.29: Residues for the pole at (1225-4i) MeV in model A in the
C=0, S=1, I:% sector
Channel | Model A

g; [MeV]
K*m 226-7241
pK | 366112201
K*n 2305-661
K7 | 653122
wK -684+2741
oK 737-294i
DD | -133168i
D*Dy 349421
JOK | -1l
K1, 15-31

tering of the low lying pseudoscalars with the light vector mesons. In
principle one could be tempted to assign these two poles to the two
axial kaons from PDG [27], but the mass of one of these, the K7;(1400)
is about 200-300 MeV off the pole positions we found and its width is
much smaller than that. With this in mind we followed the interpreta-
tion of Roca [24] that the K;(1270) should have a two pole structure.
The couplings of the two poles to the different channels are in Tables
4.29 and 4.30.

This sector is explained in more detail in [24]. The novelty here
is that, in spite of including now the heavy channels, the results are
basically unaltered compared to those of [24] where only the light
sector was used. This indicates a very weak mixing of the heavy and
light sectors.

Concerning the two K states it is also opportune to mention that



THE AXIAL RESONANCES 93

Table 4.30: Residues for the pole at (1119-69i) MeV in model A in the
C=0, S=1, I:% sector

Channel | Model A
g; [MeV]
K*r 2983-1545i
pK -1069+838i
K*n 1541011
K*n/ -21-251
wK -1337+477i
oK 1141-6501
D:D -573+12i
D*D, -37+371
J/ YK 65+0.31
K*n, 25-31
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in [111] some experimental information was reanalyzed giving strong
support to the existence of these two states.

When taking into account the vector meson’s widths, the pole at
(1225-4i) MeV acquires a bigger width, it moves to the position (1220-
31i) MeV, and no important effect is seen in the other state.

4.5.6 C=0,S=0,I=1

In this sector there are also two poles coming from the two octets but,
since this is the non-strange sector, these two states have defined G-
parity and therefore cannot mix. In appendix C we define G-parity
and show the states that mix in order to form definite G-parity states.

The pole with positive G-parity we associate with the b;(1235)
resonance. The small discrepancy between the experimental width
and the value found from our theoretical model is explained since,
experimentally, some decay channels of this resonance are three or
four body decays while our model takes into account only two body
hadronic decays.

The negative G-parity pole should be identified with the a;(1260)
but here the model gives a worse description of the resonance, the mass
of the pole is smaller than expected although the huge width of the
resonance makes this a minor problem. Also the width found within
the model is very large, of the order of magnitude of the experimental
one which is estimated with large errors. Again one should note that
an important fraction of the width of this resonance could be due to
many body decays not included in the present model.

The couplings of the resonances to the channels are given in Tables
4.31 and 4.32 and they are very similar to those found in [24].

The consideration of the vector meson widths moves the pole to
the position (1253-331) MeV, so no important effect is observed in this
case, since the pole is far away from thresholds involving the p or the
K* vector mesons.
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Table 4.31: Residues for the pole at (1017-90i) MeV in model A in the
C=0, S=0, I=1 sector and negative G-parity.

Channel Model A
g; [MeV]
K*K —c.c. | 1330-1094i
P -26884-17061
D*D — c.c. 669-53i1

Table 4.32: Residues for the pole at (1259-291) MeV in model A in the
C=0, S=0, I=1 sector and positive G-parity.

Channel

Model A
g; [MeV]

oy

-1521+2851

on

2065-3471

/

P

-628+1091

K*K + c.c.

4375-131

wT

1340-222i1

D*D + c.c.

-349-551

Pllc

22+4i

J/m

36+T71
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4.5.7 C=0,8=0,I=0

Five poles are found in this sector. Three have negative charge conju-
gation parity and two of them positive C-parity. In the light sector the
positive C-parity pole is associated with the f;(1285), it appears in our
model as a truly bound state, as it should, since none of its observed
decay channels is a pseudoscalar vector meson one, the possible decay
channels within the model. The results obtained here and in the other
two sectors for the light axial resonances are very similar to those ob-
tained in [24], showing that the inclusion of the heavy mesons does
not disturb the results for the spectrum in the light sector.

The heavy singlet with positive C-parity obtained at 3866 MeV is a
good candidate to be associated with the controversial state X (3872),
the fact that the mass is only 8 MeV lower than the experimental value
is not important since, as we discuss in a coming chapter, it is a matter
of tuning the subtraction constant in order to get the resonance in
the proper position. This state is interpreted as being mainly a mixed
molecule of DD*+c.c. and D,D? —c.c., its only possible decay channel
within the model being the K K* + c.c. which is highly suppressed. In
Tables 4.33 and 4.34 the couplings of the two poles are presented. We
can see there the strong decoupling of the heavy and light sectors.

The low lying negative C-parity resonances can be associated with
the two hy resonances. The singlet at (915-161) MeV we identify with
the hy(1170) and, since we get it with a lower mass, our width is much
smaller than the experimental one, because our state has less phase-
space available for decay. With the octet pole at (1263-6i) MeV the
same thing happens, and we associate it with the h;(1380) despite the
smaller mass and width compared with experimental values. Apart
from these light poles we also find a heavy pole with negative C-
parity. Its position is (3875-25i) and the fact that it is a negative
C-parity state and that it has a considerable width, around 50 MeV,
makes its assignation as the X(3872) not possible. This state is a
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Table 4.33: Residues for the pole at 1296 MeV in model A in the C=0,
S=0, I=0 sector and positive C-parity.

Channel Model A
g; [MeV]
K*K + c.c. 5067
D*D + c.c. 4
DD, — c.c. 500

Table 4.34: Residues for the pole at (3866-0.003i) MeV in model A in
the C=0, S=0, [=0 sector and positive C-parity.

Channel Model A
g; [MeV]
K*K + c.c. 5-17i
D*D + c.c. 7274-11
D:Ds — c.c. | 485740.3i

prediction of our model. We will talk about this state and the X (3872)
in more detail in Chapter 5. We show in Tables 4.35, 4.36 and 4.37
the couplings of these states to the possible channels.

The only pole which is sizable affected by the convolution of the
loop function with the vector meson widths is the one at (915-16i)
MeV. Taking into account the effects of the intermediate vector meson
widths in the loops moves this pole to the position (936-36i), but with
a negligible effect over the couplings.
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Table 4.35: Residues for the pole at (915-16i) MeV in model A in the
C=0, S=0, I=0 sector and negative C-parity.

Channel

Model A

on

45-231

/

wn

-41+151

on'

-100+40i

pT

2484-1252i

D*D — c.c.

1816-8281

WTje

111-521

Ne

143-621

J/{n

30-191

J /b’

409-1711

wn

-T7+451

DD, + c.c.

1906-8031

K*K — c.c.

-731+433i

J/ne

-975+2501
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Table 4.36: Residues for the pole at (1263-6i) MeV in model A in the
C=0, S=0, I=0 sector and negative C-parity.

Channel Model A
g; [MeV]
on 2194-52i
wn’ 657-31
on' -539+4-29i
pT -393+4-6461
D*D — c.c. | -3027-4251
w1, -189-271
Pne -197-24i
J/n -79-151
J/ -451-60i
wn -1974+361
D:Dg + c.c. | -2556-307i
K*K — c.c. | -4149-79i
J/n. 77041041
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Table 4.37: Residues for the pole at (3875-251) MeV in model A in the
C=0, S=0, I=0 sector and negative C-parity.

Channel

Model A

on

-589-361

/

wn

-1013-24i1

on'

366-+34i

pT

44161

D*D — c.c.

8312+3624i1

WTje

13104241

Ne

-154-20i

J/{n

11174291

J /b’

592-31

wmn

-990-191

DD, + c.c.

6210-14101

K*K — c.c.

-1-71

J/ne

-856+11
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4.6 Comparison With Other Works

The light scalar resonances reproduced in this work have been thor-
oughly investigated in more sophisticated approaches and with higher
orders of the chiral Lagrangian [20, 22, 24, 34, 35, 36]. In our study
of the hidden charm states we have now used coupled channels in-
volving light and heavy pseudoscalar mesons and we find that the low
energy spectrum is not disturbed by the heavy channels and the heavy
resonances generated have small couplings to the light sector.

The open charm sector has been studied in [51, 52, 53, 54] in a
very similar framework but with different Lagrangians from ours; both
have used the same Lagrangian, and very similar parameters. The
Lagrangian in these works is based in chiral symmetry plus heavy
quark symmetry and therefore neglects the exchange of heavy vector
mesons, while the present work includes it although suppressed in a
proper way. In [52] higher order chiral Lagrangians are used in this
sector. The most important term of the Lagrangian in eq. (2.28)
for the interaction of the heavy mesons with the light ones can be
identified with the lowest order chiral Lagrangian used in [51] and
[53, 54] except that in the present work this term of the Lagrangian is
a factor % smaller. The origin of the factor % can be easily visualized
in the hidden gauge approach. The interaction of pseudoscalar mesons
comes from eq. (2.5) and from the square of I'* in eq. (2.32), in both
cases one gets contact Lagrangians. The square of I'* leads to the
same Lagrangian as eq. (2.5) but with a coefficient —# instead of #
However this is not all because the explicit consideration of two V,I'*
terms from eq. (2.32) accounting for V' — PP, with an intermediate

V' propagator, leads to a cancellation of the I',I'* term in the limit of
77(’11_22 — 0 in the intermediate propagator [112]. Incidentally, keeping

Vv
77(’11_22 induces the most important terms of the second order Lagrangian

\4
of [4] tied to vector meson exchange. The approach of [51, 52, 53, 54]
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is implicitly using the vector exchange terms in the t-channel, and
hence using a Lagrangian equivalent to eq. (2.5) but with a factor
# rather than #, the one which we use in the SU(3) and also
SU(4) formalisms. Another difference between this present work and
previous ones is the meson decay constant, f. In previous works it
was always set to the pion decay constant, while in the present one,
inspired by experimental measurements and lattice calculations [113]
we use a different value for the decay constant of the charmed mesons

in model A, but we used also in model B only the f.

In the S=1, =0 sector the results of all works coincide and the
D(2317) is well reproduced. Its antitriplet companion, the Dy(2400),
is also well reproduced in the S=0, I:% sector. However, in this sector
the present work differs from previous ones: while within our model,
the sextet state is extremely broad, in the works of Kolomeitsev and
Guo [51, 53, 54] a narrow state is predicted in this sector. The x-
model we used seems to give an intermediate situation between our
work and these previous ones, it generates for the sextet states a broad
resonance although not as broad as in model A. The huge width of
these resonances within our model is also a consequence of its much
bigger mass which causes a much bigger phase space for decay into the
open channels. As mentioned, there is also a work [110] where these
states also appear as broad resonances.

Another novelty in the present work is the study of the hidden
charm sector. Here we mixed light with heavy meson pairs and con-
cluded that the heavy and light spectra have little influence in each
other. This result supports the findings for the light resonances, using
only light pseudoscalar and vector mesons as building blocks. On the
other hand we find heavy resonances, the scalar one with mass around
3.7 GeV corresponding mostly to a DD state, an axial one with posi-
tive C-parity which we associated with the X (3872) and another axial
with negative C-parity to which there is no experimental counter part.
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We should also note that with a different formalism using the
Schrodinger equation with one vector-meson exchange potential, DD
states also appear for some choices of a cut off parameter in [55].



104 RESULTS



CHAPTER

LThe Hidden Charm Dynamically Generated
States

As we saw, the interaction of the heavy charmed mesons among them-
selves is attractive and we obtain three hidden charm resonances, one
scalar and two axials with opposite C-parity. Experimentally there
is one well established hidden charm axial resonance with positive C-
parity, the X (3872). The other two resonances our model generates
are predictions that must be confronted with experiment.

In this chapter we want to analyze the experimental data available
in order to scan for possible evidence for the observation of these
predicted states. We also want to analyze the avaible data on the
X (3872) to see whether its known properties are compatible with the
ones of our dynamically generated state.

We first analyze two reactions of Belle [77], producing DD and

105
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DD* states that have an enhancement of the invariant DD, DD* mass
distribution above threshold. In the experimental paper by Belle these
enhancements were claimed as evidence for the existence of new states
above the threshold. We want to study this data from the point of
view that they might be indicative of the existence of a hidden charm
scalar and an axial vector meson state below DD or DD* thresholds,
respectively. For that we reproduce the mass spectra from the dy-
namically generated resonances from our model and compare with the
data.

Next we study the effects of isospin breaking in the dynamical gen-
eration of the X (3872) state, since there is experimental evidence for
large isospin breaking effects in the decays of this resonance. We also
calculate the ratio of the branching fractions of the X (3872) decaying
into J/1 with two and three pions, which has been measured experi-
mentally to be close to unity. Together with the X (3872), of positive
C-parity, we predict the existence of a negative C-parity state, for
which there seems to be no experimental evidence, but we comment
on which decay channel is more promising to observe this state.

5.1 The DD and DD* mass distributions

The reactions ete™ — J/ypD® D™ with different charmed meson
pairs, have been recently observed by the Belle collaboration [77]. We
study here the cases with DD and DD* + c.c. pairs in the final state.
The invariant mass distributions for D pair production in these two
cases presents an important enhancement above the two meson thresh-
old, which have led to the claim of two new resonance states [77].
We should not confuse the peak presented in [77] in the D D* invari-
ant mass, peaking around 3940 MeV (~70 MeV above threshold) with
the enhancement of the DD* mass distribution very close to thresh-
old (around 5 MeV) measured at Belle in the B — KDD* decay
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17T =

Figure 5.1: Feynman diagram for the process ete™ — J/¥DD

[114, 115]. This latter experiment was analyzed in [116] concluding
that this enhancement could be made compatible with the existence
of the X (3872) resonance observed in the B — Kntn~J/¢ decay, if
the X (3872) resonance corresponded to a virtual state. A subsequent
study in [117] realized that the conclusion of [116] could be changed
if the width of the D* mesons was explicitly taken into account, as a
consequence of which a scenario with the X (3872) as a bound state
was preferred. These other experimental data will be analyzed latter
on.

The reaction ete™ — J/¢DD can be described by the diagram in
fig. 5.1, if one assumes that the DD pair comes from a resonance.

Close to threshold the only part of this amplitude which is strongly
energy dependent is the X propagator and all other parts can be
factorized, so that we can write

1
T = O (DD) — M% + il x Mx (5.1)

muv

if we describe the X resonance as a Breit-Wigner type resonance.

The cross section would then be given by an integral over the phase
space of the three particles in the final state:
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1 Me— Met+ d*p 1
Vialete™) B~ Ee+ J (2m)32E;4(p)

g =

&1 SR 1
/ (27 2B (F) / (27) 2B, (W)
X (2m)'0(per +pe- —p—k — K)|T|? (5.2)

Assuming that 7 depends only on the DD invariant mass, one can
evaluate from eq. (5.2) the differential cross section:

do 1 m? —
— = I EITDITI? 5.3

where s is ‘chg> center of mass energy of the electron positron pair
squared and | k| and | 7’| are given by:

M2 (s, My, Miny(DD))

VAR 54
7 N (5.4)
A/2(M2 (DD), Mp, M
|?| — ( zm}(‘ )7_D7 D) (55)
2M;,(DD)

A2(s,m, M) = /(s — (m+M)2)(s — (m— M)?)  (5.6)

Where A'/2(s,m, M) is the usual Killen function.

Since the dynamically generated states from our model are char-
acterized by poles appearing in the unitary T-matrices, the dynamics
of our approach is incorporated in the efe™ — J/¢ DD process by
substituting the Breit-Wigner amplitude of (5.1) by the DD T-matrix
calculated from eq. (3.11). For the reaction ete™ — J/9DD* every-
thing is done analogously using eq. (3.16) for the T-matrix.
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Belle has measured the differential cross section for J/¢ DD, J /1D D*
and J/1D*D* production from electron positron collision at center of
mass energy /s=10.6 GeV [77]. We are going to study the first two
cases, where the hidden charm states generated by our phenomeno-
logical model could be related to. The Belle’s measurement produces
invariant mass distributions for the DD and DD* that range from
threshold up to 5.0 GeV. Our model is, in principle, reliable for ener-
gies within few hundreds of MeV from the thresholds, so we are going
to compare numerically our results with the data up to 4.2 GeV.

The experiment measures counts per bin. In the case of a DD
pair, the bins have 50 MeV width, while for the DD* pair they have
25 MeV. To compare the shape of our theoretical calculation with
the experimental data we integrate our theoretical curve in bins of the
same size as the experiment and normalize our results so that the total
integral of our curve matches the total number of events measured in
the invariant mass range up to 4.2 GeV.

The comparison is made by the standard x? test. The value of x?
divided by the number of degrees of freedom is given by:

X2 1 N (Y;heo - Y;i:tp)2

Tof ~ (N-2)% (A,

(5.7)

where Y is the number of counts in each bin, AY is the experimental
uncertainty in each measurement and NV is the total number of points.
We take N —2 for the number of degrees of freedom since we are using
two free parameters to fit the data. One is the overall normalization
and the other one is the ay parameter. Later on we shall make a fit
with a Breit Wigner form in which case we have three free parameters:
the normalization, the mass and the width, and thus N —2 in eq. (5.7)
will be replaced by N — 3.

As described in previous chapters, in the heavy sector the model to
evaluate the scattering T-matrix has one free parameter, oy which is
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the subtraction constant in the loop for channels with heavy particles
only. In the case of the scalar resonances, since there is no resonance
claimed in this energy region with these quantum numbers, we had
no data to use in order to fit this parameter, but now we are going
to vary this parameter in order to achieve the better fit possible to
the experimental data. Since we are working with the C=0 sector, we
have also channels involving only light mesons. These have negligible
influence in the pole position of the hidden charm poles, as shown in
[118] and in the previous chapter, so we leave oy, constant. The values
chosen for ay correspond to the natural size [88]. In terms of an
equivalent cut off to regularize the loop functions, the value ay = —1.3
corresponds to ¢e: ~850 MeV, for two D mesons in a loop. We have
taken a range of ay roughly around the values ay = —1.3 chosen for
the scalar mesons [118] and for the axial vector mesons we have taken
values slightly below oy = —1.55 which was the value taken in [119],
with these values the X (3872) is better fitted by our model as we show
below..

In table 5.1 we show results, for different values of ay, of the pole
position of the hidden charm resonance in the scalar sector, and the
value of x? calculated with the data from Belle, with combinatorial
background already subtracted, for all points below 4.2 GeV in the
J /DD production. Fig. 5.2 shows plots of our theoretical histograms
compared with experimental data [77]. Note that although we are
plotting all points until 5.0 GeV, only the ones below 4.2 have been
used in the calculation of x? and in the normalization of the theoretical
curves.

The x? values obtained in table 5.1 are around 1, indicating a
good fit to the data in all curves. This is in part due to the large
experimental errors, but the clear message is that the presence of a pole
below the DD threshold or a DD virtual state is enough to reproduce
the observed enhancement of the cross section for this reaction in the
DD invariant mass distribution above threshold. The results of table
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do/dM,, [Counts/bin]

do/dM,, [Counts/bin]

111

Table 5.1: Results of Mx and x? for different values of a.

(033

Mx(MeV)

X

d.o.f

-1.4
-1.3
-1.2
-1.1

3723-24i

3735-161
Cusp
Cusp

1.21
1.13
1.12
1.18

do/dM,, [Counts/bin]

3800

4000 4200 4400 4600 4800 5000

M, (DDbar) [MeV]

inv

do/dM,, [Counts/bin]

3800

4000 4200 4400 4800 5000

M, (DDbar) [MeV]

iny

4600

3800

4000 4200 4400 4600 4800
M, (DDbar) [MeV]

iny

5000

3800

4000 4200 4400

M,;,,,(DDbar) [MeV]

iy

4600 4800 5000

Figure 5.2: Theoretical histograms compared with data from [77] for
DD invariant mass distribution.
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Table 5.2: Results of My and y? for different values of a.

an | Mx(MeV) X

1.40 | 3865  3.36
135 | 3870 4.54
1.30 | 3873 5.96
125 Cusp  5.92

5.1 and inspection of fig. 5.2 show some preference for values of ay=-
1.3, -1.2, the latter case corresponding to the hidden charm scalar as
a virtual state.

For the production of J/¥DD* we use the model for generating
axial resonances. In this case the resonance X in fig. 5.1 should
be identified with the X (3872) generated by our model. Note that
our predicted state with negative C-parity does not fit here, since
this experiment selects a positive C-parity state for the X. Table 5.2
shows results for My and x? for different values of ary. Since the state
X (3872) is known and has a rather precise mass, we have chosen a
smaller range to vary the parameter « in order to get the mass of the
X closer to its experimental value. Fig. 5.3 compares our theoretical
results with the experimental data from Belle [77].

In this case the x? obtained is in all cases bigger than 3, clearly
indicating a poor fit to the data.

The peaks seen in the experiment have been fitted with Breit-
Wigner like resonances in [77], suggesting two new resonances. In order
to make the results obtained here more meaningful, we also perform
such a fit and compare the results. We take the same Breit-Wigner
parameters suggested in the experimental paper. The scalar resonance
with Mx=3878 MeV and I'xy=347 MeV and the axial one with Mx=
3942 MeV and I'x= 37 MeV. We show the results obtained by fitting
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Figure 5.3: Theoretical histograms compared with data from [77] for

DD* invariant mass distribution.
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a Breit-Wigner form from eq. (5.1) in 7 of eq. (5.3) in figs. 5.4 and
5.5. Additionally we calculate x? and find x2/d.o.f=2.10 for the DD
distribution and x2/d.o.f=1.34 for the DD* distribution. The value
of y? for the DD distribution can be improved if we take different pa-
rameters for the Breit-Wigner resonance. Taking for the fit Mx=3750
MeV and I'xy=250 MeV we obtain a value of x?/d.o.f=1.12, the same
order of magnitude than those obtained in our previous analysis as-
suming the mechanism of fig. 5.1 driven by the X (3700) scalar state.
The value of x? for the DD* distribution is undoubtedly better in the
case of a Breit-Wigner fit that in our analysis assuming the X (3872)
resonance as the X in the mechanism of fig. 5.1.

As a consequence of the discussion, our conclusions would be a
support for a new resonance around 3940 MeV as suggested in [77],
while for the case of the broad peak seen in DD, the weak case in favor
of a new state around 3880 MeV discussed in [77] is further weakened
by the analysis done here, showing that the results are compatible
with the presence of a scalar hidden charm state with mass around
3730 MeV.

5.2 Isospin breaking effects in the X (3872)
decays

The X (3872) was discovered at Belle [66] and then later was also
observed at CDFII and DO collaborations and BaBar [67, 68, 69]. In
all these experiments the X has been discovered and observed in the
decay channel J/¢nTn~. There is strong evidence that the dipion
generated in this decay channel comes from a p meson [120]. Later
on also the decays of the X into J/¢nTn~ 7" and J/¢y have been
observed [121], this latter decay channel indicating that the C-parity
of the X is positive. The quantum numbers of the X (3872) have been
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Figure 5.4: Histograms calculated with Breit-Wigner resonance with
mass Mx=3880 MeV compared to data.
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Figure 5.5: Histograms calculated with Breit-Wigner resonance with
mass Mx=3940 MeV compared to data.
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investigated in [122], concluding that it must correspond to J© = 17+
or JP = 27F. Observed only on a neutral charge state it is assumed to
have isospin I = 0. Its decay into J/¢n has been investigated in [123]
but only an upper bound has been found. The non observation of the
decay J/vym is a further evidence of the positive C-parity of the X. It
could also mean that in the particular reaction of [123] the X (3872)
was necessarily produced with positive C-parity, without ruling out
the possibility of a nearby state with negative C-parity. The existence
of two nearly degenerate X (3872) states appears in some theoretical
models [119, 124]. The most popular view about the nature of this
resonance is that it is made of DD* [74, 119, 125, 126, 127, 128], a
recent review can be seen in [129]. One of the problems faced by these
models is the ratio for

B(X — J/¢yrtr—70)
B(X — J/yrtn—)

1.04+0440.3 . (5.8)

Indeed, since the resonance has positive C-parity the denominator
can go via J/1¢p as supported by the experiment [120]. However, the
X (3872) state has I = 0 and then isospin is violated. On the contrary
the numerator can go through J/vw as supported by experiment [121],
in which case there is no violation of isospin. The fact that the ratio
is around 1 in spite of the violation of isospin found a plausible expla-
nation in [74, 126], where the state was supposed to be largely D°D*°
but with some coupling to both J/¢w and J/1¢p. Even if the coupling
to J/1p is small, as expected from isospin symmetry breaking, the
larger phase space for J/1p decay than for J/¢w, because of the large
width of the p, can account for the ratio. Although other charged
DD* components can appear in the wave function, the neutral charge
component is preferred since it is the one closest to threshold and
hence should have the largest weight. The idea is intuitive and widely
accepted, see [117]. The idea on the dominance of the neutral compo-
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nent is worth pursuing. Indeed, in [119], where a dynamical theory for
the generation of the X (3872) resonance based on the hidden gauge
approach for the vector-meson interaction was done, isospin symmetry
was kept and the masses of the charged and neutral D mesons were
taken equal. The fact that the binding energy for the D°D*0 is so
small advises to revise the model to account for the mass differences
with the charged DD*, which can induce isospin breaking and a dom-
inance of the D°D*® in the wave function. We address these issues
here and discuss qualitatively as well as quantitatively, the limit of
zero binding energy. We also analyze the reaction production of DD*
[115].

Until now we set the masses of all mesons belonging to a same
isospin multiplet to a common value, and as a consequence our results
are always isospin symmetric. Moreover we can consider the transfor-
mation under C-parity of pseudoscalar and vector-mesons in order to
construct C-parity symmetric states:

CpP = P (5.9)

cV = -V (5.10)

States like DD* and DD* mix up to form a positive and a negative
C-parity state. The same happens for the kaons and the D, mesons,
as has been discussed in the previous chapter. The coupled channel
space for C=S=Q=0 splits in two, once one writes the ;; coefficients
that appear in the amplitude of eq. (3.7) in C-parity basis.

In charge basis, for positive C-parity one has the following chan-
nels: K**K%—c.c., ptn~—c.c., D**D°—c.c., D** D~ —c.c., D:* D —c.c.
and K**K~ — c.c.. While for negative C-parity the channels are:
ptn™ +ce, K*"K~ + cc., pPn°, wn®, 7% p°n, p°nt, K*K° + c.c.,
D**D~ +c.c., DD° + c.c., p°ne, J/wr°, wn, ¢n, wnt, ont, wie, ne,
J/ym, J/ymt, DT D + c.c. and J/yn,.
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If we set ayg=-1.34, which is equivalent to a cut-off of 830 MeV
in the three momentum, we get two poles with opposite C-parity, the
positive one at 3866 MeV with a width smaller than 1 MeV and the
negative one at (3875-25i) MeV, which means a width around 50 MeV.
The poles appear in isospin I=0, as we determine from combining the
charge states into definite isospin states. Now while increasing the
value of ay (lowering the cut-off) the poles approach the threshold
(at 3876 MeV in the isospin symmetric case). The negative C-parity
pole touches the threshold for ay values bigger than -1.33 (cut-off of
820 MeV), while the positive C-parity one reaches the threshold for oy
around -1.185 (cut-off equivalent to 660 MeV). Once the pole crosses
the threshold it does not appear in the second Riemann sheet, it is no
longer a resonance, but becomes a virtual state. Yet a peak can be
seen in the square of the T-matrix of some channels, but can not be
identified as a pole in the second Riemann sheet of the T-matrix.

In order to investigate the isospin breaking we have defined the
following quantities:

Am,=2.5 MeV, Amg=-2 MeV, Amp=2.5 MeV, Amg-=-2 MeV
and Amp-=1.5 MeV. In this way the masses of the members of a
multiplet split: for the charged members of a multiplet the mass will
be equal to m + Am while for the neutral members it will be m — Am.

Now there are two DD* thresholds nearby, the neutral one at 3872
MeV and the charged one at 3880 MeV. The X (3872) state is a very
weakly D°D*® bound state and the fact that the binding energy is
much smaller than the difference between these two thresholds could
reflect itself in a large isospin violation in observables.

For simplicity let us consider, for the moment, a toy model with
only two channels, with neutral and charged D and D* mesons. In
this model we assume the potential V' to be a 2x2 matrix:
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Vo= (Z 2) (5.11)

with v constant, which indeed is very close to the case we had before,
since the coefficients £ for these channels are equal and close to the
threshold, in a limited energy region we may take v as constant.

In this case the solution of the scattering equation (3.11) is:

v
T = A2
1-— UGH — UGQQ (5 )

where (G1; and Goo are the loop function calculated for channels 1 and
2 respectively. If there is a pole at s=sg we can expand T close to
this pole as:

T, = -39 (5.13)
S — SR

where g; is the coupling of the pole to the channel ¢. The product g;g;
is the residue at the pole and can be calculated with:

‘/; .

SlLI?R(S —sp)T;; = SILI?R(S — SR) TR —— (5.14)
We can apply the I’'Hopital rule to this expression and we get:
lim ( )T, Yy (5.15)
1ImiSs — Sr)il;; —= .
= o + )

If one has a resonance lying right at the threshold of channel 1 the
couplings g; will be zero, since the derivative of the loop function G4,
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in the denominator of eq. (5.15) is infinity at threshold. This is a
general property which has its roots in basic Quantum Mechanics as
shown in [101]. In figure 5.6 we show plots of the real part of the loop
function for the neutral and charged D meson channels.

It is interesting to note that eq. (5.15) for just one channel is
the method used to get couplings of bound states to their building
blocks in studies [102, 126] of dynamically generated states following
the method of the compositness condition of Weinberg [100, 130]:

dG
2 11
=1
(%)

We will come back to this issue again with the realistic model. Now,
in what follows, the arguments used do not require the toy model any
longer.

5.3 X (3872) decay to J/¢ with two and
three pions.

Suppose that the X (3872) decays through the diagram in figure 5.7.
In this figure the D mesons can be either charged or neutral. For the
isospin I=1 state with the p meson in the final state, the diagrams with
neutral D mesons interfere destructively with those with charged D
mesons, while in the w case they sum up. If the vertices have the same
strength for p and w production (this is the case in the framework of
the hidden gauge formalism [131, 132, 133]) the ratio of the amplitudes
will be given by the ratio of the difference between the charged and
neutral loops divided by the sum of the loops:

o 2
G G”) (5.16)

R,, = |=—/—/———
ol <011+G22
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D Ty

w, P

D*

Figure 5.7: X decay

In the isospin symmetric case, the charged and neutral loops are
equal, because these loops depend only on the masses, and therefore
this ratio would be zero because the p contribution would vanish (no
isospin violation).

Actually the decays X — J/vp and X — J/¢w are not allowed
because of phase-space, for p and w with fixed masses, but can occur
when their mass distribution is considered and will be seen in the
decays X — J/¢Ymm and X — J/i¢pmwm respectively, where the two
and three pion states are the result of the decays of the p and w. Hence
to measure the ratio of the X decaying to two and three pions plus a
J/1 one has to multiply the expression in (5.16) by the ratio of the
phase-space available for the decay of a p to two pions divided by the
phase-space for the decay of a w into three pions:

B(X->J/¢7T7T) _ (Gll—G22>2
B(X — J/¢yrrm) G111+ Gop

IoC qSo (mX — My — \/5) (Jl:;@(5 7)

Jo qSo (mX — Mgy — \/5) ds Bu
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where B, and B, are the branching fractions of p decaying into two
pions (~ 100 %) and w decaying into three pions (~ 89 %), (y) is the
Heaviside theta function and S = S (s, m,T") is the spectral function
of the mesons given by:

1 1

S(s,m,I") = 7T_Tm (s—mQ—l—iFm) (5.18)
From the expression in eq. (5.16) one observes that the isospin
violation in the decay of the X will be proportional to the square of
the difference between the loops with charged and neutral D mesons.
Moreover, if one looks at figure 5.6 one sees that this difference is max-
imal at the threshold of the D°D*? such that the closer the resonance
is to that threshold (the smaller the binding energy) the bigger is the
isospin violation in the decay of the X. If the X is right over the
threshold, the value of R, with the loops calculated with dimen-

sional regularization for p and w fixed masses, is:

Ry, = 0.032 (5.19)

This is a measure of the isospin violation in the decay of the X,
which is only about 3% in spite of the fact that we have chosen the
conditions to maximize it. This ratio is of the same order of magnitude
as the one obtained in [128] (see eq. (36) of this paper). However, even
this small isospin breaking can lead to sizable values of the ratio of eq.
(5.17) when one takes into account the mass distributions of the p and
w, which provide different effective phase spaces in this two possible
X decays. Thus, using eq. (5.17), which considers explicitly the p and
w mass distributions, we find the branching ratio:

B(X — J/¢yrtrn—n0)
B(X — J/yrtn—)

1.4 (5.20)
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Table 5.3: Couplings of the pole at (3871.6-i0.001) MeV to the chan-
nels (ay=-1.27 here).
Channel | |gr_.pv| [MeV]

T pt —c.c. 1.4
K-K* —c.c. 8.7

K'K* —c.c. 7.4
D~D*" —c.c. 2082
D°D*0 — c.c. 3005
D;D* —c.c. 2818

which is compatible with the value 1.0 & 0.4 from experiment [121].

5.3.1 Couplings of the X(3872) to its constituents.

There are six channels with charm and strangeness equal to zero and
positive C-parity. We show in table 5.3 the couplings of the pole
obtained solving the scattering equation for these channels.

One can see in table 5.3 that, although there is some isospin vi-
olation in the couplings, it is very small, less than 1 %. One might
think that if the binding energy is much smaller than the difference
between the neutral and charged thresholds (8 MeV), the resonance
will be mostly dominated by the neutral channel, the one closest to
the threshold. The binding energy in the case of the pole in Table 5.3
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is 0.4 MeV. As we mentioned, in the limit that the binding energy goes
to zero, the couplings should all vanish. We show in figure 5.8 that,
indeed, the coupling of the X to D°D*°goes to zero for small binding
energies, and in figure 5.9 we show that even though the difference
between the neutral and charged couplings grows for small binding
energies, they are of the same order of magnitude. The wave func-
tion of the X (3872) is, thus, very close to the isospin I=0 combination
of D°D*® — c.c. and D™D** — c.c. and has a sizable fraction of the
D Dt — c.c. state.

From figure 5.9 we notice that indeed the isospin violation in the
couplings of the X to the DD* channels is bigger for small binding
energies, but it reaches a maximum of about 1.4% which is a very
small value. We can go back to the argument that lead to eq. (5.16)
and the only difference would be that the G1; and G95 functions would
be multiplied by the D°D*® — c.c. and D+ D*~ couplings from table
5.3, which barely affect the results obtained in eq. (5.20), since the
differences in the couplings are much smaller than those between G,
and Ga. Although a D°D*® + c.c. state is proposed for the X (3872)
in [117], a formalism accounting for the charged component of this
resonance is also presented in [134]. Our results would correspond to
taking a value of the parameter v; much bigger than £(0) in size in
eq. (39b) of [134]. However, no claims for any particular value of ~;
are made in [134], where only the formalism is presented.

5.3.2 The negative C-parity state

As we already mentioned, we find a second state with negative C-
parity. Some of the 22 channels with negative C-parity have isospin
[=0 to which the resonance can decay. There are also pure isospin I=1
channels but, although the generated resonance is an isospin [=0 state,
these isospin =1 channels will couple to it since we are considering
here some amount of isospin violation coming from the different masses
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of charged and neutral members of a same isospin multiplet.

For values of ay similar to those used in the generation of the
X (3872) (ay=-1.27), the state with negative C-parity does not appear
as a pole in the second Riemann sheet, it is a virtual state, but its
effects can still be seen in the cross sections of some channels. We
show in figure 5.10 the |T'|? plots of some channels. By taking smaller
values of ay (around -1.36) one can recover a pole below threshold
with /s=(3871.4-126.2) MeV. In our previous work of [119] this state
was narrower. The reason for its relative big width in the present
work is the inclusion of the n-n/ mixing. As was explained previously
and in [135] the hidden charm dynamically generated states that we
obtain are SU(3) singlets and if one considers only the mathematical ng
without its mixing with a SU(3) singlet state 7, the open channels for
the resonance to decay are SU(3) octets and are therefore suppressed.
Only when considering also this singlet and hence the physical n and 7/
states the open channels acquire a SU(3) singlet component to which
the resonance strongly couples.

The channels shown in figure 5.10 are those where there is phase-
space available for the resonance to decay and to which it couples most
strongly.

5.3.3 Lineshape of the X (3872)

Next we want to compare the results obtained from our approach with
the experiment data from [115] for B — K D°D*°. For this we follow
the approach of [116, 119] where one shows that the experimental data
for dI'/dM;,,(DD*) are proportional to p|Tpp«_ pp-|> where p is the
center of mass momentum of the D meson with M;,, invariant mass.

We show in figure 5.11 plots of the dI'/dM;,, for the channels
DYD* + c.c. and the pure D°D*® and compare it with experimental
data from [115].

In the plots of figure 5.11 the theoretical curves have been nor-
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malized to fit the experimental data. One can clearly see that the
positive C-parity state alone describes the data while the negative C-
parity state alone does not describe it. However this experiment can
not determine whether the D°D*® (together with the D°D*® summed
incoherently) comes from a given C-parity. In the lower plot of fig-
ure 5.11 we evaluate the differential cross section for the state D°D*0,
which has contribution from both C-parity states. As we can see in
the figure, the results obtained are also in agreement with the data
and, hence, in spite of the results in the middle plot of figure 5.11,
the experimental data does not rule out the existence of the negative
C-parity state.

The former discussions put the two states that we predict in a
perspective concerning the D°D*® production experiment. In what
follows we are going to do a more subtle exercise to bring some light
into a current discussion on whether the combination of the data on
X — J/yrrand X — D°D*C reactions determine if the state X (3872)
is a bound state or a virtual one. In what follows we are going to
consider only the contribution from the positive C-parity state. In
[117] a slightly bound state is preferred, although a virtual state is not
ruled out, while in [116] a virtual state is claimed. With our detailed
description of coupled channels, our approach is in a favorable position
to get into the debate and bring new information. Yet, to do so one
needs to introduce two new elements into consideration: the width
of the D*® meson and the smearing of the results with experimental
resolution. This was claimed to be relevant in [117] and [127]. We have
considered this by taking for the D** width ' p.0=65 KeV as in [117]
and the experimental resolution AF=2.5 MeV. The consideration of
the width of the D*" is taken into account by folding the D°D*° loop
function G with the spectral function of the D* meson,

- —1 1
S(NI) = <—) Im— | . (5.21)
™ MQ—M%* +ZMD*FD*
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in the calculation of the T-matrix, as done in eq. (20) of [119] and eq.
(3.20) in Chapter 3. On the other hand the result for d]fgm is folded
with the mass distribution of the D* of eq. (5.21), since in the phase
space the three momentum p of the D°D*0 system appears as a factor
and this three momentum depends on the mass of the D*. The final
result is folded by a Gaussian distribution with a width of 2.5 MeV
to simulate the experimental resolution. In this way one gets strength
below the nominal threshold of D°D*® for the decay of the X (3872)
into D°D*0.

With these considerations we change slightly the av parameter which
governs whether we obtain a bound state or a slightly unbound, vir-
tual state. We normalize the two invariant mass distributions to the
experimental data. The shapes alone tell us which option is preferable.

In figures 5.12 and 5.13 we show the results for the different values
of a. To the left we have the results for X — J/¢mm and to the right
those for X — D°D*. What we see is that the effect of the convolu-
tion with the D* width and the experimental resolution is important,
as claimed in [117, 127] and help us make a choice of the preferred sit-
uation. At simple eye view, corroborated by a y? evaluation, see table
5.4, the preferred combined solution corresponds to @ = —1.23 for
which we have a slightly unbound, virtual state. This is the preferred
solution in [116], also not ruled out in [117].

For both reactions, producing .J/¢nm and D°D*® there is more
recent data from Belle [136, 137] and BaBar [138, 139]. We have
also compared this data with our theoretical model using two cases, a
virtual state ag=-1,23 and a bound state with ay=-1.27. The plots
are in figures 5.14 and 5.15.

In the new data in the reaction producing J/¢mm the bump is
broader than in the old data, and the theoretical model do not fit well
this broader peak. To achieve a better agreement we have smeared
the theoretical curve with a broader gaussian obtaining the results in
figures 5.16. In this figure we have made plots for one virtual state and
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Figure 5.12: Theoretical results compared to data from [66, 115]. The
smeared points are calculated from the theoretical curve by folding it
with a Gaussian, simulating the experimental resolution.
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Figure 5.13: Theoretical results compared to data from [66, 115].
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Table 5.4: x? values for the fits of .J/v7m and D°D*° production. The

column to the right show the average value between the two.

X’ %
=2

Q@ for for X
J/ymr | DOD*0
-1.22 1.83 0.49 1.16
-1.23 || 1.26 0.50 | 0.88
-1.24 || 0.87 0.93 | 0.90
-1.25 0.72 2.77 1.74
-1.26 0.92 17.96 | 9.44
-1.27 0.92 20.31 | 10.61
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Figure 5.14: Theoretical results compared to data from [136, 137].
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Figure 5.15: Theoretical results compared to data from [138, 139].
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Figure 5.16: Theoretical results, convoluted with a o= 15 MeV gaus-
sian, compared to data from [138, 139].

three possible mass values for a bound state. The better fit is the one
for the virtual state. The needed convolution with the broad gaussian
distribution (o= 15 MeV) seems to indicate a width for the resonance
of this order of magnitude, in contrast with previous measurements
that indicated an upper bound for the width of this resonance around

3 MeV.
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CHAPTER

Radiative Decays

In this chapter we calculate radiative decays of various vector mesons
and of some resonances and compare the results with experiment.
In the same way as in Chapter 4 we do some calculations with two
different models in order to evaluate the differences between using
different sets of parameters with fp and f, or only with f.

6.1 The V — vP Decay

First we calculate the radiative decay of vector mesons into pseu-
doscalars.

As already mentioned in chapter 2, the photon couplings go through
vector mesons and the tree level diagram for the radiative decay of a
vector meson can be represented by the diagram in figure 6.1.

139
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P, W, @ J/Y

Figure 6.1: The radiative decay of a vector meson into a pseudoscalar.

For calculating this radiative decay we need the Lagrangians in
eqs. (2.43) and (2.45). The couplings in these Lagrangians are given
by:

2
B Mie

gvy = (61)
gppv
3912313\/
— 6.2
gvvp A (6.2)
My,
= — 6.3
gapprv 2f ( )

We calculate the following V' — ~P radiative decays:

K* — K% (6.4)
K* — K%y (6.5)
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¢ — (6.6)
¢ — v (6.7)
¢ — Ty (6.8)
w — mly (6.9)
w o — oy (6.10)
pt — iy (6.11)
P’ — mly (6.12)
D* — D% (6.13)
D* — D*y (6.14)
D¥* — D¥y (6.15)
J/b — ey (6.16)

For the heavy mesons we will follow two different procedures for
the calculations first, in the V'V P and V'~ vertex where heavy mesons
appear we use in the couplings of eqs. (6.1)-(6.3) f = fp and My =
mp-. In all other vertices we use f = f. and My = m,, we call this
procedure model A. In the other procedure we use only f, and m, for
all couplings, this procedure is called model B. This is in analogy to
the prescriptions used in the calculation of the resonance parameters
in Chapter 4.

The amplitude for the process

Vip,ev) — Plg) +7(ke), (6.17)

calculated from the diagram in figure 6.1, is given by:

M = _gV'yPEHVa,@puel\//(p)kaeg(k) (618)

where the coupling gy p is the product of the couplings gy~ gyvvp times
the term,
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Table 6.1: The Ay, factors.

VA,
I
p 7
Y |3/
L_—g_
JIY | 3
Z/\VVP)‘Vy
.om

the sum over V is done for all possible intermediate neutral vector
mesons (V = p° w, ¢ and J/1) and the X factors depend on the
particular mesons in each vertex.

For the Vv vertex the Ay, are shown in table 6.1. The A, , factors
are shown in table 6.2.

To obtain the radiative decay width one first has to sum the am-
plitude squared over the photon polarizations and average over the
vector meson polarizations:

1
SIMP = =gt o — )2 (619)
after integrating over the two particles phase-space one obtains the
radiative decay width:

A2 2 2\2
Ly_py = m’k’ng(mv—mp) (6.20)
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Table 6.2: The Ay p factors.

V—-VP H )‘VpOP ‘ Avup ‘ /\V¢P ‘ /\VJ/wP
K — KV 0
K+ — K*V
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In this section, for the masses of the mesons, we use the exact
values from the particle data group [27]:

Mmy+= 139.57 MeV, m o= 134.98 MeV, m,= 775.49 MeV, mp==
1869.62 MeV, mpo= 1864.84 MeV, m,= 782.65 MeV, my= 1019.45
MeV, m,= 547.85 MeV, mp,+= 2010.27 MeV, mp«= 2006.97 MeV,
mp,= 1968.49 MeV, m,,= 957.66 MeV, my+= 493.68 MeV, mgo=
497.61 MeV, mp:= 2112.3 MeV, mg-o= 896.0 MeV, my-+= 891.66
MeV, m ;4= 3096.92 MeV and m,, = 2980.3 MeV.

6.1.1 Results

With egs. (6.18), (6.19) and (6.20) and tables 6.1 and 6.2, the calcu-
lation of the radiative decays of vector mesons is straight forward and
we note that in this tree level calculation there are no free parameters.

We present our results in Table 6.3 together with the experimental
value from [27] and in Table 6.4 we show results from works with quark
models [140, 141, 142], heavy quark effective theory [143] and QCD
sum rules [144] for comparison.

In the case of the radiative decay of the light mesons there is good
agreement between our results and the experimental data, except for
the case of the decay of ¢ to 7y which is forbidden in our approach at
tree level.

On the other hand the situation with the heavy mesons is harder
to evaluate because of the lack of experimental data. The width of
some of the charmed mesons is only estimated as an upper limit. The
width of the D*® meson, for example, is given as an upper limit of 2.1
MeV. In [117] using arguments of isospin and the data on the width
of the charged D* mesons, the radiative decay width of the D** into
DYy is calculated as equal to 25.0 6.2 KeV, which is right in between
our values evaluated with models A and B, and the same happens for
the radiative decay of the .J/v, where model A seems to overestimate
it while model B underestimates the experimental value. In any case
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Table 6.3: Results for the radiative decays in models A and B.

V — Py | Model A | Model B | Exp. [27]
[KeV] [KeV] [KeV]
K* — K% 117 117 116.2
K** — Kty 92 92 50.3
o — ny 32 32 55
pr—— 0.14 0.14 0.27
¢ — mly 0 0 53
w — mly 764 764 757
w—ny 7.7 7.7 3.9
pt — wty 7 7 67
0 — 7y 78 78 90
D* — DV 38 18 <800
D™ — D*~ 1.06 3.06 1.54
D* — Dy | ~107° 0.86 <1800
J/p — n.y 4.5 0.14 1.21
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Table 6.4: Results for the radiative decays in other works.

V= Py [140] [41] | [142] | [143] | [144]
[KeV] [KeV] | [KeV] [KeV] [KeV]
o —ny - - 32.8 - -
w — oy - - 121 - -
w — ny - - 1.77 - -
pt — - - 13 - -
oV — mly - - 13 - -
D* — D% 7.5-23.5 11.5 - 16.0£7.5 14.4
D** — D*y [ 2x107%-0.95 | 1.04 - 0.51+£0.18 1.5
D — DXy | 008044 | 019 | - |024%024| -
J/p — ney - - 2.11 - -

our approach is the simplest one and the qualitatively agreement when
looking to the whole picture is fairly good, even more, if one realizes
that more elaborated models using sofisticated quark potentials have
very similar results to ours.

The exercise done here also shows that the uncertainties produced
by the use of fp instead of only f, are in anyway within the intrinsic
uncertainties of our Lagrangians in general. We mean by this state-
ment that the qualitative agreement of our results when looking only
to the light mesons is comparable with the agreement in the heavy
sector using either models A or B.

6.2 The S — V~ decay

We want to study now the following reaction:

Sp) — V(g ev)v(k,ey) (6.21)
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where S is a dynamically generated scalar state, ' is a vector meson
and v is a photon. The momenta of the particles are p, ¢ and k and
they are related by energy conservation: p = q + k, moreover €, and
e, are the polarization vectors of the vector particles and the fulfill the
Lorentz condition:

evugt = 0 (6.22)
ekt = 0 (6.23)

In a picture of the scalar mesons as dynamically generated reso-
nances one has to couple the photon to each meson component in the
coupled channel space. One has, thus, to consider the diagrams in
figure 6.2.

The two last diagrams d) and e), that only appear for the decay of
charged particles, give actually no contribution for the amplitude in
the process S — V7, for they vanish if the scalar and vector mesons
are on-shell.

To prove this we first evaluate the loop function in these diagrams:

Tk oAl gppv
w)ptevn =i 2m)* (p+1)2 — m3 + ie
x ISP ()4 9lYiey, (6.24)

12 —mj +ie
Both diagrams d) and e) imply vector-scalar mixing, which ap-
pears through the longitudinal part of the vector meson propagator.
Indeed, let us consider the diagrams of figure 6.3 for the vector meson

propagator.
We have:

eer,

(6.25)
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Figure 6.2: The radiative decay
meson.
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v
a — +
W op v
v . s
b !
) HoPY ) W v

Figure 6.3: Diagrams for the renormalization of the vector meson
propagator.
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% 1
pD@(py = [—g™ prp
) ( g p? ) p?— M? +ie
p'p”
=y (6.26)

Where in eq. (6.26) we separated explicitly the propagator into its
transverse (first) and longitudinal (second) components. Analogously,
figure 6.3b provides a contribution to the vector propagator given by:

(b) _ evey 2\, A
DOG) = iy MHM( i) (#)piDs (p)
il
X pwzz PR VER— (6.27)

where Dg (p) is the propagator of the scalar particle.

One can see that the presence of p,p, in eq. (6.27) eliminates the
contribution of the transverse part of the vector meson propagator,
hence, only the longitudinal part contributes, and we obtain:

pp” 1
D(p) = e J(ﬁfm (6.28)

The iteration of the last diagram of figure 6.3 and the sum of
all these terms leads to a geometrical series which renormalizes the
longitudinal part of the vector propagator and leads to:

P 1
p2M? p2M? 1_Az>4_22j(p2)2 -

p 7mS

Py p* —mj
- g 6.29
PPM? p2 —m — {m T (p?)? (029
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Now comes an important renormalization condition which is the
physical requirement that the longitudinal part of the vector meson
propagator does not contain a pole of the scalar meson [145, 146]. This
condition is only fulfilled if

J(p* =m%) = 0. (6.30)

Next we evaluate the two terms in the amplitudes d) and e) of
figure 6.2.

—ZT(d) = —26(2(] + k)ue'yuiﬁs(q)

This term is zero because of the Lorentz condition on the vector
meson, ¢”ey, = 0. This was already realized and used in [103].

Next we look at the diagram which contributes to the amplitude
e) in figure 6.2:

—iT® = —iJ(m3)p ev,... (6.32)

As we can see, independently of the vV V coupling, the term 7 (¢
is proportional to J(¢* = m%), which we have shown before to be zero
due to the renormalization condition of the longitudinal part of the
vector meson propagator.

The two diagrams discussed above, together with the other dia-
grams in figure 6.2, provide a set of gauge invariant terms, as shown
explicitly in [103]. The two terms with the photon coupling to the ex-
ternal particles in the loop diagram play a role in the gauge invariant
test of the theory, as shown in [103], but they vanish in the radiative
decay amplitude, as shown above.



152 RADIATIVE DECAYS

The procedure to evaluate the radiative decay followed here for the
dynamically generated scalar resonances has been tested with success
in the decays ¢ — f,(980)y and ¢ — a(980)~ [147, 148, 149] with the
fo and ag resonances dynamically generated from the interaction of the
lowest order meson-meson chiral Lagrangian [20]. The present reaction
is the time reversal reaction, in the charmed sector, of the radiative ¢
decay into a scalar and a photon. The same ideas presented here are
used in the study of the radiative decay of the f;(980) and ao(980), as
dynamically generated resonances, into vp and yw in [150].

We shall demonstrate that, using arguments of gauge invariance,
we can overcome the evaluation of the diagram c) of Fig 6.2 and, as a
consequence, we must only evaluate the diagrams a) and b).

Let us proceed to the explicit evaluation of the diagrams. The
amplitude of the diagram a) or b) of Fig 6.2 is readily evaluated as:

. i
—i7T = / = (—1)gspp

(2m)*
1 1
(I+ k)2 —mi +iel®> —mi + ie
1
—1 S+ 1+ k)
X (q—l)Q—mg—i—ie( Z)BQIE’Y(JF + )
X (—i-i)gppvevu(l —q+ l)”)\v (633)

where m; and my are the masses of the upper and lower pseudoscalar
mesons in the loop diagram, e@); is the charge (¢ > 0) of the upper
pseudoscalar meson, gspp is the coupling of the scalar resonance to
its pseudoscalar components calculated via residues in Chapter 4 and
Avgppy is the coupling of the vector meson to the two pseudoscalars.

By using the Lorentz condition for the photon and the vector me-
son, the amplitude of eq. (6.33) is simplified and we obtain:
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T = —igspreQiAv4grpvev €ty

y / d*l 1 1
(2m)* (I + k)2 — mi + e > — mi + ic
1
il 6.34
C DT mi e o3

Upon integration of the [ variable one has the expression:

T = TWeyuep (6.35)

and Lorentz covariance provides the most general form for T as:

T = ag"’ 4+ bg"q" + cq"k" + dk"q”
T (6.36)

The Lorentz condition of egs. (6.22) and (6.23) removes the con-
tributions of the b, ¢ and e terms, such that only the a and d terms
contribute to the amplitude (note that the coefficients a, b, ... here do
not refer to the labels a,b,... of the diagrams in Fig. 6.2). In addition,
gauge invariance (which is guaranteed when all the terms in fig. 6.2
are accounted for) T"k,=0, implies b = 0 and a + dQ.K = 0 so,

a = —dqk (6.37)

such that only one term, a or d is needed in the evaluation of the full
amplitude. We choose to evaluate the d term because it is finite and
only comes from the diagrams a) and b) of fig. 6.2. The procedure
outlined here has been used before in the evaluation of the ¢ — vK° K0
decay [151, 152].
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The amplitude 7 is now easily written as:

T = —d(q.kg" —k"q")ev, e (6.38)

The evaluation of d is straightforward following the Feynman for-
malism. We write:

1 1 e 1
abe 2/0 dx/o Sy e ey s

with
= (¢ 1% —m] (6.40)
b = IP—m? (6.41)
c = (I+k)?—m] (6.42)

Upon a transformation | = I’ + ¢(1 — z) — ky we are left with the
integral:

/ dir (l’ +q(l—x)— ky)u
(2m)t (I + s+ ie)3
X (l’ +q(1—x)— ky)y (6.43)

with s = ¢*z(1 — x) + 2q.k(1 — x)y — m3 + (m3 — m?)z, which shows
that the contribution to the d term comes from:

/ d ktg'(1— )y (6.44)

(2m)4 (17 + s + ie)?
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where two powers of [’ have disappeared from the integral and hence
it is convergent. The [’ integral is also readily done following the
Feynman formalism:

drl’ 1 2 11
/ I (6.45)
(2m)* (I + s + i€)3 (2m)4 2 s + i€
and the d coefficient is readily obtained as:
1
d = _gSPPte)\VgPPVﬂ
s
1 T 1 —
x [ gy L= (6.46)
0 0 s+ 1€

As mentioned above, one can see, following the same procedure,
that the diagram c) in fig. 6.2 only contributes to the ag"” term of eq.
(6.36) and thus we do not need to calculate it.

The finiteness of the results is also noted in [103] where the wave
function is governed by a range parameter A, and the results remain
finite in the limit of A — oc.

One must sum coherently the contribution from the diagrams a)
and b) of figure 6.2 for all possible meson pairs to which a resonance
couples in order to obtain the d coefficient for the full radiative decay
width. Summing over the polarizations of the vector particles and
integrating the amplitude in phase space one obtains:

1 1 -
r = ——1k|2(k.q)%|d|? 6.47
5z K120kl (6.47)

where ]/g\ is photon three momentum in the rest frame of the scalar
resonance.
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Table 6.5: Coefficients Ay for the coupling of the vector meson to the
pseudoscalars.

Vector Meson ‘ Channel ‘ Av

Dr DK 1
K+DP -1
Din | -1/V3
Dy | \/2/3
D:ehr]c _1
T/ D™D~ 1
DD+ -1
DD, 1
D, Df -1

In the decay of the D4((2317) the possible intermediate states are:
DYK° K*D' Dfn, Dfn and Dfn.. While in the decay of the
hidden charm scalar state they are: D™D~ and DY D, with the photon
coupled to any charge meson in the intermediate state. The couplings
gspp are given in Tables 4.15 and 4.12 of chapter 4, here they have
to be used in the charge basis. The values of Ay, evaluated from the
Lagrangian 2.44 are given in Table 6.5.

In Table 6.6 we show the results for the d coefficient for each in-
termediate state in the decay of the Dy(2317).

As we can see, the largest contribution comes from the KD inter-
mediate state. The DT K is smaller than the KDY since it involves
two heavy pseudoscalar propagators instead of two light ones. Next
and weaker than these two is the contribution of the Dfn and D}n/
channels, and finally the D7, channel provides a negligible contribu-
tion.

Note that the contribution from the two charged partners in the
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Table 6.6: Results
Diagram | d [fm] ‘ I [KeV]
KtDY 0.01855 5.328
DTK® | -0.00767 | 0.912
D:n -0.00145 0.033
D;"T]' -0.00170 0.045
D:nc 0.0003 0.001
Total 0.00802 0.996

isospin I=0 DK channel is destructive. Had the DZ,(2317) been an
isospin [=1 resonance, the relative couplings to the two channels would
have been opposite, making thus a constructive interference and we
would have obtained a width of 8 KeV instead of 1 KeV, a factor eight
times bigger. Furthermore, because of the destructive interference, the
effect of the D7 channel, which is quite small by itself, becomes rele-
vant. Indeed, if we neglect the channels with the D} meson, the width
obtained is ' =1.83 KeV a factor 1.8 times bigger than when one takes
them into account. Then, one can see that the consideration of all the
coupled channels of the approach is quite relevant, which introduces
one novel element with respect to the ordinary molecular picture [103]
where only the dominant K D channel is taken into account.

The results for the X (3700) radiative decay are shown in Table
6.7. We see that this radiative decay is considerably larger than for
the D4(2317). In this case all the terms add constructively.

Next we perform an analysis of the uncertainties in the results. The
fact that we have obtained a very small width, because of strong can-
cellations, indicates that it should be rather sensitive to uncertainties
in the input used for the evaluation.

To evaluate the uncertainties we will follow the same procedure
used in [118]. We take a randomly generated ensemble of sets for
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Table 6.7: Results
Diagram ‘ d [fm] ‘ I [KeV]
D*tD~ | -0.00466-0.001561 | 9.204
D~D% | -0.00466-0.001561 | 9.204
DTD- |-0.0015+0.00019i | 0.871

D; D} | -0.0015+0.00019i | 0.871

Total | -0.01232-0.00273i | 60.707

the input parameters within a physical allowed range and calculate
the radiative decay for each set of parameters in the ensemble. The
uncertainties in the results are then given by the standard deviation
from the mean value calculated:

(T —Ty)?

2= == v 6.48

o N1 (6.48)

_ 1 XN

r = =) 1, 6.49
N; (6.49)

Since the radiative decay of the Dyy(2317) is very small and the
uncertainties are of the same order of magnitude, we will separately
calculate the standard deviation above and under the mean value. The

parameters will be generated within the ranges discussed in chapter
4:

My = 20504 50 MeV

fp = 182436 MeV

f. = 1004 15 MeV
Mpo@sny = 2322+ 24 MeV
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9Dy (2317 —pK = —4788 £ 635 MeV
9Dy (2317)—Dyny = 27741 306 MeV
9Dy (2317)—Dey = —3870 £ 595 MeV
IDo@s1T =D = —2102 241 MeV
Mmxsr0) = 3718 £10 MeV
gx@3700)—D+D- = 6179+ 678 4 i(1843 £ 257) MeV
Ixr00y—prpr = 41754460 — i(575 £ 382) MeV

When we do the exercise for N=120 randomly generated parameter
sets, we obtain for the decay of the Dy((2317):

Tpo@siy = L041YGE2 KeV (6.50)

This value has more uncertainties but within errors it is compatible
with the one found in [153] of I'= 0.47570535. The main difference
between this published paper and the present one is the use of the
physical states n, ' and 7. instead of the mathematical ones. So in
the structure of the resonance there is one extra channel, the D,n'.

For the decay of the X (3700) into J/1y we obtain:

Cxr0) = 49.41157 KeV (6.51)

Here the result differs even more from the one published in [153]. The
reasons are the inclusion of extra channels that slightly changes the
structure of the resonance and therefore the couplings and the mass
of the resonance that has been taken closer to threshold in the present
calculation and increases the available phase-space for the decay.
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6.3 The radiative decay of (3770) into
the predicted scalar state X (3700)

The radiative decay 1(3770) — X (3700) may be a possible and ac-
cessible way to observe the predicted state X (3700). This radiative
decay is the time reversal reaction from the S — ~V discussed above.
We are following here the same steps as before for the evaluation of the
radiative decay width, but here we are also going to consider diagrams
with anomalous couplings, following our approach in [135].

We are going to consider the following radiative decay:

(P e(P)) = X(Q) + (K, e(K)) (6.52)

where 1 is the 1(3770) and X is the dynamically generated resonance
X (3700).

In the reaction (6.52) one has two independent four momenta since
P =@ + K. We chose to work with P and K. Moreover both vector
particles fulfill the Lorentz condition:

Pe(P)* = 0 (6.53)
K,e(K)" = 0 (6.54)

The amplitude for the decay in (6.52) will be given by

iM = ie(PYe(K)"T,, (6.55)

and since the problem has two independent four momenta, by Lorentz
invariance one may write

7. = ag,+0bP,P,+cP,K,+dP K, +eK,K,. (6.56)
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Now one can realize, as in the previous reaction, that by means of the
Lorentz condition (6.53),(6.54) the terms with coefficients b, ¢ and e
will not contribute to the radiative decay amplitude.

Applying the gauge condition (K*7,, = 0) to the expression in
(6.56) one obtains that the two remaining coefficients are related: a =
—dK.P, so one needs to calculate only one of them in order to obtain
the full gauge invariant amplitude for the process. We are going to
calculate the d term, which comes from only one diagram, illustrated
in figure 6.4. From the propagator structure of the loops it is easy to
see that other diagrams, required by gauge invariance, like those with
two intermediate pseudoscalar mesons and the photon coupled to the
vertices, do not have a term in K, P, [152, 154]. In the figure m; and
my are the masses of the charged mesons to which the X (3700) can
couple, we will consider only the D¥ D~ and D D channels, since the
other charged channels to which it couples have negligible couplings
compared to these ones, see table 4.12.

Given the basic couplings of ¥(P) — D*(q¢)D~ (P — q):

iMy_pip- = —igpe(P)"(q — P+ q)y, (6.57)

of X(3700) to PP:

iIMx_pp = igx, (6.58)

and of the photon to PP:

iM'yHPP = —iee(K)”(q +q— K),,, (659)

for a positive charge pseudoscalar meson, with e the modulus of the
electric charge, the amplitude for this process is given by:
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X(3700)

mz,/', igx Q

p@E77o) Y EA A
. —Ki 1

P, SLIJ gLIJ \A\q q E

1 N \Y;
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e
K, €y

Figure 6.4: Diagram that contains the d term.
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. , [ d'q
iM = —4dgygxee(P)!e(K) /unqy

« ! L ! (6.60)
(P —q)?—m3q*—mi(q— K)* —mi '

Using Feynman parameterization one gets:

1 L 1
abe 2/0 dx/o dy(a+(b—a)x+(c—b)y)3 (6.61)

a = (P—q)?—mj (6.62)
b = ¢ —m] (6.63)
c = (¢—K)?*—m} (6.64)

T (Re6.4) i8gnge/l dx/x dy/ d4(p
H 0 0 (2m)*

o @ yK)ud + (} —I)P)u7 (6.65)
(¢? + s +1€)°

where in the last equation we have made a change of variables ¢ =
¢ + (1 —x)P + yK and we have defined s:

s = (1—a)(aem] —mj—2yP.K) —axm; (6.66)

Now we can identify the d term in the expression of equation (6.65)
and perform the ¢’ integral.

/ _dd i ] (6.67)
(¢ + s +ie)3 2 s+ie '

The coupling of the photon to the other particle (ms in figure 6.4)
gives, in the present case, an identical contribution since D' and D~
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have opposite signs and equal mass and the same occurs for D D; .
Hence for each of these two channels we obtain:

1 T 1—
d= B [ gy [* gyt (6.68)
0 0 S+ 1€

272

and we must sum this expression for the two channels D™D~ and
DDy using the coupling g, to each channel that we evaluate below,
and gx which appears in Table 4.12.

With the d term one can calculate the a term and with these two
terms the full gauge invariant amplitude M for the radiative decay.
Making an average over the possible polarizations of the 1(3770) state
of the absolute value squared of this amplitude, summing over the
possible photon polarizations and integrating over phase space, one
obtains the radiative decay width:

k|
2
127Tm¢

Lty (P.K)|dP, (6.69)

where |k| is the three momentum of the photon in the rest frame of
the ¢(3770).

There is still one parameter to be calculated which is the coupling
of the vector 1(3770) to the two possible channels.

At tree level the decay width of a vector meson into two pseu-
doscalars is given by:

1 4,,
= 6.70
sevz3? P (6.70)

FV—»PP

where ¢ is the V PP coupling and p is the momentum of either pseu-
doscalar in the final state for the vector at rest. The total decay width
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of the ¢(3770) is 25 MeV where 36% of this width is coming from the
DT D~ final state, according to [27]. Using 9 MeV for I" in eq. (6.70)
one obtains 11.7 for the value of g.

The 1 (3770) is mostly regarded as a 1D excitation of the c¢ quarks
[155] (see also quark model review section of [27]), although its S-
D mixing nature is still under debate. In this work we determine
empirically the coupling of (3770) to DD from its partial decay width
and we assume the flavor dynamics of its coupling to DD and D, D, to
be the same as for the J/1. Yet, the dominance of the DD loop in the
evaluation render this latter point not too relevant. This guarantees
that the coupling of 1(3770) to D™D~ and to DI D, which are needed
in the loop of figure 6.4, are equal, like in the case of J /1.

With the expressions in eqs. (6.68) and (6.69) it is straightforward
to evaluate the radiative decay width of the 1(3770) into the X (3700)
resonance.

Applying the expressions in (6.68) and (6.69) one obtains for the
radiative decay width of the ¢(3770) into the X (3700):

Ty_x, = 0.65KeV. (6.71)

Taking into account the finite width of the ¢(3770) in the evalua-
tion of this radiative decay has less than 10% effect in the result, as
will be shown latter on.

The value in (6.71) corresponds to a branching fraction of:

B(4(3770) — X (3700) + )
B(v(3770) — anything)

2.6 x 107° (6.72)

The branching ratio is of the order of magnitude of the ¢ —
ao(980)y or ¢ — f,(980)~ decays [156, 157], which proceed with sim-
ilar loops but involving kaons instead of D mesons [147, 149].
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X(3700)
Q

S
o
ceeem---p
0Q
bol

W(3770)
P, EqJ ng

E

My K, €,

Figure 6.5: Diagram with anomalous coupling.

In the study of the radiative decay of scalar mesons into vector
mesons, and a photon of [154], similar to the present case exchanging
the vector and the scalar, the contribution of intermediate channels
with vector mesons, involving anomalous couplings was found non
negligible. In what follows we take these terms into consideration.

We want to evaluate the diagrams of figure 6.5 where we need
the couplings VV P and Vv that we obtain from the Lagrangians in
[93, 154] extending them to SU(4), as discussed in Chapter 2:

Ly, = —gvyATr(QVY) (6.73)
Lyvp = gyvpe”PTr(9,V,0,Vs®) (6.74)

where the couplings are given by:
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gvy = 4f%egppy (6.75)
gvvp = 3912'& (6 76)
4/ 2m2 f '
My Gy
- =Y 6.77
gppv V2f? ( )

For obtaining the ) D*D coupling once again we make use of the
argument that the ¢ has the same flavor dynamics of the J/¢ and
assume that the following relation holds:

9yD*D _ 9J/yD*D (6.78)
9yDD 95/vDD

with this input the expression for the amplitude of the diagram of
figure 6.5 is given by:

. Gu d4q wa ()
iM = QXQVVPQ(/VP . /—El et

V‘Q/ (2m)4 p

1
X PME(P)anqﬂKWE(K)5

¢> —mi
1 1
6.79
X P KP—m (6:79)
the numerator can be written in the form:
e(P)ue(K), (P.qK,.q, + K.qq.P, — *K,,P,
—P.Kq,q,) (6.80)

where in eq. (6.80) we have dropped terms proportional to g,, since
they will not contribute to the d term. The first three terms in eq.
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(6.80) give a divergent contribution proportional to %qQK WP, We
will isolate this divergence and add and subtract some terms to the
expression in order to work out this divergent term. The numerator
can be written as:

e(P)e(K), (P.qKMq,, — P.Kq,q, + K.qq,P,
Ly L,
— iq K,P,—qKK,P, — imgKMP,,

%KHP,,<(q — K)? — mg)) (6.81)
the divergences in the first six terms cancel among them and the di-
vergent term (last term in eq. (6.81)) can now cancel one of the three
propagators in the amplitude and will be proportional to the loop
function, G(P?) of [118], while the convergent part can be calculated
following the same steps as before, doing the Feynman parameteriza-
tion and evaluating the d*q’ integral. This type of separation of terms
was done in [154] and is rather intuitive. It is not a unique prescrip-
tion, but it was shown in [154] that other methods of regularization
give practically the same result. The resulting amplitude is:

iM = ie(P).Ke(K).P(dwm, + daiv) (6.82)
Jv
dconv - _ngVVPgVVP M;/ 3972 / / dy
1—2)?P?—-2(1 -2)P.K —
s+ €
s = (1—2a2)(xP*—m3—2yP.K)+ (m] —m3)y
rm? (6.84)
Gy 1

dgiy = —gxgvvpgvva2 QG(P2,m1,m2) (6.85)
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the explicit expression for G(P? my,ms) can be found in equation
3.13, it is calculated with dimensional regularization, and for the sub-
traction constant we use the value of ap.

We can also take into account the fact that the X (3700) is not a
resonance of the Breit-Wigner type and has a finite width. To take
this fact into account we will convolute the radiative decay width with
the imaginary part of the T-matrix that generates the X (3700):

ST dM3 (= Im(Tpp))T(My)
Tyoxy = —X5 6.86
v S5 AM3(— Im(Tpp)) (6:36)

where I'x is the width of the X resonance and Thp is the T-matrix
for the scattering of two pseudoscalars in s-wave in the channel DD.

From the expression in (6.86) it is possible to calculate the photon
spectrum:

(= Im(Tpp)P(My)
a8, = VT = Im(Top)

(6.87)

We show in figure 6.6 some plots of the spectrum plotted against
the photon energy and against My. The peak is more clearly seen if
the spectrum is divided by the photon energy since, as one can see from
eq. (6.69), the photon momentum appears linearly in the phase-space
of the radiative decay width.

Now let‘s discuss the results. In table 6.8 we show results for
the diagram in figure 6.4 only, for different values of the subtraction
constant a.

Next we discuss the effects of the anomalous terms and width of
the X (3700) in the results. In table 6.9 we compare results for the
radiative decay obtained previously with results where the anomalous
diagrams are taken into account and by convoluting the radiative de-
cay width with the X (3700) width.
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Figure 6.6: Spectra of X masses (upper panel) and of photon energy
(lower panel). The figures on the right are obtained by dividing the
spectrum by the photon momentum to correct for phase-space.
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Table 6.8: Results for different pole positions of the X (3700) reso-
nance. The value in the E, column corresponds to the photon mo-
mentum.

an | Vs,u. MeV] | gp [GeV] | gp, [GeV] | E; [MeV] | T [KeV]

-1.40 3702-127 8.06+i1.29 | 7.83-i1.34 69.35 1.93
-1.35 3713-i21 6.52+11.54 | 6.39-11.06 58.54 0.99
-1.30 3722-118 5.96+11.69 | 5.90-10.87 49.67 0.65
-1.25 3730-115 9.39+411.91 | 5.42-10.60 41.77 0.43

Table 6.9: Results for different pole positions of the X (3700) reso-
nance. The column I'pp shows the previous results. The column
I'ppianom shows results taking into account the anomalous diagrams
and the last column shows results by convoluting the radiative decay

with the width of the X resonance.
(0524 ‘ \/gpole [MGV] ‘ FPP [KGV] ‘ FPP—i—anom [KGV] ‘ Fconvo [KGV]

-1.40 3702-127 1.93 1.99 1.97
-1.35 3713-121 0.99 1.01 1.09
-1.30 3722-118 0.65 0.67 0.79
-1.25 3730-115 0.43 0.43 0.55
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We should note that the relative contribution obtained now for the
anomalous terms is much smaller than in the case of [154]. In [154] in
the case of f,(980) — py, wy the anomalous terms proceeded mostly
via intermediate PP states, 7, 77 rather than KK to which the f;
couples most strongly (see table V of [154]). In this work the role of the
fo is played by the X (3700) and the role of KK by DD. By analogy
one might expect the anomalous terms to proceed mostly via PP terms
with light mesons to which the resonance couples very weakly, which
would explain why the anomalous terms are so unimportant here.

The results including a vector meson and a pseudoscalar in the
loops give us some confidence that other possible intermediate states
like D*D* or DD} will give a small contribution. Another fact sup-
porting this is that in a recent paper dealing with the interaction of
vector mesons within the hidden gauge formalism [132, 158] one finds
that the V'V states are rather decoupled from PP states.

We have also calculated the uncertainty in the radiative decay by
taking into account the uncertainty in the parameters of the calcu-
lation. To do that we have followed the same procedure as in the
previous Chapters and in [118; 153]. We produce sets of randomly
generated parameters within a reasonable range and for each set we
calculate the radiative decay width. Using the results for each set we
calculate the mean value and the standard deviation:

_ 1 N
r = =T, 6.88
N ; (6.88)
2 1 a T 2
= — r-rT; 6.89
A PR (6.89)

where N is number of sets generated.
In this statistical study we have calculated the contributions com-
ing from the loops in figures 6.4 and 6.5. We used 50000 sets of
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randomly generated parameters in the ranges given below:

fo = (182+36) MeV (6.90)
fr = (100 + 15) MeV (6.91)
gopp = 11.7+20 (6.92)
ay = —13+0.15 (6.93)
My = (3715415) MeV (6.94)
gxpp = ((6.7£1.5)+i(1.6+0.3)) GeV (6.95)
gxp.p. = ((6.5+1.3)—i(1.0+0.4)) GeV (6.96)

The final result obtained, with its uncertainty from the uncertain-
ties of all these parameters, given by eq. (6.89), is:

Tyxy = (1.05 + 0.41) KeV (6.97)

The fact that this range seems a bit smaller than that of tables 6.8
and 6.9 is a consequence of the definition of ¢ in a Gaussian distribu-
tion. There is a possibility to obtain a value for I' outside the range
given by eq. (6.97) but with low probability.

The feasibility of the experiment relies upon the statistics of 1)(3770)
production. For example, according to [159, 160] BEPC-II, in Bei-
jing, is expected to have 3.8 x 107 1(3770) events in one year of run,
which would correspond to more than 1000 events into X (3700)~ for
I'y—x,=1.00 KeV, with the photon energy peaking around 50 MeV.
For different values of the X (3700) mass the photon peak position
changes and so does the rate, but in all cases disregarding technical
problems that are beyond our reach, the statistics of one year is far
more than sufficient to determine this peak with the required preci-
sion. The photon energy in this reaction is rather low, and there may
be much background in the experiment making the identification of
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the peak difficult. To help identifying this peak it could be advanta-
geous to look for events where n or 1/, or better a pair of them, are
produced with high momentum, since the X resonance should decay
mainly through these channels (see table 4.12).

To further support our claim we would like to quote that CLEO
[45] has reported the observation of the 1(3770) decay into yx.o(1P)
which has a decay width of 172 KeV, about two orders of magnitude
bigger than our results for vX(3700). Since BEPC-IT will have two
orders of magnitude more statistics than CLEO, the measurement that
we suggest seems to be at reach.



CHAPTER

Overview and Conclusions

We studied the dynamical generation of scalar and axial resonances
by looking for the poles in the scattering T-matrix of pseudoscalars
with pseudoscalars and pseudoscalars with vector mesons. For the in-
teraction Lagrangian we first constructed a SU(4) flavor symmetrical
Lagrangian for the interaction of the 15-plet of pseudoscalar mesons
among themselves and with the 15-plet of vector mesons. The sym-
metry was broken down to SU(3) by suppressing exchanges of heavy
vector mesons in the implicit Weinberg-Tomozawa term. The suppres-
sion of these terms is justified in the vector meson dominance picture,
where the interactions are seen as driven by vector meson exchanges.
From the Lagrangian, tree level amplitudes were evaluated, projected
in s-wave and collected in a matrix for the various sectors and channels.
This matrix, transformed to an isospin basis, was used as kernel to
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solve the scattering equation, which provides the unitarized T-matrix
for the different channels in the coupled channel space.

The SU(3) structure of the potentials was investigated. For each
two interacting multiplets of SU(3) it was possible to know whether
the interaction was attractive, so that it could generate a pole, or re-
pulsive. In some cases the interaction could even vanish. The different
sectors (scalar and axial) show a similar structure, but the axial sec-
tor is doubled in relation to the scalar one, because of the possibility
to differentiate between the pseudoscalar and vector multiplet in the
irrep products.

In the C=2 sector there was no attractive interaction. For C=1 the
interaction was attractive in the antitriplets and in the sextets coming
from the 3 ® 8 interactions. So five resonances were expected for the
scalars while ten could in principle be generated in the axial sector,
the ones coming from the antitriplet could be associated with known
experimental states, like the Dy(2317) or the Dy (2460) and their
non-strange companions, while the sextet resonances are predictions
of the model. As for the resonances without explicit charm quantum
number one had two attractive singlets for the scalars, the light one
identified with the ¢ meson and the heavy one being a prediction of
the model for the existence of a heavy hidden charm scalar resonance.
In the axial sector there were three singlets, a light one identified with
the h1(1170) and two heavy ones with opposite C-parity, the positive
one associated with the X (3872) and the negative one being another
prediction of the model. Finally the model generates one scalar octet
and two axial ones, all of them identified with the experimentally
known low lying scalar and axial meson resonances.

Resonances were identified as represented by poles in the complex
T-matrix. For the scalars four light resonances were dynamically gen-
erated, three coming from an octet and another one from a singlet.
These resonances are naturally identified with the light scalar mesons,
K, ap(980), fo(980) and o, the first three coming from the octet and
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the o from the singlet. These resonances have been thoroughly inves-
tigated in more sophisticated approaches and with higher orders of the
chiral Lagrangian [20, 22, 34, 35, 36|, but in our study of the hidden
charm states we have now used coupled channels involving light and
heavy pseudoscalar mesons and we find that the inclusion of the heavy
channels do not disturb the spectrum of the light resonances, which is
by itself an interesting result.

In the open-charm sector we found five poles. The two poles com-
ing from the antitriplet we identified with the two scalar charmed res-
onances already observed experimentally [44, 46, 47], the Dy (2317)
and the Dg(2400). As for the other three poles, coming from the sex-
tet, their widths within our framework are too large, making them
irrelevant from the experimental point of view. This sector has been
studied by other authors [51, 52, 54] in a very similar framework but
with slightly different Lagrangians from ours; both have used the same
Lagrangian, and very similar parameters. The Lagrangian in these
works, based on heavy quark symmetry, neglects exchange of heavy
vector mesons while the present work includes it although suppressed
in a proper way. In [52] higher order chiral Lagrangians are used in
this sector. The term of our Lagrangian in eq. (2.28), containing the
interaction of light and heavy mesons and not suppressed by the fac-
tor v can be identified with the lowest order chiral Lagrangian based
on heavy quark symmetry used in [51] and [54] except that in the
present work this term of the Lagrangian is a factor % smaller, we
could clarify this difference within the hidden gauge framework. An-
other difference between this present work and previous ones is the
meson decay constant, f. In previous works it was always set to the
pion decay constant, while in the present one, inspired by experimen-
tal measurements and lattice calculations we use a different value for
the decay constant of the charmed mesons, in our model A, while
in model B we stick to the approach of other authors and use only
fr. In the S=1, I=0 sector the results of all works coincide and the
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D(2317) is well reproduced. Its antitriplet companion, the Dy(2400),
is also well reproduced in the S=0, I:% sector. However, in this sector
the present work differs from previous ones: while within our model,
the sextet state is extremely broad, in the works of [51, 52, 54] narrow
states are predicted in this sector though following a similar framework
broader states are also found in [110]. The Lagrangian we used in our
x-model seems to give an intermediate situation between the results
from our model A and the results in these previous works, it generates
for the sextet states a broad resonance although not as broad as in
model A. The huge width of these resonances within our model is also
a consequence of its much bigger mass which causes a much bigger
phase-space for decay into the open channels, but the main cause of
the larger width are the use of different meson decay constants for
light and heavy mesons, and to a smaller extend the constant contact
mass term included in our Lagrangian.

Another novelty of our work in comparison to previous ones, is the
inclusion of the hidden charm sector, where our model also generates
a pole. This resonance is a prediction and its observation should be
possible either as a bound DD state or as a cusp in the cross sections.
Another important aspect to note is that this resonance is narrow in
spite of its large phase space for decaying into the light resonances.
The dynamics that prevent the mixing of the heavy and light sectors
is responsible for the suppression of such decays. A molecular DD
state had also been predicted in the work of Zhang [55].

For the light axial resonances our model generates seven poles. All
of them can be identified with well known axial resonances from the
particle data book [27]. For some of them there is a bigger discrepancy
between our results and experiment than in the light scalar sector.
This can be explained by the fact that the axials are usually heavier,
have more decay channels and many of them do not have two body
hadronic decays, which are the only ones taken into account by our
model. These discrepancies should be used to give an idea of the
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uncertainties of our model for the axial resonances. Again we call the
attention to the fact that these light resonances have been already
investigated before [23, 24, 37], the results are very similar in the
couplings, masses and widths found by the resonances, showing again
that the inclusion of the heavy channels has small influence in the
results for the light sector.

For the charmed resonances, the model could generate, in principle,
ten poles, but some of them appear in the wrong Riemann sheet and
are interpreted as virtual states. The poles that come from the two
antitriplets can be identified with known charmed axial resonances,
the Dg(2460), D1(2430), D41(2536) and D;(2420) these last two be-
ing reported as dynamically generated for the first time in our work.
Most of the members of one sextet appear as broad cusps, while the
other sextet members appear as narrower resonances, which could be
observed in the proper decay channels. The poles found for the light-
est antitriplet coincide with the results found in [51, 53]. As already
happened for the scalar resonances, the poles found within our model
for the sextets states in this sector have broader widths because of
the use, in our model, of a different meson decay constant for heavy
mesons. Besides, our model allows also for the inclusion of channels
with heavy pseudoscalar mesons interacting with light vector ones, as
a result of which our model generates a richer spectrum, with poles
for an extra antitriplet and an extra sextet.

Moreover our Lagrangian incorporates the hidden charm sector and
an attractive interaction in the 3 ® 3* and 3 ® 3* charmed mesons is
responsible for the generation of two resonances. One of them can be
associated with the X (3872) state. The other one is a bit heavier and
appears usually as a cusp for the parameters we use to fit the mass of
the other pole associated to the X (3872).

We also made an error analysis of the results in the scalar sector,
from where uncertainties in these results were estimated. It also served
to test the stability of the results, observing if the poles disappear for
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some values of the parameters within the allowed range. We concluded
that the uncertainties were moderate and all states were basically sta-
ble, with exception of the hidden charm state which appeared in half
of the cases as a pole in the DD bound region. In the other half of the
cases this pole disappeared and was replaced by a cusp. Since both
poles and pronounced cusps are a consequence of a strong attraction,
the observation of a bound state or a strong cusp in DD would be an
important finding.

A very rich spectrum is generated by our framework. Most of the
poles in the T-matrix can be associated with known scalar or axial
resonances. These positive identifications give us confidence that the
new predicted states by our model could be observed if the proper
reactions are analyzed. An important result of this work is also the
fact that the light and heavy sectors have a small influence among
them.

For the heavy hidden charm states that our model generates we
have also used experimental data on DD and D D* production in order
to look for evidence of their existence. For the scalar state that we find
with mass close to the DD threshold we found that the data on DD
production in the reaction e*e~ — J/¢ DD can be explained assuming
that the DD meson pair comes from a slightly bound or virtual state.
The combined study of DD* and .J/¢r7 production reactions comes
to similar conclusion about the nature of the X (3872) state that is
reproduced in our model as a positive parity axial resonance. Our
model also predicts another axial resonance with negative C-parity.
For this state there seems to be no data available and we could only
speculate about what would be the preferred channels to look for it.

Finally we have studied radiative decays of mesons. The first re-
actions we analyzed were tree level decays of vector mesons into pseu-
doscalars plus a photon. This was done in order to investigate the
uncertainties of our extension to SU(4) of chiral Lagrangians. The
results obtained show that the overall agreement between experiment
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and the theory in the light sector is as good as in the heavy one and
moreover the lack of precise data on these decays for the heavy mesons
do not help us to decide whether we should use in the heavy sector
the same parameters in the couplings as in the light sector (f;) or if
we should substitute this by the heavy meson decay constant (fp).

Another calculation done was the radiative decay of the resonance
D¢ (2317). We hope that the precise measurement of this radiative
decay width will help us to understand the nature of this resonance,
which is interpreted within our model as a dynamically generated state
mainly composed by DK but with non-negligible admixture of Dn
and Dgn’. Within the same frame work we could predict also the
radiative decay of our predicted hidden charm scalar state into J/.
In order to stimulate the experimental search for this predicted state
we have also calculated the radiative decay width of the ¢(3770) into
the scalar X state. Our results show that the plans to produce the
¥ (3770) in the upgraded BEPC facility will have enough statistics to
observe and thus confirm this new scalar state.
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CHAPTER

Resumen Espanol

8.1 Introducion

El interés de la comunidad cientifica por estados con encanto (charm)
y encanto oculto (hidden charm) viene creciendo en los ultimos anos
ya que el desarrollo de nuevas técnicas experimentales ha posibilitado
el descubrimiento de nuevas resonancias por encima del umbral para
la produciéon de charm. Muchas de las nuevas resonancias descubiertas
en experimentos como BaBar, Belle, BES, etc, presentan un desafio a
la idea tradicional respecto de la estructura de los hadrones: mesones
formados por pares quark-antiquark (gg) y bariones formados por tres
quarks (gqq). Esa situacién ya era conocida en el sector ligero (sin
charm) donde muchas de las resonancias mesoénicas y bariénicas no
tienen sus propiedades bien descritas por los modelos tradicionales de
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quarks.

Entre esos estados se encuentran, por ejemplo, el meson escalar
D(2317) y los axiales D;;(2460) y la X (3872). En el caso de los
mesones Dy(2317) y Dy1(2460) los modelos de potenciales de quarks
los predicen con masa mucho mayor y, por lo tanto, anchuras mayores,
ya que en esos modelos la masa estd por encima del umbral para desin-
tegracién en D™ K, mientras que la masa de los estados observados
esta por debajo de ese umbral y los posibles canales de desintegracion
de esos estados o son electromagnéticos o violan simetria isospin, lo que
en cualquiera de los casos resulta en anchuras muy pequenas. Igual-
mente la X (3872) no ha podido ser asociada con ninguno de los estados
del charmonium atin no observados (177, 277 6 277). La desinte-
gracion de la X en 7.J /9 fija su C-paridad como positiva, descartando
ya dos de esas asignaciones y la restante deberia de tener mayor masa.
Los nimeros cudnticos que mejor se ajustan a la X son 17T,

Sin embargo, las propiedades de las resonancias en el sector ligero
se encajan con las predicciones de modelos que utilizan simetria quiral,
conjuntamente con técnicas de unitarizacion en canales acoplados para
describir las interacciones de pares de hadrones. En esos modelos las
resonancias son dindmicamente generadas y interpretadas como esta-
dos ligados de dos hadrones (estados "moleculares”) y no simplemente
como estados excitados de qq o gqq. Si la teoria de perturbaciones
quirales ha permitido el estudio con gran éxito de una amplia var-
iedad de fenémenos que involucran interaciones fuertes a bajas en-
ergias, la aplicacion de esa teoria en canales acoplados se ha extendido
a energias intermediarias y, en particular, ha tenido éxito en describir
muchas resonancias hadrénicas como dinamicamente generadas. Den-
tro de éstas se encuentran las resonancias escalares ligeras y tambien
las axiales, ademds de muchos bariones como la A(1405).

Nuestro trabajo ha extendido modelos quirales en canales acopla-
dos con el objetivo de incluir mesones con charm y hidden charm vy,
de esa manera, estudiar la posibilidad de que muchos de los nuevos
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estados con charm o hidden charm descubiertos en los ultimos anos
por BaBar, Belle, CDF, ..., sean estados dinamicamente generados por
la interaccion de los mesones pseudoescalares y vectoriales. Para estu-
diar las resonancias con charm es necesario extender los Lagrangianos
chirales para incluir los campos pesados de los mesones encantados.
Una manera formal de hacer eso es combinar la simetria quiral con
la simetria de quarks pesados (heavy quark symmetry). Ese método
describe muchas resonancias como dinamicamente generadas, pero no
permite estudiar algunos de los posibles sectores de interés, como el
que tiene hidden charm. El objetivo de nuestro trabajo es desarrol-
lar un modelo nuevo que nos permita estudiar la interaccién entre
cualquier par de mesones pseudoescalares o vectoriales, que puedan
ser los constituyentes de un estado escalar o axial.

8.2 Modelo y Resultados

Para desarrollar nuestro modelo, primero construimos campos con-
teniendo los mesones pseudoescalares y vectoriales que son descritos
por un 15-plet de la simetria SU(4) mas un singlete. A partir de
esos campos definimos corrientes hadronicas y construimos un La-
grangiano para la interaccion de mesones pseudoescalares acoplando
la corriente pseudoescalar con ella misma y un Lagrangiano para la
interaccion de mesones pseudoescalares con mesones vectoriales acop-
lando la corriente pseudoescalar con la vectorial. El acoplamiento en
ambos Lagrangianos es proporcional a 1/f2, donde f es la constante
de desintegracion mesonica.

Los Lagrangianos construidos de esa manera son invariantes SU(4)
de sabor, pero es un hecho que la simetria SU(4) es una mala simetria
para describir la naturaleza. Para tener en cuenta ese hecho, suprim-
imos términos del Lagrangiano que representan procesos donde se in-
tercambia un mesén pesado entre las corrientes hadrénicas teniendo
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en cuenta el principio de dominio de mesones vectoriales, donde la
interaccion en los términos de contacto es interpretada através del in-
tercambio de mesones vectoriales. Otra fuente de rotura de simetria
es la utilizacién de una constante de desintegracion mesénica diferente
para mesones ligeros (f,=93 MeV) y mesones pesados (fp=165 MeV),
en nuestro modelo.

A partir de los Lagrangianos es posible obtener amplitudes de
transicién a nivel arbol entre cualesquiera parejas de mesones pseu-
doescalares y vectoriales que expanden un espacio de canales acopla-
dos. Esas amplitudes son proyectadas en onda-s y esa informacién
es utilizada en la matriz V' que entra como nucleo para resolver la
ecuacion de dispersion que calcula la matriz de transicion T'. La matriz
de transicion T' es calculada através de la ecuacion de dispersion que,
en un formalismo on-shell asume la forma de una ecuacién algébrica:

T = V+VGT, (8.1)

donde T es la matriz de transicion, V' es la matriz con el potencial para
las transiciones a nivel arbol entre dos canales y GG es una matriz diag-
onal donde cada uno de sus elementos no nulos es el propagador de dos
particulas para cada uno de los canales. Conociendo las propiedades
analiticas de las matrices G y T', es posible calcularlas en todo el plano
complejo y en todas sus hojas de Riemann. Polos de la matriz T" en la
segunda hoja de Riemann de canales abiertos son identificados como
resonancias.

Un polo nos da informacién de la masa de la resonancia (parte real
de la posicién del polo), de su anchura (parte imaginaria de la posicién
del polo) y los acoplamientos de la resonancia a todos los canales del
espacio de canales acoplados (residuos del polo en cada canal). Todas
esas propiedades de las resonancias calculadas con nuestro modelo nos
permiten testear el modelo contra el experimento, calculando desinte-
graciones radiativas de esas resonancias, o calcular espectros de masa
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de los productos de desintegracion de las resonancias. Nuestro modelo
también ha sido capaz de explicar la importante violacién de isospin
en las desintegraciones del X (3872).

El modelo que desarollamos reproduce, en el sector ligero, los resul-
tados de los trabajos anteriores que utilizan simetria quiral en canales
acoplados. En el sector ligero son generados dinamicamente el octete
y el singlete de mesones escalares (fo(980), a¢(980), x y o) y también
los dos octetes y el singlete de mesones axiales (a;(1260), b;(1235),
hy(1170), hy(1380) y el f1(1285), asi como los dos polos del K;(1270)).
En el sector con charm se generan un antitriplete y un sextete de res-
onancias escalares y dos antitripletes y dos sextetes de resonancias
axiales. Las resonancias escalares generadas y uno de los antitripletes
y uno de los sextetes axiales reproducen los resultados obtenidos con
la simetria de quarks pesados, donde son generados dindmicamente el
D4(2317) y el D41(2460) y sus respectivos compaferos no extranos,
como miembros de los antitripletes. Los sextetes generados son predic-
ciones y aqui nuestro modelo presenta diferencias con relacion a los
modelos que utilizan simetria de quarks pesados. Mientras en esos
modelos las resonancias exoticas pertenecientes a los sextetes tienen
una anchura muy pequena, en nuestro modelo esas resonancias tienen
una importante anchura, que hace con que tales estados sean muy
dificiles de identificar experimentalmente. Ademéds, nuestro modelo
describe la X (3872) y otras resonancias axiales que no podian ser
estudiadas en el formalismo de quarks pesados, por estar en el sec-
tor de hidden charm o bien por ser constituidas por la interaccion de
un mesén vectorial ligero con un pseudoescalar pesado. Aparte de
describir casi todas las resonancias escalares y axiales experimental-
mente conocidas que tengan charm o hidden charm, nuestro modelo
también hace predicciones de un posible estado escalar compuesto de
DD vy un estado axial con C-paridad negativa, y masa muy préxima
de la X (3872).

Otros de los objetivos del trabajo han sido estudiar las propiedades
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de desintegracion de esos mesones, buscando una posible manera de
confirmar o descartar la existencia de esos estados. En el caso del
meson escalar con hidden charm, se ha hecho un estudio del espectro
de masas de los mesones DD provenientes de la desintegracion de
ese estado y se ha comparado los calculos teéricos con una medicion
de Belle de ese espectro en ese rango de energias. Los resultados
demuestran que el experimento es compatible con la existencia de
ese estado estrecho por debajo del umbral para produccién de DD
aunque no es posible descartar otras posibilidades como la existencia
de una resonancia muy ancha por encima del umbral. También se ha
calculado la anchura de desintegracién radiativa de la ¢ (3770) en ese
nuevo estado escalar y los resultados ensenan que la estadistica de un
ano de produccion de la 1(3770) en el experimento BES es suficiente
para que se observe el pico experimental en el espectro de fotones
resultante de esa desintegracién, confirmando asi su existencia.

8.3 Conclusiones

En este trabajo se ha estudiado la generacion dindmica de estados con
charmy hidden charm por medio de la interaccién de pares de mesones
en canales acoplados. Como punto de partida para la construccién
del Lagrangiano se ha utilizado el Lagrangiano quiral de méas bajo
orden en SU(3), ya que el éxito de ese Lagrangiano para describir las
resonancias ligeras es conocido. Para introducir los mesones con charm
y hidden charm en el formalismo se ha extendido el Lagrangiano de
SU(3) para SU(4) y se han suprimido términos convenientemente para
tener en cuenta la masa pesada de los mesones vectoriales encantados
cuando esos son responsables por la interaccién. Asf la simetria SU(4)
queda rota de una manera sistematica y realista.

La comparacién de nuestros resultados con resultados obtenidos
por medio de simetria de quarks pesados, posibilita estudiar cuales
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de las resonancias obtenidas son resultados fiables y robustos y cuales
son mas dependientes del modelo utilizado. De hecho los resultados
obtenidos para las resonancias pertenecientes al antitriplete escalar y
a uno de los axiales obtenidos coinciden entre los diferentes modelos y
las masas, anchuras y residuos obtenidos con nuestro modelo son con-
sistentes con los obtenidos con los Lagragianos basados en simetria
de quarks pesados. Sin embargo los resultados para los sextetes di-
fieren en los diferentes modelos. Mientras en nuestro trabajo esos
estados tienen anchuras importantes, en los trabajos anteriores esos
estados aparecian como resonancias estrechas. Los resultados en el
sector ligero coinciden con trabajos anteriores basados en la simetria
SU(3) ya que nuestro Lagrangiano, en ese sector, coincide con el La-
grangiano quiral de mas bajo orden. Se podria esperar que la mezcla
de ese sector con canales pesados con hidden charm pudiera tener al-
guna influencia en las resonancias ligeras, pero ese no es el caso, ya que
la dindmica de la interaccién suprime esa mezcla para canales mucho
mas pesados que la masa de la resonancia.

A parte de contrastar el modelo con los resultados obtenidos por
medio de simetria de quarks pesados, nuestro formalismo nos permite
estudiar resonancias con hidden charm y axiales formados por la in-
teraccion de mesones pseudoescalares pesados con mesones vectoriales
ligeros. En el sector axial con charm se obtienen resonancias estrechas,
algunas que pueden ser identificadas con estados conocidos experimen-
talmente. De hecho asociamos el antitriplete extra generado con los
estados D,1(2536) y D;(2430), mientras que para los estados exoticos
pertenecientes al sextete no hemos encontrado ninguna asignacion ex-
perimental posible y son tan solo predicciones de nuestro modelo. En
el sector axial con hidden charm es posible reproducir el controversial
estado X (3872) que en nuestro modelo debe ser interpretado como un
estado con C-paridad positiva, isospin 0 y compuesto por DD* + c.c..
Tambien se obtiene un estado axial con C-paridad negativa y anchura
pequena, pero no despreciable, que es una nueva prediccion del mod-
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elo. Ese nuevo estado tiene desintegraciones a nw, no, n'w y n'o,
principalmente. En el sector escalar con hidden charm se obtiene un
estado compuesto por DD, que es también una prediccién. Sim em-
bargo, investigamos datos experimentales del espectro de masas de
DD en el rango de energias donde se espera que esté esa nueva reso-
nancia y encontramos indicios de su existencia.

Hemos hecho un estudio méas detenido respecto al estado X (3872)
generado en nuestro modelo. Hemos demontrado que la aparente vi-
olacién de isospin de ese estado en las desintegraciones X (3872) —
J/yrTa~ y X(3872) — J/vntr n® es un efecto del espacio fésico
en las desintegraciones intermedias p° — 7t7~ y w — 777 7% y no
un efecto de violacién de isospin en la estructura de la X (3872) que
es un estado casi exacto de isospin 0 y, por lo tanto, las componentes
DD* + c.c. con D’s tanto neutras como cargadas son igualmente im-
portantes en la estructura del estado.

Estudiando las desintegraciones radiativas de mesones vectoriales
en mesones pseudoescalares pudimos comprobar que las incertitum-
bres experimentales son del mismo orden de magnitud que el " model
dependence” en la eleccién de parametros como f, o fp y la man-
era como se rompe la simetria SU(4). Hemos calculado tambien la
desintegraciéon radiativa de algunos de los estados escalares genera-
dos dindamicamente en estados vectoriales y esperamos estimular la
obtencion de esas medidas experimentales que ayudaran a compreen-
der la estructura de esas resonancias. Por tultimo se ha calculado la
desintegracion radiativa de la ¢ (3770) en el estado escalar con hidden
charm que nuestro modelo predice. Los resutados sugieren que los
planes para produccién de la ¥(3770) en BEPC-II en Beijing produci-
ran alredor de 1000 eventos ¥ (3770) — X lo que seria suficiente para
producir un pico observable en el espectro de fotones.
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Amplitudes for Scalars

This appendix shows the amplitudes obtained from the Lagrangian
in eq. (2.28). In the column of the states, the following momenta
assignments should be taken into account: where it reads M; M, —
MsM, it means My (p)My(k) — Ms(p')My(K') and the Mandelstam
variables are defined as follows:

s= (p+k)P= (0 +F) (A1)
t= (p—p)= (k=k) (A.2)
u= (p-kKp= (k—p) (A.3)

When inserting these amplitudes (or transformed to isospin or

SU(3) basis) in the BS-equation, one should be careful to divide the
1

amplitude by 7 each time the initial or the final state contains a
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Table A.1: Amplitudes in the sector C=0, S=0, [=2

Process ‘ M
2m2 —2s+t

pair of identical particles, (unitary normalization) in order to ensure
closure of the intermediate states. The extra normalization for the
external lines must be kept in mind but does not matter for the pole
search. The factors v, ¢ are defined in egs. (2.25), and (2.29). The
amplitudes are given in isospin basis.

A1 C=0, S=0, I=2

We show in Table A.1 the amplitudes for this sector.

A.2 C=0, S=0, I=1

We show in Table A.2 the amplitudes for this sector.

A.3 C=0, S=0, I=0

We show in Tables A.3, A.4 and A.5 the amplitudes for this sector.

A4 C=0,S=1,1=2

We show in Table A.6 the amplitudes for this sector.



Table A.2: Amplitudes in the sector C=0, S=0, [=1

Process M
T — T “f—;t
ar — KK %
T — TN 0
T — 0
7 — DD 7@7?]&;&2)
T — NeT 0
— — p -
KK — KK | -2
[ m2+2s—t—u
KK — ™ ZW
% ’ 6my, +2mi —2s+i+u
KK — mn NGE
KK — DD _m%JFmig;;rquSV*tv
KK — nm 0
2 2
T — —3F
2
mn — — \/f:;’f
= 2mZ +2m2 +(2s—t—u)y
mn — DD NelE
T = Nem 0
/ / mZ
™ — —35
/ = 2m% +2m2 +(2s—t—u)y
™ — DD NG
' — new 0
— — _ 2 _ —
DD — pD | 2rptiut
DD — gor | D
0

NeT — NeT
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Table A.3: Amplitudes in the sector C=0, S=0, I=0

Process ‘ M
T — T 2(—2s+t+u)—5m2
3f2
= —2m?%, —2mZ2 —2s+t+u
mnm — KK N
T — 1 2y
V3f?
! %mg\'
T — 0 2
T — ' i
= 2mZ +2m?2 —i-f(2s t—u)y
mm — DD Mp T Tt
262
ar — DDy 0
T — 1N 0
T — e’ 0
T — Nelle 0
K[_( - KK B Qm%—;;;—t—Qu
=, 2v2(—m2 —2s+t+u
KK —nn _2 f;fz )
KK - 7777, —4m%(+3m3r—25+t+u
9f2
> 7y o —34mfK +6m2 —2s+t+u
KK - TI 7] 18\/2)"2
KK N DD mé—i—m%—t—i—u—i—sv—t'y
6f2
= = 2 12m2 —m2 +t—utsy—uy
KK — D,D, | "2
3v2f?
KK — n.n 0
KK — nn 0
KK — nene 0
2(2m2 +m2
1 — 2 e )
m — M(m,%é*mi)
9
m — 77,77, 2mfr78mfK




Table A.4: Amplitudes in the sector C=0, S=0, I=0

Process M
D —2m?% —2mZ +(—2s+t+u)y
nm — DD — 629\25722
> —2mZ —6m2 +4m2 —2sy+1y+u
nn — DsDy D K S Shntha
—2m% —6mi +4mz —2sy+ty+u
nn — nen D K e yrtyTuy
nm = nen’ 0
nn — Nelle 0
/ / 2m2 —8m3,
m’ — T i
V2(8m?2 —5mfr
)’ — 'y %
> —2m2, —2mZ+(—2s+t+u
7]7]/ — DD : D : 18f2(2 )Y
! M 2m7, +6m7. —4Amz +2sy—ty—uy
n — DD, ST
nn’ = nen 0
m' — nen’ 0
m' = nene 0
Wy — 'y e
Iyl D —2mZ —2mZ +(—2s+t+u)y
iy — DD bl
n'n'" — DyD, —QW%—GmiJrgflgi—?sthuv
n'n' — nen 0
n'n’ — nen’ 0
n'n' — nene 0
DD — DD | —Smbt2stt=3ut(s+2t-3u)y
6712
D > —2m}, —m3 +m2 —stu+(u—t)
DD — D,D, DMK W
> (2s—t—u)y—2m?
DD — n.n/ W
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Table A.5: Amplitudes in the sector C=0, S=0, I=0

Process ‘ M
= —6my,+2m3 +(—2s+t+u)y
DD — NeNe ] _ 32\/§f2 ( )
= = AmZ FAm2, —4m2 +s+t—2u+(s+t—2u)
DSDS N DSDS o mD TTLK m 6;2 u S u
= 2m?Z,+2m2, —2m2 —2sy+ty+uy
Dst e 7707] ZD I: 6\/5}:2
= 4my +4 me, —4Amz —4sy+2ty+2uy
Dst — 77077/ - D2 :{ 6\/62]"2
DSDS — e 76mD72mK+gl}7;ﬁ72S'y+t'y+u'y
Nl — Nel 0
nen = nen’ 0
Nt — T)cTe 0
nen — nen’ 0
NN’ — NeNe 0
2m2 —4m?
Nelle = Nele R

Table A.6: Amplitudes in the sector C=0, S=1, I:%

Process ‘ M

o m%{ +m2 —2s+t+u

K —- 1K 67
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A5 C=0, S=1, I=;

We show in Table A.7 the amplitudes for this sector.

A.6 C=1, S=1, I=1

We show in Table A.8 the amplitudes for this sector.

A7 C=1, S=1, I=0

We show in Table A.9 the amplitudes for this sector.

A8 C=1, S=0, I=}

We show in Table A.10 the amplitudes for this sector.

A9 C=1, S=0, I=;

We show in Table A.11 the amplitudes for this sector.

A.10 C=1, S=-1, I=1

We show in Table A.12 the amplitudes for this sector.

A.11 C=1, S=-1, I=0

We show in Table A.13 the amplitudes for this sector.
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Table A.7: Amplitudes in the sector C=0, S=1, I:%

Process | M

7K — 7K _QM%Hm%;fsttf? u
(i z:%t

7K — D,D mp+my — 1; sy—t v
K — n.K 2\/ng

K — U/K 6m§<+2n§;s—2 t+u

nK — nkK 2ol 2ren)

nK — D,D m—mat(—w) GF2)
N — nedS Wogf

nkK —nK _ —4m§<+zr\r/z§;s—2 tu
D.D— D.b|  —mhomint ey
D,D — n.K _2mf>+mf<—"gf}2—2 sy+ty+uy
DD — 'K _3mé—5m§<+2ng}r€ ;1;+u—35'y+t'y+2u7
Nt — ne K 0

N —n'K 0

n"K —nK —34m§(+f:igrg;r2 +s—2t+u

Table A.8: Amplitudes in the sector C=1, S=1, I=1

Process ‘ M
Dyt — Dgm 0
Dy — DK | -7 et
DK — DK 0




Table A.9: Amplitudes in the sector C=1, S=1, I=0

Process | M
DK — DK _ m%—l—mf{—l—s—u-‘rtw—uw
3 f?
P i
—mz+(s—u)(y +2)
DK — D i L
o 2
’ —3mp —5mz+2my —s+u+tsy—3iv+2uy
—
DK — Dgn AP
2mp+my—ma+s y—2y+uy
DK — Dy, | — Tt
19577 N D577 72mf)76m§<+47;§r +sy—2ty+uy
18
’ 72m%76mf(+4 mZ +sy—2ty+uy
DS?? - DS?? - 04/2f2
2mZ 4+2m?2, —2m2 +sy—2ty+uy
D K fis
D — Dine YT
DST}, - DST}, —2mi,—6 mK—zéng,r-l—sw—Qt'y—l—wy
2mZ +2m?2 —2 m?2 —2t
D,n' — Dgn. _2mpt2my 3\/%1;2+Sv Ytuy
D.n. — Dan f6mf772mf,<+4mjr +sy—2ty+uy
sllc sllc 6f

Table A.10: Amplitudes in the sector C=1, S=0, I:%

Process ‘ M
2 2
TmZ—stu—sy+t
7ID — HD - DpTn ngu — E
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Table A.11: Amplitudes in the sector C=1, S=0, I:%

Process ‘ M
2 2
D — 7D _2mp+2mﬁ+4sl—24;¢2+s ~+2ty—3uy
52 5.2 —
mD — nD 2mj 221\;};;5 2ttu)
D — 77/D —2mD—2mlﬁ2-i};§s—2 t+u)y
- 2l 7
D — KD, _mDerKQJ:jéf?;ﬂ'y u 7y
2 —
™D — n.D _W
2 2
TI.D — T]_D *2mD*277117T84;2(372t+u) 5
B Yown s ew By G
77D — n/D 2m1, 2717;7:/4%(:2 2 ttu)y
- BTN
nD — KD mi mﬁgﬂs) +2)
nD — n.D _QM;TT?ZW
U’D — n/D 2 *2”12D*2n%%f2(572t+u)7
n'D — KD 73mD75mK+2:25\7/T6J;827u+25%3m+m
77/D — 77CD _W
KDS — KDS o meJFme{*”?f;S*Uth'yfu’y
KDS — n.D _2mf7+m§<fngf}js Y2ty tuy
2 2
neD — n.D 76mD+2mg;r2(572 u)y

Table A.12: Amplitudes in the sector C=1, S=-1, =1

Process

| M

DK — DK

o m%erfoerufS'y«H ¥
62
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Table A.13: Amplitudes in the sector C=1, S=-1, =1

Process

M

DK — DK

mf:) +mf( —s+u—sy+t v
612
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APPENDIX

The ¢ Coefficients for the axials

This appendix show the matrices £, in isospin and G-parity (see ap-
pendix C) basis, when applicable, that appear in the amplitudes for
the interaction of pseudoscalars with vector mesons in eq. (3.7).

B.1 C=1, S=1, I=1

The channels in this sector are in the following order: Dim, pDs, D*K
and K*D.

0 0 -1 —x

B 0o 0 - -1
&= -1 —y 0 0
-y =1 0 0
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B.2 C=1, S=1, I=0

THE ¢ COEFFICIENTS FOR THE AXIALS

The channels in this sector are in the following order: K*D, D*K,
Din, D', wDs, ¢ D, Din. and J/1Ds.

-2 0 VI -F% -1 v2 V2y 0
0 -2 2,/2 = 7 0 0 —V/2y
—/3y 22 0 0 0 —% 0 x

1 2 2
—1 v 0 0 0 0 0 0
V2 0 % 2y 0 0 -y 0
V2v 0 0 0 0 — 0 v
0 V2 % -3y 0 0 vy 0

B.3 C=1, S=0, I=}

The channels in this sector are in the following order: D*m, pD, DK,
K*D,, D*n, D*1f, wD, ¢D, D*n. and J/¢D.



205

2 2 50 0 0o ¥ NES:
1 —2 0 Vs k3 0 0 —/3v 0
NER -1 0 -Z L 0 v 0 -
0 e I I B Y £ e S WA
. 0 % -% % 0 0 5 00 -
0 1 NG 2y 0 0 5 00 —
Y 0o -X X 2 0 0 —% 0
0 0 v o1 0 0 0 0 0 0
0 —\/37 0 —y 0 0 -% 00 v
NEER 0 ~Z —% 0 0 ~ 0

B.4 C=1, S=-1, I=0

The channels in this sector are in the following order: D*K and K*D.

—
N—————

D P

B.5 C=0, S=1, I=.

The channels in this sector are in the following order: K*m, pK, K™n,
K, wK, oK, DD, D*D;, J/¢ K and K*1..
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l\?|5 S O -

o O O N

57

@)

THE ¢ COEFFICIENTS FOR THE AXIALS

| o o | o
c}o\ S
[\

shghe

(@) O§|4

o ¥
i 0
0 i
_ﬁ 0
NG 0
_% 0
0 0
0 0

B.6 C=0, S=0, I=1"

= =2 O

|
IS R
D

O O 2 2 o O o O O O

The channels in this sector are in the following order: ¢m, pn, pn/,
K*K + c.c., wr, D*D + c.c., pn. and J/¢7. Note that here and ev-
erywhere else where it reads PV + PV we are not writing the LQ
and the real states used in the calculations are normalized and read

1
i

VPEVP).

OO 2 2 o O O O O O
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0 0 0 V2 0 0 0 0
0 0 0 —2/20 /% 0 o0
1
0 0 0 7 0 —J% 0 0
2 1

£ = V2 =25 &= -1 -1 — 0 0
0 0 0 -1 0 —x 0 0
0 =37 —F%F —v = ¥ V27 V2y
0 0 0 0 0 V2y 0 0
0 0 0 0 0 V2y 0 0

B.7 C=0, S=0, I¢=1"

The channels in this sector are in the following order: K*K — c.c., pm

and D*D — c.c..

-1 V2
§ = (x/?Z \/57)
v —V2y ¢

B.8 C=0, S=0, I*=0"

The channels in this sector are in the following order: K *K + c.c.,
D*D +c.c. and D;D; — c.c..

-3 -7 V2
§ = (’y —p—2 —/2 )
V2y V2 = -1
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B.9 C=0, S=0, I*=0"

The channels in this sector are in the following order: ¢én, wr', ¢n,

prm, D*D — c.c., wne, o, J/wn, J/n', wn, DiDg + c.c., K*K — c.c.
and J/ymn,.

0 0 0 0 0 0 0 0 0
o
0 0 0 0 e 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 —4 -3y 0 0 0 0
a2 _ b — _ _2y /2
0 5 0 V3y P —2 V2y 0 = 2y
0 0 0 0 —V2y 0 0 0 0
0 0 0 0 0 0 0 0 0
= _2
[ 0 0 0 0 = 0 0 0 0
0 0 0 0 -v/2%v o0 0 0 0
0 0 0 0 2y 0 0 0 0
2 2y 2 2y
7\/;7 0 = 0 —V2 0 —V2v 2y =
4 1 _ /2
75 75 \/; V3 v 0 0 0 0
0 0 0 0 2 0 0 0 0
_./2 4
0 \/;'y \{3 0
0 0 e 0
27 /2
0 73 3 0
0 0 V3 0
2y V2 ¥ 27
0 0 0 0
0 2y 0 0
0 2y 0 0
_2y
0 e 0 0
0 0 -24/2%2 o0
0 —p—1 V25 V2y
-24/%2 V2v -3 0




APPENDIX

Isospin and SU(3) basis

The following phases are taken for the meson assignments of the 15-
plet:

+ +
1D, o= |DF >, \D>%:< |D* > ),]K>%:<‘K >>’

—|D% > |KO >
—|7t >
T >1= 170> |, [n>0=|n>, e >0= |ne >,
|7 >

_ K° >

K >4= < _‘\K— > ) 7" >o0=[1" >.

— _O —

|D >1= < ”g_i ) and |Ds >o=|D; >
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The phases for the vector mesons are the same changing the pseu-
doscalar meson by his correspondent in the 15-plet of vector mesons.

Under charge conjugation the pseudoscalar (P) and vector mesons
(V) transform as follows:

cp = P (C.1)
vV = -V (C.2)

Neutral flavorless states have definite C-parity, for instance the
pseudoscalars like 7 or n have positive C-parity while the vector
mesons like the p® or ¢ have negative C-parity. States with differ-
ent C-parity quantum number cannot mix.

For states of two mesons it is also possible to write a C-parity
basis. The states like D*D, D*D, and K* K have no definite C-parity,
but one can mix them with their complex conjugates in order to form
states of definite C-parity, as has been done in chapter 5. If instead of
working in charge basis one works with isospin basis, one has to define
the G-parity. The G-parity is defined as the product of the charge
conjugation operator with a 180° degrees rotation in the isospin plane:

~

G = &™(C (C.3)

where T; is the 2"¢ generator of the isospin group SU(2).

In the following we will make a list, for the sectors where a SU(3)
decomposition is not trivial, of the isospin and SU(3) states used to
transform the amplitudes, for scalars, from a charge basis to isospin
and then from isospin into a SU(3) basis. For writing the vector
meson pseudoscalar pair states one only has to change one of the
pseudoscalars by his correspondent in the 15-plet of vector mesons and
then use the symmetry property of the Clebsch-Gordan coefficients,
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< J1 J2 My mﬂjl jo J M > = (_1)J—j1—j2

X < ja j1 mg malja 1 J M >(C.4)

and the proper symmetry transformation of the SU(3) Clebsch-Gordan

coefficients that one can find in [161, 162].

The states n and 7, refered for the states in SU(3) basis are not
the physical n and 7. but the states 13 and 75 refered in Chapter 2.
The figures C.1-C.4 show representations of the irrep products.

C.1 3®3(C=2)

|D,D, >o= |D+DF >
DD, >1=—|D°D} >

IDD>\ _ , (-1 1 | DD >
|DD >; ) v2\ -1 -1 |D°D* >

6,2,0 > 1 = |DyD, >

](_a, 1,5 >= 5(IDDs > +|D,D >)?
|6,0,% >= |11)D >

3,1,5 >= 5 (|DDs > —|D,D >)
3,0,0 >=|DD >

C.2 3®8(C=1)

[KD, >1=|K°D} >

1SU(3) states are represented as |Irrep, S, I >

)

2from now on the label for the isospin of the states will be omitted for the

SU(3) states.
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A®v

Figure C.1: 3®3 =3 @ 6.

IKD >y \ _ 4 (-1 —1 |KTD° >
|[KD >, |  v2\ -1 1 |[K°D+ >

|7]Ds >0= |7]D: >
|7Dg >1= |1~ D >

—_
Wi

nD >1=—[nD° >
KD, > 1= —|K~D} >

IKD>y\ _ (1 -1 |K~D* >
|[KD >, |~ v2\ -1 -1 |K°D® >

15,2, 5 >=|KD, >

15,1,1 >= &(|[KD > —|nD, >)
15,1,0 >= —2|nD, > +1|KD >
15,0, 3 >= 7D >

|7°D° >

- -D+
7D >3 _\/g = |7~ Dt >

)
)

)



%®A@@@@/\

Figure C.2: 83 =6® 15® 3.

15,0.3 >= 7D > +}lyD > —\}|KD, >
15, —1,1 >= |KD >

6,1,1>= &(|[KD > +|nD, >)

6,0, >= \/g_\ﬂD > —/3nD > —4|KD, >
16,—1,0 >= |KD >

3,1,0 >= LnD, > +B|KD >

3,0, >= —3|xD > ~L|pD > —\[Z|KD, >

C.3 3®3 (C=0)

DD >y=|DfD" >
|D,D, >y=|DfD; >
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IDD>,\ _ , (1 1 DD~ >
DD>, )~ va\1 -1 )\ |D°D°>

A®V%@.

Figure C.3: 3@ 3 =8® 1.

8,1,5 >=[D,D >

8,0,1 >=|DD >

18,0,0 >= @\_DSDS >—L|DD >
8,-1,3 >=|D,D >

1,0,0 >= %|D,D, > +,/2|DD >

C.4 8®8 (C=0)

TK >\ (55 /3 ITOKO >
[TK >3 N % T Kt >

InK >1= |nK° >
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KK >0\ _ , (-1 -1 |[KTK~ >
KK > )~ v\ -1 1 |KOKO >

S U SR L
[T >0 B Ve |7t >
mr> | = 7 & 0 |77t >
| >y _% _% 2 |w070 >

| >1= |79 >

o B

Figure C.4: 8@8=1®8®8® 10® 10 ® 27

27,2,1 >= |KK >
271,23 >= %(‘Kﬂ' > +|rK >)

27,1, 5 >= 5 =(|Km > +|7K > =3|Kn > —3[nK >)

27,0,2 >= |7 >

;27,0, 1>= %(\K[_( > +H|KK >) + %(\m > +|nm >)
127,0,0 >= 9= (—|KK > —|KK >) + 5om|mm > —575(nm >
10,1, 5 >= 5(|K7 > —|7K > +|Kn > —|nK >)

10,0,1 >= (KK > —|KK > —|nm >) + 5(|mn > —|nm >)
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10,1, 3 >= %(—lKﬂ' > +|7TK >)

85,1, 5 >= 3= (3| K7 > =3|7K > —|Kn > —[nk >)
85,0,1 >= (= |KK > —|KK >)+ L (jmn > +[n7 >)
85,0,0 >= (= |KK > —|KK >)+ Z|am >+ >
84,1, 5 >= %(—]Kw > +|nK > +|Kn > —|nK >)

84,0,1 >= L(|KK > —|KK > 42|77 >)

84,0,0 >= J5(=|KK > +|KK >)

11,0,0 >= (—|KK > —|KK >) — 2\3/6\7m > +ﬁ!7777 >
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