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The main motivation of this work has been the description of the heavy quark
systems within the framework of a constituent quark model. The difficulties to solve
nonperturbative QCD make phenomenological models a useful tool to approach the
data and, at the same time, to learn about the theory.

The investigation of properties of the heavy mesons has allowed us to understand
the model applicability and to generate possible improvements. The properties studied
are the meson spectra and the electromagnetic, strong and weak decays.
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Chapter 1

Introduction

The theory that describes the strong interaction is Quantum Chromodynamics (QCD).
It was proposed in the 1970s and was widely accepted after the discovery of asymptotic
freedom in 1973 as it offered a satisfying explanation to some of the puzzling
experimental results at the time. However, QCD has remained only partially solved
until today due to the non-Abelian structure of the gauge group which generates
it. The main problem is that a perturbative understanding can only be properly
done at very high energies where the quark-gluon coupling constant becomes small
enough. In the low-energy region one has to develop nonperturbative methods of
limited applicability or to model the theory to describe the phenomenology. Among
them one has constituent quark models, numerical techniques in a discrete lattice space,
Lattice QCD, or other approaches that build an Effective Field Theory taking some
limit of QCD and generate from it a systematic expansion, Chiral Perturbation Theory,
Heavy Quark Effective Field Theory, Non-Relativistic QCD or 1/N, approaches.

The difficulties to solve QCD make phenomenological models incorporating the
basic properties of the original theory a useful tool to approach the data and, at the
same time, to learn about the theory. Among them, constituent quark models have
surprisingly described quite well hadrons as composite objects made of constituent
valence quarks. The quark model of hadrons was first introduced in 1964 by Gell-
Mann [1] and, independently, by Zweig [2]. There was no universal agreement if the
quarks were real particles or merely mathematical objects until 1967 when the situation
changed due to an electron-proton deep inelastic scattering experiment performed by
Friedman, Kendall and Taylor at the Stanford Linear Accelerator Center (SLAC). They
found that the scattering rate deviated from Rutherford formula for the scattering
between point particles, proving the proton was formed by three point-like particles.

Before 1974 it was possible to understand the experimental data using only three
different types of quarks (and the corresponding antiquarks), up (u), down (d) and
strange (s). Then very narrow hadron resonances were discovered simultaneously at
Brookhaven National Laboratory [3] and SLAC [4]. The states were interpreted as a
bound state of a new heavy quark, the charm quark (c). In 1977 another heavy meson
named T was discovered at Fermilab in the 9.5 GeV region [5], a discovery that leads
to the bottom quark (b). The top quark (t), was discovered in 1995 at Fermilab [6]
with a mass around 175 GeV, although no meson containing a ¢ quark has ever been
detected !.

Due to the large weak decay rate, t — bW, it is not expected that the top quark appears as a constituent
in bound states.



The scientific community has witnessed what is called the golden age for heavy
quarkonium physics, dawned a decade ago and initiated by the confluence of exciting
theoretical advances in QCD and an explosion of related experimental activity.
Focusing on the charmonium sector, it is important to remark that since its discovery
in 1974 [3, 4], the charmonium system has become the prototypical “hydrogen atom”
of meson spectroscopy [7-10]. The experimentally clear spectrum of relatively narrow
states below the open-charm threshold of 3.73 GeV can be identified with the 15, 1P,
and 25 cc levels predicted by potential models, which incorporate a color Coulomb term
at short distances and a confining term at large distances. Spin-dependent interquark
forces are evident in the splittings of states within these multiplets. Discussions of the
theoretical importance and experimental status of heavy quarkonium, including recent
experimental results for charmonium, have been given by Quigg [11], Galik [12], the
CERN Quarkonium Working Group [13], Seth [14-16], and Swarnicki [17].

Concerning charmonium one open topic remains its spectroscopy. In this respect
the B-factories have contributed to the study of the missing c¢ states [18] but also to
find unanticipated states. The most important experiments are BaBar [19], Belle [20],
BES [21], CLEO [22] and LHCb [23], but there are also some future projects as the
PANDA experiment at FAIR [24].

Within the conventional c¢ states they have contributed with the discovery of the
long missing 2.5, 7. state performed by the Belle Collaboration [25], which has since
been confirmed by BaBar [26], and has also been observed by CLEO in v+ collisions [27].
There has also been experimental activity in the spin-singlet P-wave sector, with
recent reports on the observation of the elusive 1' Py h, state by CLEO [14, 28]. The
surprisingly large cross sections for double charmonium production in eTe™ reported
by Belle [29-31] suggest that it may be possible to study C' = (+) cc states in ete”
without using the higher-order O(a*) two-photon annihilation process. Finally, one of
the great current interests in c¢ spectroscopy is the search for 15(13Dy) and 1. (11Ds)
states, which are expected to be quite narrow due to the absence of open-charm decay
modes.

On the other hand, since the discovery of the unexpected and still-fascinating
X(3872) by Belle [32] and CDF [33] in B decays to J/¢wTn~, the interest of
charmonium has been focused on the namely XY Z charmonium-like states that appear
to lie outside the quark model. Despite of many of these states still need experimental
confirmation, there has been a huge theoretical effort to describe these states as quark-
gluon hybrids, mesonic molecules and tetraquarks.

Another important topic is the Lorentz nature of the confinement. This is tested by
the multiplet splittings of orbitally excited c¢ states in naive quark models. With a pure
scalar confinement, as is normally assumed, there is no spin-spin hyperfine interaction
at O(v?/c?). Therefore the mass of the spin-singlet P, h. state is degenerated with
the corresponding triplet center-of-gravity (c.o.g.) of the 3P; y.; states. However, in
the original Cornell model [34] was assumed that the confinement acts as the static
term of a Lorentz vector structure, which breaks the degeneracy of the ! P, and the 3 P;
center-of-gravity. Another possibility is that confinement may have a more complicated
Lorentz structure being a mixture of a scalar and a vector contributions [35]. Of course
these simple potential model considerations may be complicated by mass shifts due to
other effects, such as couplings to open-flavor channels.
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Li et al. [36] have shown that a screened linear confinement potential gives similar
global features to those of a coupled channel calculation based on the Cornell potential
and therefore describes, in an effective way, the effects of dynamical light quark pair
creation. However, it seems evident the great influence that lead a meson-meson
threshold on the nearby mesons. The mixing between quark model gq basis states
and two-meson continuum has been cited as a possible reason for the low masses of the
recently discovered D%,(2317) and Dy, (2460) states [37, 38]. The effects of unquenching
the quark model by including meson loops can presumably be studied effectively in the
cc system, in which the experimental spectrum of states is relatively unambiguous.
The success of the ¢¢ quark model is surprising, in view of the probable importance
of corrections to the valence approximation; the range of the validity of the naive
quenched ¢¢ quark model is an interesting and open question [39].

In the end, the heavy quarkonium physics is of great interest to the scientific
community and its relative simple structure makes it an ideal system to learn more
about QCD. The main motivation of this work is the description of heavy meson
properties within the framework of a constituent quark model. The meson properties
studied include meson spectra and electromagnetic, strong and weak decays. This will
allow us to understand the model applicability and to generate possible improvements.

The thesis is organized as follows. After the introduction, we describe in Chapter
two the basic properties of QCD and how they are implemented into the constituent
quark model. There is a detailed description of all different terms of the interacting
potential. To find new physics it is very important to test the theoretical model with
as many as possible known states. It allows us to clearly understand the strengths and
weaknesses of the model and thus to extract later reliable predictions. Moreover,
it is widely believed that confinement is flavor independent. Based on these two
cornerstones, in this Chapter, we develop a reparametrization of the model to describe
the spectrum of light mesons up to the recent highly excited states reported by the
Crystal Barrel Collaboration. This constrains the model parameters and allows us to
carry out predictions within the heavy quark sector.

In Chapter three we focus on the heavy quark sector. Introducing the meson
spectra we calculate the radiative decays. It includes leptonic, E1 and M1 decay rates
and the decays into two and three photons. We present the experimental analysis of
higher multipole contributions to the radiative decays between spin-triplet charmonium
states. It allows us to discuss about the phenomenological mixing between J¢ = 17~
charmonium states proposed by other groups to explain the leptonic widths. Once the
meson spectra has been presented, certain modifications to the model are suggested.
We study firstly the influence of the Lorentz structure of the confinement in the
meson spectra. Second, the incorporation of the one-loop QCD corrections to the
spin-dependent terms of the one-gluon exchange potential. This is motivated by the
fact that in the one-loop computation there is a spin-dependent term which affects only
to mesons with different flavor quarks. And finally, the application of a renormalization
technique with boundary conditions to disentangle the physics of the ground state to
that of the excited states. This involves the elimination of the ad hoc cutoffs of the
model, providing information on the way the original model takes into account the
unknown short-distance dynamics. Once the regulators are eliminated, a study of the
properties of the heavy mesons with respect some parameters with physical meaning



is also included.

Chapter four is devoted to the development of a microscopic decay model to explain
the open-flavor strong decays of heavy mesons. We begin with the 3P model, the
strength ~ of the decay interaction is regarded as a free parameter and it is fitted to
the data. We propose a scale-dependent strength, v, given by a global fit of the total
decay widths of mesons which belong to charmed, charmed-strange, hidden charm and
hidden bottom sectors. Once we have got experience in that model, we will perform a
calculation of meson strong decays in terms of quark and gluon degrees of freedom
to address a more fundamental description of the decay mechanism. Results and
applications of both models concerning different heavy quark sectors are included.

In Chapter five we study the spin-nonflip dipion transitions between triplet
charmonium states and also between triplet bottomonium states. To do that we will
follow the QCD multipole expansion method in which is necessary to develop a model
of hybrid mesons. Many XY Z mesons have been discovered in hadronic transitions
that can be analyzed from a theoretical point of view to facilitate possible assignments.

Chapter six is devoted to the semileptonic and nonleptonic decays of B mesons.
The B-factories have become a fundamental tool to find new heavy hadrons. The
experimental data concerning the properties of these new heavy hadrons are usually
accompanied of information about the weak decay of meson B. Moreover, we will
see, on one hand, that the theoretical analysis of the semileptonic B decays into
orbitally excited charmed mesons, that include both weak and strong decays, offers
the possibility for a stringent test of meson models. On the other hand, the B
nonleptonic decays into D™ D, ; channels provide information about the structure of
the D,; mesons.

Finally, we give the conclusions in Chapter seven.



Chapter 2
Review of the constituent quark
model

QCD is generally regarded as the non-Abelian gauge theory that describes quark and
gluon physics. It is very successful at high energies since perturbative calculations
are allowed and some non trivial and unexpected properties of QCD have been well
understood and confirmed experimentally.

However, the nonperturbative regime of QCD, where the hadron properties are
involved, remains to be understood. For instance, a rigorous proof is still lacking
that QCD works as a microscopic theory of strong interactions that gives rise to
the phenomenological properties of hadron spectra as spontaneous chiral symmetry
breaking or quark confinement.

The main problem is that perturbation theory cannot be applied to low energy
scales and other methods should be developed to deal with. One of them is to use
phenomenological models, but there are more as Lattice gauge theories, the Dyson-
Schwinger formalism, Light-cone QCD and Effective Field Theories.

The phenomenological models incorporate the main properties of QCD. Among
them, constituent quark models describe quite well mesons and baryons as composite
objects made of constituent valence quarks. Their electromagnetic, strong and weak
decays have been studied offering explanations and raising questions that have made
the understanding of theory and experiment to advance. In conclusion, constituent
quark models offer one of the most complete descriptions of hadron properties.

2.1 Main properties of Quantum Chromodynamics

2.1.1 Gauge invariance: non-Abelian theories

One can infer the structure of Quantum Chromodynamics from local gauge invariance
where the group of phase transformations on the quark color fields is SU(3) [40]. The
free Lagrangian is -

Lo = (v, — m)uy, (2.1)
where 7 = 1, 2 and 3 denotes the color index. For simplicity, we show just one quark
flavor.

Let us explore the consequences of requiring £y to be invariant under local phase
transformations of the form

U(x) = Uh(x) = eio‘“(x)Taz/J(x), (2.2)
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where U is an arbitrary 3x3 unitary matrix for which we give a general parametrization.
A summation over the repeated suffix a is implied. 7T, with a = 1,...,8 are a set
of linearly independent, traceless, hermitian 3 x 3 matrices, and «, are the group
parameters. The matrices \,/2, where

010 0 —i 0 1 0 0
M=[10 0], =i 0 o], M=|0 =1 0.
00 0 0 0 0 0 0 0
00 1 00 —i 00 0
M=(0 0 0], =00 o], =00 1], (2.3)
10 0 i 0 0 010
00 0 - (10 0
)\7200—'&, Ag_\/j()].o,
0 i 0 3\0 0 -2

are the conventional choice of the T, matrices.

The group is non-Abelian since not all the generators 7, commute with each other.
It is easy to show that the commutator of any two is a linear combination of all the
T’s

[Taa Tb] = Z.fabcjjc; (24)

where f,. are real constants, called the structure constants of the group.

To impose SU(3) local gauge invariance on the Lagrangian, Eq. (2.1), it is sufficient
to consider infinitesimal phase transformations

(@) = [1+iog(2)Ta] ¥ (2),

2.
00 — (1 +ia,T3)0,0 + 1T,10,a,. (2:5)

The last term spoils the invariance of £. However, we can introduce (eight) gauge
fields G, each transforming as

1
GZ — GZ - _auaa - fabcabeLa (26)
9s
where the last term is introduced to achieve gauge invariance of £ when the group of
transformations is non-Abelian, and form a covariant derivative
D, = 0, + g TG}, (2.7)
We then make the replacement d,, — D, in Lagrangian, Eq. (2.1), and obtain
L = ("0 — m)y — g, (V" Tuh) G, (2.8)

Finally, we may add to £ a gauge invariant kinetic energy term for each of G, fields.
The final gauge invariant QCD Lagrangian is then

1
— G G, (2.9)

L =(y" 0y —=m)y = g, (VY Tud)) G}, = S G,

where

Gy, = Gy — 0,GY = g5 fane G G (2.10)
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The Eq. (2.9) is the Lagrangian for interacting colored quarks ¢ and vector gluons
G, with coupling specified by g, which follows simply for demanding that the
Lagrangian be invariant under local color phase transformations to the quark fields.
Since we can arbitrarily vary the phase of the three quark color fields, it is not surprising
that eight vector gluon fields (GZ with @ = 1,...,8) are needed to compensate all
possible phase changes. Local gauge invariance requires the gluons to be massless

The kinetic energy term in £ is not purely kinetic but includes an induced self-
interaction between gauge bosons, last term in Eq. (2.10), which diagrammatically
represents three and four gluon vertices and reflects the fact that gluons themselves
carry color charge. This arises on account of the non-Abelian character of the gauge
group. The gauge invariance uniquely determines the structure of these gluon self-
coupling terms. There is only one coupling gs.

2.1.2 Chiral symmetry and its spontaneous breaking

As the masses of the u and d quarks are quite small compared to Aqcp and the typical
hadronic scale of 1 GeV, one can take the chiral limit which consists on neglecting the
mass of the quarks. We define the right and left-handed components of quark fields

Y = 5(1 +75) ¥,
1 (2.11)
Y = 5(1 —Y5)0.

If there is no interaction, the right and left-handed components of the quark field get
decoupled, as it is seen from the kinetic energy term of the quark field in Eq. (2.9)

WO = i O,br + iRV O YR, (2.12)

In QCD the quark-gluon interaction term of the Lagrangian is a vectorial coupling
which does not mix the right and left-handed components of quark fields. Hence in the
chiral limit the right and left-handed components of quarks are completely decoupled
in the QCD Lagrangian. Then, assuming only one flavor of quarks such a Lagrangian
is invariant under two independent global variations of phases of the left-handed and
right-handed quark

Yr — exp(ifr)Vr,

Q/JL — eXp(iGL)z/JL. (213)

Such a transformation can be identically rewritten in terms of the vectorial and axial
transformations

W — exp(iblv )¢,

, 2.14

b = exp(i0475) (2.14)

The symmetry group of these phase transformations is
Ul),xUl)r=U1)axU1)y. (2.15)

Consider now the chiral limit for two flavors, u and d. The quark-gluon interaction
Lagrangian is insensitive to the specific flavor of quarks. For example, one can
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substitute the u and d quarks by properly normalized orthogonal linear combinations
of u and d quarks (i.e. one can perform a rotation in the isospin space) and nothing
will change. Since the left and right-handed components are completely decoupled, one
can perform two independent isospin rotations of the left and right-handed components

YR — exp (l 9327 ) YR,

(2.16)

a

P, — exp (lﬂLT ) Yr,

2

where 7% are the isospin Pauli matrices and the angles 07 and 0% parametrize rotations
of the left and right-handed components, respectively. These rotations leave the QCD
Lagrangian invariant. The symmetry group of these transformations

is called chiral symmetry.

Actually in this case the Lagrangian is also invariant under the variation of the
common phase of the left-handed uy, and dj, quarks, which is the U(1), symmetry and
similarly for the right-handed quarks. Hence the total chiral symmetry group of the
QCD Lagrangian is

If one includes into this consideration the next flavors, the respective chiral symmetry
is strongly explicitly broken due the quark mass.

Generally if the Hamiltonian of a system is invariant under some transformation
group G, it is expected that one can find states which are simultaneously eigenstates
of the Hamiltonian and of the Casimir operators of the group, C;. If the ground state
of the theory, the vacuum, is invariant under the same group, i.e. if for all U € G

U0y = |0), (2.19)

then eigenstates of this Hamiltonian corresponding to excitations above the vacuum can
be grouped into degenerate multiplets corresponding to the particular representations
of G. This mode of symmetry is usually referred to as the Wigner-Weyl mode.
Conversely, if Eq. (2.19) does not hold, the excitations do not generally form degenerate
multiplets. This situation is called spontaneous symmetry breaking.

If chiral SU(2) x SU(2)r symmetry were realized in the Wigner-Weyl mode, then
the excitations would be grouped into representations of the chiral group. This feature
is definitely not observed for the low-lying states in hadron spectra. This means that
the Eq. (2.19) does not apply; the continuous chiral symmetry of the QCD Lagrangian
is spontaneously (dynamically) broken in the vacuum and according to the Goldstone
theorem there exist a boson, which couples to the fermions of the theory, for each group
generator which fails to annihilate the vacuum.

2.1.3 Asymptotic freedom

In a non-Abelian gauge theory such as Quantum Chromodynamics, the gluons also
carry color charge. As a consequence, a virtual gluon emitted from a quark does
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aﬁmmw{gw% .{ + %é 9—{ + o
(a) (b) (c)
= m.% — gs(Qz)Hgs(Qz)
(@)

Figure 2.1. Diagrams which contribute to second order in g2 to the running coupling constant gs(Q?).

Figure 2.2. Decomposition of the two gluon loop in Coulomb gauge into transverse components (wiggly lines)
and “Coulomb” components (arrow lines). Only the self energy diagram (b) gives anti-screening.

not only see the color charge of another quark (diagram (a) in Fig. 2.1) and of a
virtual quark-antiquark pair (diagram (b)), but also the color charge of virtual gluons
(diagram (c)). The combined effect of the Feynman diagrams in Fig. 2.1 yields the
effective coupling constant [41]

202 (0) 2 (0) 2
o 95(QF) (o 2 a5 A as . A

s = = — 1 — = —l —_— 11 l - | >
(@) == = s e T o

(2.20)

where al”) = (g%)%/4m, ¢¥ is the bare quark-gluon coupling constant, n; is the number

of quark flavors which contribute at the corresponding energy, Q% is the space-like
momentum transfer carried by the virtual gluon, and A is a cutoff parameter. The
second term is the contribution of the virtual quark-antiquark pairs. It is negative
and leads to charge screening. The third term comes from the virtual gluon loop. It
is positive and gives anti-screening. The appearance of these two competing terms of
opposite sign is a peculiarity of non-Abelian gauge theories.

The anti-screening mechanism works only for loops of massless gauge bosons. For
these bosons the longitudinal and the time-like components do not correspond to the
propagation of physical particles. One of these components can be eliminated using
current conservation, but one unphysical component is left over. In Coulomb gauge
the gluon propagators in diagram (c) of Fig. 2.1 [42, 43] can be decomposed into the
unphysical “Coulomb” part and a transversal part, which yields the two diagrams
shown in Fig. 2.2. The transversal gluon loop (diagram (a) in Fig. 2.2) leads to charge
screening, as do all physical intermediate states, while the loop in diagram (b), which
consists of a “Coulomb” gluon and a transversal gluon, gives anti-screening. Thus the
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last term in Eq. (2.20) is actually the sum of two terms

(0) 2
Qg A
— In — 2.21
for diagram (a) and
(0) 2
12a: ", A (2.22)
4T Q?

for diagram (b) in Fig. 2.2. The anti-screening due to the unphysical component is
twelve times stronger than the charge screening due to the two transversal components
[42-44].

The cutoff parameter and the bare coupling constant in Eq. (2.20) can be eliminated
by renormalization group techniques. For a qualitative discussion of the results we
may use a short cut, and differentiate Eq. (2.20) with respect to In Q*. The resulting

equation does not contain the cutoff any more and o s replaced by the cutoff-
independent quantity a,(Q?). Hence one arrives at the differential equation [45, 46]
das(Q%) 2 a3(Q?)
——— L = —(11 — —n;)—=——=. 2.23
dmee e gn)— (2:23)

This equation can be integrated to give [45, 47, 48] the running strong fine structure

constant - )
Qg (QO)

1+ (11 = 2n;/3)[a(QF) /4] In(Q?/QF)
Here Q2 is a suitable reference momentum transfer where the coupling constant is
known from experiment. While the effective quark-gluon coupling constant may be
rather large at small energies, and hence perturbation theory does not hold in this
regime, Eq. (2.24) tells us that the coupling constant decreases with increasing energy.
In particular, in the limit of very high momentum transfers one obtains

33— 2 2\ !
a,(Q?) = (an In g—%)

Now Eq. (2.25) is the essence of asymptotic freedom. It allows us to justify the quark
parton picture, which describes high energy hadron phenomena in terms of free point-
like constituents. Furthermore, the corrections to this picture may be calculated using
perturbation theory, because at large Q* the effective coupling constant a,(Q?) is
small. Incidentally, the restriction ny < 16 in Eq. (2.25) gives an upper limit on the
number of quark flavors which are allowed if asymptotic freedom holds in the very high
energy domain. Since the logarithm varies very slowly, Eq. (2.25) really only holds for
extremely high energies.

The expression for a,(Q?), Eq. (2.24), depends on the arbitrary renormalization
point Q2. Tt is possible to express as(Q?) by the renormalization group invariant
parameter A’, which is characteristic for the strength of the coupling constant and can
be determined from experiment.

In the derivation of Eq. (2.24) only the one-loop corrections in Fig 2.1 were taken
into account. Its validity for small Q? depend on the magnitude of higher-order loop
corrections.

a,(Q?)

(2.24)

—— 0 for ny < 16. (2.25)

Q%00
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2.1.4 Confinement

The hadron spectrum found in nature consists of color singlet combinations of color
non singlet objects: the quarks and gluons. Unlike atomic physics, where electrons
can readily be separated from atoms, there is no color charge version of ionization in
hadronic physics. Every attempt to kick a quark free from a hadron, via high energy
collisions, only results in the production of more color singlet hadrons; a non singlet
particle is never produced. Particle and nuclear physicists have become accustomed to
this fact, which is often referred to as color confinement, but after nearly forty years of
intense effort this very basic feature of hadronic physics still has no generally agreed
upon explanation.

An indication for permanent quark confinement comes from the fact that the
running coupling constant of QCD grows as one approaches the region of low
momentum transfer, long distances. This means that the strength of the force which
binds quarks increases making impossible to separate them. The weak point in this
argument is that it is precisely in that limit where the perturbative calculations are
unreliable.

Since the problem of confinement appears as a nonperturbative phenomenon, it has
also been investigated in the framework of lattice gauge theories. These theories have
their own definition of confinement. Field theory is said to exhibit confinement if the
interaction potential between quarks, which corresponds to the Wilson loop calculated
on the lattice, has asymptotic linear behaviour at large distances (a review of potentials
from Lattice QCD can be found e.g. in Ref. [49]). Moreover, there are exact inequalities
for the Wilson loop exploiting reflection positivity [50, 51], namely

V'(r) >0, V"(r) <0, (2.26)

where the latter identity is saturated by the linear potential.

A remarkable pattern emerges in the hadronic spectrum when the spin of mesons
and baryons is plotted against their squared mass. In such plots the mesons and
baryons of given flavor quantum numbers seem to lie on nearly parallel straight lines,
known as linear Regge trajectories.

Suppose that we picture a meson as a straight line of length L = 2R, with mass per
unit length o. The line rotates about a perpendicular axis through its midpoint, such
that the endpoints of the line are moving at the speed of light, v(R) = ¢ = 1. Then
for the energy in the rest frame, i.e. the mass, of the spinning stick we have

R R R
d d
m = Energy = 2/ ~yo dr = 2/ o 2 o =mnoR, (2.27)
0 0

V1 —v%(r) - 0o /1—1r?/R?
and for the angular momentum

Booro(rydr 2 (% or?dr EWURQ. (2.28)

=) e R iem 2

Comparing the two expressions, we see that

R
J = 2/ ~yorv(r)dr
0

1
J = %mZ =am?’. (2.29)
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The constant « is known as the Regge slope.

The spinning stick model is, of course, only a caricature of the real situation. In fact
the various Regge trajectories do not pass through the origin, and have slightly different
slopes. To make the model more realistic, one might want to relax the requirement of
rigidity, and allow the stick to fluctuate in transverse directions. This line of thought
leads to string theory. However, since QCD is the theory of quarks and gluons, the
question to be answered is how a stick-like or string-like object actually emerges from
that theory.

One possible answer is via the formation of a color electric flux-tube. We imagine
that the color electric field running between a static quark and antiquark is, for some
reason, squeezed into a cylindrical region, whose cross-sectional area is nearly constant
as quark-antiquark separation L increases. In that case, the energy stored in the color
electric field will grow linearly with quark separation, i.e.

]_ — —
Energy = o L with o = / d*x, §E“ - E*, (2.30)

where the integration is over a cross-section of the flux-tube. This means that there
will be a linearly rising potential energy associated with static sources, and an infinite
energy is required to separate these charges an infinite distance.

2.2 Constituent quark model

Spontaneous chiral symmetry breaking of the QCD Lagrangian together with the
perturbative one-gluon exchange and the nonperturbative confining interaction are
the main pieces of the potential models. Using this idea, Vijande et al. [52] developed
a model of the quark-quark interaction which is able to describe meson phenomenology
from the light to the heavy quark sector.

We have adopted this model and fine tune its parameters to reproduce the higher
excited light mesons despite of our study is focused on the heavy quark sector. The
reason for that lies in the fact that it is widely believed that confinement is flavor
independent. Therefore the interactions, which largely determine the high energy
quarkonium spectrum, should be constrained by the light quark sector.

The dynamics of the light quark sector is characterized by the spontaneous chiral
symmetry breaking. It makes that the nearly massless current light quarks (u and d)
acquire a dynamical momentum-dependent mass, namely, the constituent mass, and
that they interact through Goldstone bosons. This feature divides the quarks into two
different sectors, light quarks (u, d and s) where the chiral symmetry is spontaneously
broken, and the heavy quarks (c and b) where the symmetry is explicitly broken.

Therefore, for the light sector hadrons can be described as systems of confined
constituent quarks (antiquarks) interacting through gluons and Goldstone-boson
exchanges, whereas for the heavy sector hadrons are systems of confined current quarks
interacting through gluon exchanges.

2.2.1 Goldstone-boson exchanges potential

The picture of the QCD vacuum as a dilute medium of instantons [53, 54] explains
nicely the spontaneous breaking of chiral symmetry at some momentum scale. Quarks
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interact with fermion zero modes of the individual instantons in the medium. Therefore,
the light quark propagator gets modified and quarks acquire a momentum dependent
mass, which drops to zero for momenta higher than the inverse of the average instanton
size p.

The momentum dependent mass acts as a natural cutoff of the theory. In the domain

of momenta k < 1/p, a simple Lagrangian invariant under chiral transformations can
be derived as [53, 54]

£ = ("0, — MU™) §, (2.31)

where U% = exp (im*\%5/ fr), ©* denotes the pseudoscalar fields (7, K;,ng) with
i = 1,...,4, \* are the SU(3) flavor matrices, f, is the pion decay constant and
M (q?) is the constituent quark mass. An expression of the constituent quark mass can
be obtained from the theory, but we use the parametrization M (¢*) = m,F(¢*) with

A? }

F(¢*) = {m (2.32)

where A determines the scale at which chiral symmetry is broken. Besides the
constituent quark mass one obtains terms in which the quarks interact through
Goldstone bosons. The Lagrangian in Eq. (2.31) is invariant under chiral rotations
since the rotation of the quark fields can be compensated renaming the boson fields.
U™ can be expanded in terms of boson fields as

i 5ya,a 1 a,_a
UV5:1+E7)\7T—2—]?7T7T +... (2.33)

The first term generates the constituent quark mass and the second one gives rise to
a one-boson exchange interaction between quarks. The main contribution of the third
term comes from the two-pion exchange which can be simulated by means of a scalar
exchange potential. Inserting Eqgs. (2.32) and (2.33) in Eq. (2.31), one obtains the
simplest Lagrangian invariant under the chiral transformation SU(3);, ® SU(3)r with
a scale dependent constituent quark mass, containing SU(3) scalar and pseudoscalar
potentials. The nonrelativistic reduction of this Lagrangian has been performed for
the study of nuclear forces in Refs. [55, 56]. The different terms of the potential
contain central and tensor or central and spin-orbit contributions that will be grouped.
Therefore, the chiral part of the quark-quark interaction can be expressed as follows

Vg (7i3) = Ve (7i3) + Vg (7)) 4Vl (7)) (2.34)

qq

where C' stands for central, T" for tensor and SO for spin-orbit potentials. The central
part presents four different contributions

Vo (7g) = Vi (7g) + Vi (7)) + Vig (75) + V7 (7). (2.35)
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given by

2 2
C /= _ Gen Aa AU
Vo (M) = = 7 Az {Y(maﬁ‘j) - —mUY(AoTij)] ;
2 2 2 3
gc m7r A7r Aﬂ'
:47: 12mum,; A2 —m2 " [Y(mwnj) om? Y(Awrij)} x
[ Ry s ™
3

X (3;-35) Y (AL A9,

V. (75)

™

a=1
2 2 2 3
C (= 9en Mk Ak Ay 2.36
Vi () T ar 12m;m; A3, — m? i {Y<mKrij) B m—%YO\KW)] 8 230

7

X (G- 65) > (A9,

a=4
2 2 A2 A3
Cro _Yen My n n
vy (7) 4 12mm, A2 —m2 "™ {Y(mnrij) - m—%Y(Anﬁ‘j)} X

(B [oost (3 ) —sind,]

where Y (z) is the standard Yukawa function defined by Y (z) = e /2. We consider
the physical 17 meson instead of the octet one and so we introduce the angle 6,. The \*
are the SU(3) flavor Gell-Mann matrices, m; is the quark mass and m,, mg and m,,
are the masses of the SU(3) Goldstone bosons, taken at their experimental values. m,,
is determined through the PCAC relation mj ~ m2 + 4m7, ; [57]. Finally, the chiral
coupling constant, g.p, is determined from the 7 NN coupling constant through

g_ih _ ggngN M
4 25 4w mi

(2.37)

which assumes that flavor SU(3) is an exact symmetry only broken by the different
mass of the strange quark.
There are three different contributions to the tensor potential

Voo (i) = VE(Fy) + Vi (Fy) + V) (75), (2.38)
each term given by
2 2 2 3 3
T /= _gch mﬂ' A7r A7r a a
‘/7T (7’@) —E 12mzm] A72_‘_ — mgrmﬂ [H(mﬂTij) — m—§H<Aﬂ7’w):| Sz ;()\z . )\j),
2 2 2 3 7
T (= Gen Mk Ak Ak a_ ya
Vi (75) = dr T2mem, AL — k" {H(mKrij) - m—?;(H(Aij)} S Y _(AF- D),
a=4
T 95 My A ) 8. \8
V., (7ij) :ﬁmm:mj Az _nm%mn [H(mnw) - m—%H(Anrij)} Sij [cos b, (AT - A}) —sind,] ,
(2.39)
where S;; = 3(d; - 7;)(0; - 75j) — 0; - 0; is the quark tensor operator and H(x) =

(1+3/2 +3/2%)Y ().
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Finally, the spin-orbit potential only presents a contribution coming from the scalar
part of the interaction

2 3 A2 A3 .
_gch ma o G(mgnj) o

SO/= \ _ 1/50 /= _
Vaa (7i5) = V57 (7)) = I e

In the last equation G(x) is the function (14 1/2)Y (x)/x.

2.2.2 One-gluon exchange potential

Beyond the chiral symmetry breaking scale one expects the dynamics to be governed by
QCD perturbative effects. There are consequences of the gluon fluctuations around the
instanton vacuum and we take it into account through the one-gluon exchange (OGE)
potential. Following de Rujula et al. [58] the OGE is a standard color Fermi-Breit
interaction obtained from the vertex Lagrangian given by Eq. (2.9).

The nonrelativistic reduction of the OGE diagram for point-like quarks presents
an hyperfine interaction which contains a delta function in configuration space. This
contact term is normally smeared to make it nonperturbatively tractable [59]. We have
regularized it in a suitable way by replacing the Dirac delta function by a Yukawa form

1 emrulro

2.41
471'7“8 Tij ’ ( )

S Mnn

where ro(p) = ol with 7 as a model parameter and p;; the reduced mass of quarks
ij

with n referred to light u and d quarks. As a consequence, the central part of the OGE
reads

1 1 —rij/To(k)
7. & L} 7 (2.42)

- 1 _»C _»C
V() = a3 |- - 7

Tij 6mim]~
with \° being the SU(3) color matrices and « is the quark-gluon coupling constant.
The non-central terms of the OGE behave as 1/r3. Therefore, these contributions
are singulars and it is necessary to introduce phenomenological regulators to treat them
exactly, obtaining tensor and spin-orbit potentials of the form

1 o L. 1 6—7"1'3'/7”57(#) 1 1 1
V(i) = ———= (e 3oy | = - S (= Sis:
oce(T;) 16 mimj< i) LB Tij <Tz‘2j - 3r2(p) " szrg(ﬂ))} !

ij

. 1 Qg e ve 1 e_rij/rg(ﬂ) T
VggE(rij) = —5 5 (A} ')‘j) {_3 - 3 (1 + — )] X

16 mfm? T'ij T'ij TQ(:M)
X | (i my)? + 2mamy) (S D)+ (m2 = m3)(S- - L)),

(2.43)

where 7,(p) = fg%; with 7, as a model parameter and S, =5+ 57]

The wide energy range needed to provide a consistent description of light, strange
and heavy mesons requires an effective scale dependent strong coupling constant [60—
62]. The freezing of the strong coupling constant at low energies studied in
several theoretical approaches [63, 64] has been used in different phenomenological
models [65, 66]. The momentum-dependent quark-gluon constant is frozen for each
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flavor sector that, as explained in [67], can be assimilated to the reduced mass of the
system. As a consequence, we use an effective scale dependent strong coupling constant
given by [52]

Qy

Oés(ﬂ) = m7

A3

(2.44)

where p is the reduced mass of the quarks and «ay, pg and Ay are parameters.

2.2.3 Confinement potential

Confinement is one of the crucial aspects of the strong interaction that is widely
accepted and incorporated into any QCD based model. Color charges are confined
inside hadrons. It is well known that multigluon exchanges produce an attractive
linearly rising potential proportional to the distance between quarks. This idea
has been confirmed, but not rigorously proved, by quenched lattice gauge Wilson
loop calculations for heavy valence quark systems. However, sea quarks are also
important ingredients of the strong interaction dynamics. When included in the lattice
calculations they contribute to the screening of the rising potential at low momenta
and eventually to the breaking of the quark-antiquark binding string. This fact, which
has been observed in ny = 2 lattice QCD [68], has been taken into account in our
model by including the term

Véon (i) = [~ac(l = e7ma) + A] (37 - X5), (2.45)

where a., pu. and A are parameters, A is a global constant fixing the origin of
energies. At short distances this potential presents a linear behaviour with an effective
confinement strength o = %acuc and becomes constant at large distances with a
threshold defined by Vi = % (ac — A).

No gg bound states can be found for energies higher than the threshold. The system
suffers a transition from a color string configuration between two static color sources
into a pair of static mesons due to the breaking of the color string and the most favored
decay into hadrons.

One important question which has not been properly answered is the Lorentz
character of confinement. Analytic techniques [69] and numerical studies using lattice
QCD [70] have shown that the confining forces are spin independent apart from the
inevitable spin-orbit pseudo-force due to the Thomas precession [71]. However, there
is no a clear agreement which is the Lorentz structure of the confinement. We consider
a confinement spin-orbit contribution
N N “HcTij
V() = = (88 - X) S [((m? 4+ m?)(1 - 2a.)

;T (2.46)

+amim; (1= a))(Sy - L) + (m? = m?)(1 = 2a,)(S - L),

where a, controls the mixture between the scalar and vector Lorentz structures.

2.2.4 Summary of the potential

Once perturbative (one-gluon exchange) and nonperturbative (confinement and chiral
symmetry breaking) aspects of QCD have been considered, one ends up with a quark-
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quark interaction of the form (we refer to a light quark, u or d, as n, s is used for the
strange quark and Q for the heavy quarks ¢ and b):

(

qq =mnn = Vcon + Voge + Vi + Vo, + V3,

qq=ns = Vcon + Voce + Vo + Vk +V,

Vag=1qada=ss = Voon +Voce + Vo +V, (2.47)
qq = nQ = Veon + Voce,

49 = QQ = Vcon + Voce.

The corresponding ¢g potential is obtained from the gg one as detailed in [72]. In
the case of Vi (7;), where G-parity is not well defined, the transformation is given by
AL A — A (A%)T, which recovers the standard change of sign in the case of the
pseudoscalar exchange between two nonstrange quarks.

2.3 Solving the two-body system

The main objective of this work is the study of mesons which contain heavy quarks.
After the discovery of the first heavy-quark bound states, the ¢ and T systems, it was
soon realized that a nonrelativistic picture seemed to hold for them. However, it is
more difficult to justify the nonrelativistic treatment in the light sector. In Ref. [73]
the results of nonrelativistic, semirelativistic and relativistic quark-quark Hamiltonians
with a QCD-inspired interactions were compared, concluding that the ¢g spectra are
very similar when the model parameters are adjusted.

Therefore, we solve the Schrodinger equation for the relative motion of the ¢q pair
with the potential described in Sec. 2.2. We use the Rayleigh-Ritz variational principle
which is one of the most extended tools to solve eigenvalue problems due to its simplicity
and flexibility. However, it is of great importance how to choose the basis on which to
expand the wave function.

Our choice is the Gaussian Expansion Method (GEM) which was proposed by
Kamimura in Refs. [74, 75] to carry out non adiabatic three-body calculations of muonic
molecules and muon-atomic collisions. Following Ref. [76], we employ Gaussian trial
functions whose ranges are in geometric progression. This enables the optimization
of ranges employing a small number of free parameters. Moreover, the geometric
progression is dense at short distances, so that it allows the accuracy description of
the dynamics mediated by short range potentials. The fast damping of the gaussian
tail is not a problem, since we can choose the maximal range much longer than the
hadronic size. Other feature of this basis is that most matrix elements can be computed
analytically.

2.3.1 Gaussian Expansion Method

Let us consider the two-body Schrédinger equation

h2
—ZVQ +V(r) = E| thm(7) =0, (2.48)
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where p is the reduced mass and V(r) is a central potential. We expand t,,(7) in
terms of a set of Gaussian basis functions with given range parameters

T'max

wlm<F> = Z Cnl¢Slm<F)7
n=1

G (7) = 65 () Yim(F),

2 2.49
SZ(T) — anrle T ’ ( )
ol+2(9,, \I+3 '\ 2
an = ( n) ’
V(204 )N
where N,,; is a normalization constant. Note that the set {¢Szm§ n=1,..., nmax} of
Gaussian basis functions is a non-orthogonal set.
The set of Gaussian size parameters are in geometric progression
1
Up = —,
o2 (2.50)
rn=ra"" ",

where the free parameters are {nmax, 71, Tnpay } OF {7max, 71, @}. The non-orthogonal
basis functions ¢%(r) satisfy the condition that the overlap between the nearest
neighbors, (¢S |¢S ), is a constant independent of n, which is considered to be one of
the reasons why the expansion works well.

As we have said above, the expansion coefficients {c,;} and the eigenenergies F are
determined by Rayleigh-Ritz variational principle, which leads to a generalized matrix
eigenvalue problem

Nmax

> (T + Vi) = ENpi] e = 0, (2.51)

n/=1

the generalization for coupled channels make that the Eq. (2.51) is converted in

Nmax num. channels
T, —ENS )+ Y Vieden, =01, (2.52)
n'=1 a’'=1

where 79, , N and V5 are the matrix elements of the kinetic energy, the

normalization and the potential, respectively. T, and N, are diagonal whereas
the mixing between different channels is given by V3¢

2.3.2 Complex-range Gaussian basis functions

Despite of the advantages of the expansion in terms of Gaussian basis functions, it
is difficult to reproduce highly oscillatory functions or even wave functions with some
nodes which are present in few-body systems. Therefore we use a more useful basis
functions which satisfy the above requirement, taking Gaussian functions multiplied
by cosine and sine functions

GC(r) = NSGCrle " cos(av,r?),

GS(r) = NGSrle=n" sin(aw,r?).

(2.53)
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Figure 2.3. Masses, in MeV, of the well established states in Ref. [78] and the analyzed states in Ref. [77]
for the light mesons. The left panel shows the I = 0 light mesons and the right panel shows the I = 1 light
mesons.

The Gaussian sizes, v, are taken to form a geometric progression in the same manner
as in Eq. (2.50) and the parameter « is a free parameter in principle, but it is taken
as m/2.

The reason why the functions ¢S°(r) and ¢S5(r) are easy to be used in numerical
calculations is that they can be rewritten as

6_777””2 + 6_7727’2

SZC(T) _ NgCrl 5 n = 1’ ey Mimax, (254)
GS as €M — e
nl (1) = Nyi™r 5 n=1,. . Tmax, (2.55)
with complex size parameters
M= 1 +i)v,, = (1—ia)v,. (2.56)

Some useful formulas involving matrix elements which are calculated within GEM
in a complex range can be found in Appendix A.

2.4 Fitting the model parameters

To find new physics it is very important to test the theoretical model with as many as
possible known states. It allows us to clearly understand the strengths and weaknesses
of the model and thus to extract later reliable predictions.

We perform a study of the light meson spectrum taking into account the new
resonances collected in Ref. [77] from the Crystal Barrel and PS172 data. This study
implies a continuation of the previous work presented in Ref. [52], extending their
thorough study of mesons to the higher excited states of light mesons. This leads to a
fine tune of the model parameters, as we will see below.

The Fig. 2.3 shows the masses of all light mesons reported by the Particle Data
Group [78] up to 1.9GeV, and by Ref. [77] in which one can find resonances of light
mesons up to 2.4GeV. A more quantitative presentation of the experimental data
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and their comparison with the theoretical predictions can be found in Appendix B,
comments are also included.

An extensive spectrum of light non-strange qq states up to a mass of 2.4 GeV has
emerged from Crystal Barrel and PS172 data on pp — Resonance — A + B in 17
final states. Crystal Barrel experiment ran at LEAR (CERN). Most of the data were
taken during the last four months of LEAR operation, August-December 1996. The
corresponding pp mass range is from 1962 to 2409 MeV. PS172 experiment ran during
1986 and extended the mass range to 1912 MeV.

All these data have been reviewed with detailed comments on the status of each
resonance in Ref. [77]. The most striking feature is that all observed resonances cluster
into fairly narrow mass ranges (i) 1590 — 1700 MeV, (ii) 1930 — 2100 MeV and (iii)
2240 — 2340 MeV. It has been interpreted as a signal of an effective chiral symmetry
restoration.

Based in that hypothesis, some authors [79-81] suggest that the dynamics of the
light mesons is different in the lowest spectrum than in the higher one. The typical
scale of chiral symmetry breaking is A ~ 1 GeV. Below this scale the chiral symmetry
is known to be realized non-linearly (the Nambu-Goldstone realization), but above this
scale the linear (Wigner-Weyl) realization is expected to be restored. The rationale
for that is the following: if an hadron is highly excited the typical quark momenta
are also high and therefore the quark dynamical mass becomes small, quarks decouple
with Goldstone-bosons and the chiral symmetry gets approximately restored.

If the chiral symmetry restoration is realized, hadrons are placed in chiral multiplets.
It means that for ¢gg mesons one has [79]

e Mesons with J = 0:
(1/2,1/2),: (1,J7C) = (1,07%) & (0,0%"),

2.57
(1/2,1/2) : (1,07F) <+ (0,07 7). (257)
e Mesons with J =2k, k=1,2,...
(0,0): (0,7 7) <> (0, 1),
(1/27 1/2)0 : (17 J7+) A <O7 J++)7 (2 58)
(1/2,1/2)y: (1, J77) < (0,J 1), '
(0,1)® (1,0) : (1, JT) « (1,7 7)
e Mesons with J =2k —1,k=1,2,...
(0,0) : (0, ) < (0,J77),
(1/27 1/2)0 : (17 J+7) A <O7 J77)7 (2 59)
(1/271/2)b : (17J__) AN <O7 J+_)7 '
(0,1)® (1,0) : (1, 7) + (1,J7F)
Above, we have considered only mesons of isospin I = 0,1 and therefore three

types of irreducible representations of the parity-chiral group exist. The parity-
chiral group is SU(2), x SU(2)r x C; where the group C; has two elements, the
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Quark masses my, (MeV) 313
ms (MeV) 555
m. (MeV) 1763
my (MeV) 5110
Goldstone bosons my (fm™1) 0.70
my (fm™1)  3.42
mg (fm™') 2,51
my, (fm™Y) 2,77
Ay (fm™h)  4.20
Ay (fm™1)  4.20
Ag (fm™1)  4.21
A, (fm™) 520
g2, /AT 0.54
6 () 15
One-gluon exchange Qo 2.118
Ao (fm™1)  0.113
uo (MeV)  36.976
7o (fm) 0.181
7g (fm) 0.259
Confinement a. (MeV) 507.4
pe (fm™1) 0576
A (MeV)  184.432
Qs 0.81

Table 2.1. Model parameters.

identity and the inversion in three-dimensional space. This symmetry group is the
symmetry of the QCD Lagrangian neglecting quark masses. The three types of
irreducible representations specified by the isospin of the left-handed and right-handed
quarks are (Ir,Ig) = (0,0), (1/2,1/2), where there are two independent irreducible
representations (1/2,1/2), and (1/2,1/2),, and (0,1) & (1,0).

However, the experimental data shows additional degeneracy, see Fig. 2.3. It can
be interpreted as a larger symmetry that includes chiral SU(2), x SU(2)g and U(1)4
as subgroups, but also other mechanisms with different physics origin can explain it,
like the modification of the confinement potential due to the color screening.

We analyze the role played by the screened confining potential as a possible
explanation of the observed degeneracy. We have parametrized the behaviour of
confinement potential in Eq. (2.45). At short distances this potential presents a linear
behaviour while it becomes constant at large distances. It provides a threshold mass

characterized by
16
Mthr = g(ac — A) + my + mg, (260)
which has been fixed phenomenologically.
We have taken, as a reference, the model parameters for the quark-quark interaction

of Ref. [52] and perform a fine tune. The most important changes are the parameters of
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Light mesons Heavy-light mesons Heavy mesons
I=1 I=0 I=1)2 (ne) (s¢) (nb) (sb) (ce) (cb)  (bb)
Theo. 235 2.83 2.59 3.80 4.04 7.15 7.39 5.25 8.60 11.94
Exp. 2.33 2.51 2.49 2.64 286 5.74 5.85 442 6.28 11.02

Table 2.2. Threshold values, in GeV, for the different quark sectors. Experimental data refer to the highest
state which is experimentally known in the corresponding sector [78]. We exclude those states which are
quoted as “needs confirmation”. The n symbol stands for u or d quark.
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Figure 2.4. The left panel shows the experimental data of I = 0 light mesons, our theoretical results are
shown in the right panel.

the confinement potential which has been tuned to obtain the experimental thresholds.
This process has been done keeping constant the product a.u. to guarantee the good
description of the low lying spectrum. The resulting parameters are shown in Table 2.1
and assuming flavor independence of the confinement potential, we show the threshold
values for the different quark sectors in Table 2.2. The experimental data are the last
states appearing in the Particle Data Group [78] except those which need confirmation.
One can see that all the states are included in our theoretical thresholds. This is an
important fact which tells us that we are very close to the limit where the meson string
breaks and no more states are allowed. We are then in a critical region to understand
the properties of the confinement interaction.

In Figures 2.4 and 2.5 we compare our calculation with the light meson spectrum
with I = 0 and I = 1, respectively. One can see that the pattern of the degeneracy
is very well reproduced. The sector I = 1 is more suitable to single out the effect of
the confinement color screening because it is not coupled to the strange sector and
no suffers of the presence of glueballs. The theoretical calculation for sector I = 0
is done in coupled channel calculation where ss components have been included. As
expected, the degeneracy pattern is well reproduced although the comparison with the
experimental data is worse.

It is worth to notice that the results are obtained without changes in the dynamical
quark mass. Although the chiral symmetry is still broken, in fact this symmetry
breaking is irrelevant because, as one can see in Tables 2.3 and 2.4, the contribution
of the Goldstone-bosons is almost negligible compared with that from the confinement
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Figure 2.5. The left panel shows the experimental data of I = 1 light mesons, our theoretical results are
shown in the right panel.

770(45) w1/¢1(4S) 774(1G) w4/¢4(1G)
Goldstone bosons  +34.14 -37.73 —0.74 +1.94
Confinement —476.17 —685.85 —447.56 —432.39

Table 2.3. Contribution, in MeV, to the mass of the high excited states from the different potential pieces in
the I = 0 sector.

7T0(4S) p1(4S) 7T4(1G) p4(1G)
Goldstone bosons —7.90 —1.46 +0.18 —0.64
Confinement —480.19 —393.29 —445.62 —439.42

Table 2.4. Contribution, in MeV, to the mass of the high excited states from the different potential pieces in
the I =1 sector.

potential. Then, apparently, the effect is very similar to the decoupling of the Goldstone
bosons from the quark sector.

Although chiral symmetry restoration and our model are able to reproduce
degeneracy patterns for the high excited meson states, the physics behind the two
approaches is very different. The hypothesis that Goldstone boson decouples from
quarks is based on the assumption that increasing the excitation energy of an hadron
one also increases the typical momentum of valence quarks. So the wave function range
in coordinate space decreases as the excitation energy increases. In our approach, the
degeneracy comes about from the gradual decreases of the confinement potential slope
and so the wave function range in coordinate space increases as the excitation energy
increases.

The differences between the two models can be single out studying the leptonic
widths of the excited resonances. These are given by the Van Royen-Weisskopf formula
with the QCD correction taken into account [82]. It contains, beside some known
quantities, the wave function at the origin. Then, accurate knowledge of the leptonic
widths of high meson excitations is of especial importance because the square module
of the wave function at the origin |R,s(0)|?, proportional to I'p+.-, directly provides



24 2.4. FITTING THE MODEL PARAMETERS

$(nS) p(nS)
25 35 48 25 35 48
The. 1.78 111 0.78 0.155 0.058 0.026
Exp. | 2.33£0.07 0.89£0.08 0.71+0.10 | - - -

Table 2.5. The leptonic widths, in keV, of higher excited states of 1) and p mesons. Experimental data are
from Ref. [78] for 1(2S) and from Ref. [84] for ¢)(35) and (45).

information about the mechanism which produces the degeneracy.

If Goldstone-bosons decouple from quarks the wave function in coordinate
space should decrease as the excitation energy increases and ['.+.- should increase
accordingly. In our model the behaviour of the wave function at the origin is just the
opposite and the leptonic widths will decrease as the excitation energy increases. This
behaviour is observed in the leptonic widths of high excitations in heavy quarkonia and
explained by the flattening of the confinement potential at distances r > 1.2 fm [83].
Assuming flavor independence for the confinement, it should also be expected for high
excitations in light mesons. In Table 2.5 we show the agreement between our results for
the leptonic widths of charmonium and the experimental data. In Table 2.5 we give also
our predictions for high excitations of p meson. The measurement of these widths in
the new PANDA experiment at FAIR may give definitive arguments about the possible
effective restoration of chiral symmetry on the high spectrum of light mesons.



Chapter 3
Heavy Imeson Spectroscopy

The discovery of charmonium and bottomonium states in 1970’s opened up the
possibility to use a nonrelativistic picture of QCD. They can indeed be classified in
terms of the quantum numbers of a nonrelativistic bound state. The spacing of the
excitations and of the fine and hyperfine splittings has a pattern similar to the ones in
positronium, a well studied QED nonrelativistic bound state.

In addition, after the discovery of the X(3872) more and more similar narrow
resonances have been discovered and confirmed at electron-positron and proton-
antiproton colliders. Some of namely XY Z mesons are in conflict with standard
quarkonium interpretations, others fit well within the expected quarkonium levels.

We use the nonrelativistic potential model described above to study the heavy quark
sector in order to establish which states can be explained as g pairs and which do not
fit in this scheme. In this chapter, we do not only study the energy spectrum but also
electromagnetic decay widths.

3.1 Charmonium

In Table 3.1 we compare the calculated spectrum with the experimental data. We
have taken into account the possible XY Z assignments predicted by our model. New
conventional states have been well established in the PDG [78] during the last years.
The h,. is the ! P state of charmonium, singlet partner of the long-known y.; triplet
3P; states. The 1.(29) is the first excitation of the pseudoscalar ground state 7.(195)
and the Z(3930) whose assignment as the 23P; state, x.(2P), seems widely accepted.

3.1.1 The ¢ states

In Table 3.2 we compare the calculated spectrum of JP¢ = 17~ ¢¢ states with the
experimental data. The difference with respect Table 3.1 is that we show in Table 3.2
all possible XY Z mesons whose quantum numbers are more likely 177. The masses
are taken from Ref. [78] for the well established states and from their respective original
works for XY Z mesons. As one can see, the agreement with the experimental data is
remarkable except for three states: the G(3900), X (4008) and X (4260) which do not
seem to fit in the ¢g scheme.

The first observation of an unexpected vector charmonium-like state was made by
BaBar [89] in ISR production of X (4260) — 77~ .J/1. Then CLEO [90] and Belle [91]
confirmed the BaBar result, but Belle also found a smaller, broader structure at
4008 MeV. BaBar [92] found one more apparent enhancement, X (4360), in 77 ¢(25),

25
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State JP¢ n  The. (MeV) Exp. (MeV) [78]
n. 0T 1 2990 2980.3 4 1.2
2 3643 3637 + 4
3 4054 -
Xeo 0Tt 1 3452 3414.75 £ 0.31
2 3909 3915+3+2  [85]
3 4242 -
he 177 1 3515 3525.42 4+ 0.29
2 3956 -
3 4278 -
v 177 1 3096 3096.916 4 0.011
2 3703 3686.093 & 0.034
3 3796 3775.2 £ 1.7
4 4097 4039 + 1
5 4153 4153 +3
6 4389 4361+9+9  [86]
7 4426 4421 + 4
8 4614 46341512 87]
9 4641 4664 +£11+5  [86]
X 1TH 1 3504 3510.66 4 0.07
2 3947 -
3 4272 -
e 277 1 3812 -
2 4166 -
3 4437 -
Xe2 2TH 1 3532 3556.20 + 0.09
2 3969 3929+5+2  [8§]
3 4043 -
Py 277 1 3810 -
2 4164 -
3 4436 -

Table 3.1. Masses, in MeV, of charmonium states. We compare with the well established states in Ref. [78]
and assign possible XY Z mesons.

which Belle [86] measured with somewhat larger mass and smaller width. Belle also
found a second structure near 4660 MeV.

The efe” — AFA, cross section was measured by Belle [87] using ISR and
A clear peak is evident near the threshold. The nature of
this enhancement remains unclear. Although both mass and width of the X (4630)
are consistent, see Table 3.2, within errors with those of the X (4660), this could be
coincidence and does not exclude other interpretations.

partial reconstruction.
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(nL)  States  The. (MeV) Exp. (MeV)
(1S)  J/v 3096 3096.916 +0.011  [78]
(28)  ¥(29) 3703 3686.09 + 0.04 78]
(1ID)  (3770) 3796 3772+ 1.1 78]
G(3900) - 3943 + 21 93, 94]
X (4008) - 4008 + 40 91]
(3S)  14(4040) 4097 4039 + 1 78]
(2D)  14(4160) 4153 4153 +3 78]
X (4260) - 4260 + 10 89]
(4S)  14(4360) 4389 435579, + 9 [86]
(3D)  1h(4415) 4426 4421 + 4 78]
(5S)  X(4630) 4614 46341515 87]
(4D) X (4660) 4641 4664 +11+5 86]

Table 3.2. Masses, in MeV, of ¢ states. (nL) refers to the dominant partial wave.

The DD cross sections across the entire charm energy range from Belle [93] and
BaBar [94] are consistent with one another. Both observe a structure in the ISR DD
cross section, known as G(3900), which must be taken into account to describe both the
DD cross section and R ! in the region between 1 (3770) and ¢(4040). This structure
is qualitatively consistent with the theoretical predictions of the DD cross section and
the R ratio using the Cornell model and without considering that the G(3900) is a
specific c¢ bound state [95]. Another explanation as a hybrid meson is also possible
since different approaches of hybrid mesons predict states in this energy region.

We can assign as ¢g structures the X (4360), X (4630) and X (4660) mesons attending
to the masses. Throughout this work we will try to explain other properties of the
XY Z assignments, as their decays, considering them as quark-antiquark pairs. For
those mesons which we suspect more complex structures than ¢q, we will give some
explanation when possible. The X (4008) resonance needs confirmation according to
Ref. [13], a reasonable explanation of the X (4260) is given below and a calculation of
hybrid mesons will be discussed in another chapter.

The knowledge of the leptonic width of higher charmonium states is important for
several reasons. First of all it allows to test the wave function at very short distances.
Moreover it can help to distinguish between conventional c¢ mesons and multiquark
structures which have much smaller dielectron widths [96]. The leptonic widths for the
predicted states are compared in Table 3.3 with the recent data reported by the BES
Collaboration in Ref. [97] and, once again, the agreement is good.

One striking feature of our model is the new assignment of the 1)(4415). Usually
this state has been assigned as a 45 state. Our particular choice of the potential
includes the new X (4360) as a 45 state between the well established 1(4160) and
1(4415) which are both predicted as D-wave states. Whether or not this assignment is
correct can be tested with the ete™ leptonic widths. From Table 3.3 one can see that
the width of the 45 state is 0.78 keV, whereas the experimental value for the 1(4415)
is ['pre- = 0.35 £ 0.12keV, in excellent agreement with the result for the 3D state

'R is the ratio between the total eTe™ annihilation cross section into hadrons and o(eTe™ — u*p™).
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(nL) State Mrthe. (MeV)  T'rpe. (keV) I'ixp. (keV)

(15) J/ 3096 3.93 5.55 +£0.14 +0.02  [78]
(25)  ¥(2S) 3703 1.78 233+0.07  [78]
(1D)  (3770) 3796 0.22 0.22+£0.05  [97]
(35)  ¥(4040) 4097 1.11 0.83+0.20  [97]
(2D)  (4160) 4153 0.30 0.48 4+ 0.22 [97]
(4S)  X(4360) 4389 0.78 - -
(3D)  (4415) 4426 0.33 0.35 +0.12 [97]
(55) X (4630) 4614 0.57 : -
(4D)  X(4660) 4641 0.31 : -

Table 3.3. Leptonic decay widths, in keV, of v states.

State  Mass (MeV)  Psg,  Psp,

JJ 3096 99.959  0.041

¥ (25) 3703 99.958  0.042
$(3770) 3796 0.032  99.968
(4040) 4097 99.935  0.065
(4160) 4153 0.060  99.940
(4360) 4389 99.908  0.092
¥(4415) 4426 0.089  99.911
1(4660) 4614 99.884  0.116
1(4660) 4641 0.114  99.886

Table 3.4. The *S; and *D; channel probability, in (%), of v states.

(0.33keV). The measurement of the leptonic width for the X (4360) is very important
and would clarify the situation.

It is generally assumed that the 17~ ¢ mesons are a mixture of *S; and 3D; states
in order to reproduce the leptonic widths. The mixing angle ranges from § = —17 [9§]
to 0 = 434 [99]. In our model the mixing is not fitted to the experimental data but
driven by the tensor piece of the quark-antiquark interaction. In Table 3.4 we show
the different components of these states. One can see that all are almost pure states
either 3S; or D, and we can reasonably reproduce the leptonic widths.

The study of higher multipole contributions to the radiative transitions between
spin-triplet states involves an alternative way to disentangle the mixing between S and
D-waves in 17~ ¢¢ mesons. The radiative decay sequences

efe” = (25), ¥(2S) =Y X2 X(ete2) = ¥/, J/ih—eFe or M+M(_a )

3.1

has been studied experimentally in Ref. [100]. The electric dipole E1 amplitudes are
dominant but higher multipole contributions are allowed.

For the x.; (J = 1, 2) sequences, they search for two multipole amplitudes b
and a‘]:m, where b stands for the amplitude where x.; is a reaction product (¢ —
v Xes) and a stands for the amplitude where y.; is the decay particle (x.; — vJ/%).
In the case x.; with J = 2, the process has contribution from E3 amplitude but is

J=1,2
2
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Mode PThe. I\Exp.
YV /P) g 0156 0.125 £ 0.007 = 0.013
YV T /1)y, 4423 3.56 £0.03 £ 0.12
VYT )y, 2.099  1.95+0.02 4 0.07

Table 3.5. Branching fraction for the decay ¥(2S) — v(vJ/¢).,. Experimental data are from [102].

considered negligible.

Theoretically, if one defines E1, M2 and E3 to be the electric dipole, magnetic
quadrupole and electric octupole amplitudes, respectively. The amplitudes mentioned
above are given by [101]

_ M2 E
Sl 2 (14,
VE1Z + M22 4m, ’
M?2 3 E
al=? = = ———L (14 K.),
2 VEIZ + M22 + £32 \/54mc( ) (3.2)
_ M2 E., '
bJ 1 — Y (1—|—li)
> T VE1Z+ M22  4m, o
M2 3 E.
b= = = ——(1+Ke),

T VEIZ+ M2+ E32 +/54m.

where these expressions are first order contributions in E,/m. or E.,/ /m,. assuming that
the 1 (15) and ¢(25) are pure S-wave states (no mixing with D-wave states) and that
the x.s states are pure P-wave states (no mixing with F-wave states).

We show in Fig. 3.1 the experimental data (solid circles) obtained by the CLEO
Collaboration in Ref. [100]. The rest of the data are previous to Ref. [100]. Our
theoretical estimations assuming m,. = 1763MeV and k. = 0 are represented by
a vertical solid line. The same theoretical estimations considering a c-quark mass
(m. = 1.5 GeV) closer to the PDG value are represented by a vertical dashed line as
given in Ref. [100]. The last experimental measurements and the theoretical estimations
agrees well. In some sense it indicates us that the mixing between S and D-waves in
the 17~ cc states is small. Note that the mixture in our model is given by the tensor
piece. Its contribution is small for the 17~ channel, but also in others as the 27"
channel where the mixing is between the P and F-waves.

The mixing between L = J — 1 and L = J + 1 partial waves of a state with J # 0
and S = 1 is provided by the tensor term of our OGE potential. This tensor force is
small enough to have almost purely one orbital state component.

To end the above discussion, the formula for the E1 transitions, Eq. (C.2), can be
used to calculate the branching fraction of the process 1(2S) — J/1yy trough vx.s.
In Table 3.5 we compare our results with those of Ref. [102]. We reproduce not only
the tendency of the experimental data but the agreement of the absolute value is also
good.

Finally in Tables 3.6, 3.7, 3.8 and 3.9 we quote the E1 and M1 radiative transitions.
The results are in general agreement with the scarce experimental results. CLEO
has recently reported [103, 104] results on ¥ (3770) — vx.s with J = 0, 1 and upper
limit for J = 2. Also upper limits are placed on the decays 1(4040) — ~x.; and
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Figure 3.1. Figure from Ref. [100]. Experimental values of the magnetic quadrupole amplitudes obtained by
the CLEO Collaboration and their comparison with previous experimental data and theoretical expectations.

1(4160) — yxcs. Our results slightly overestimate the experimental results which may
indicate that coupled-channel corrections may be significant in this case.

The J/i) — 3y width

The CLEO Collaboration has recently measured the branching ratio of the J/¢ — 3~
decay using 1)(25) — 77~ J/1) events acquired with the CLEO-c detector operating at
the CESR eTe™ collider. A signal of 60 significance was found with branching fraction
Bs, = (1.2 + 0.3 £0.2) x 107° [105]. This value is almost a factor 5 below the one
expected from the J/i¢p — ete™ decay ignoring QCD corrections which suggests that
these corrections can be large. Then the understanding of this disagreement is very
important because it can shed some light on the knowledge of the behavior of QCD
loop expansion when its coefficients are large.

The expression for the width of the J/1) — 37 can be calculated in the formalism
developed by Glover and Morgan for one boson decay to three photons [106]. The
calculation is analogous to the decay of the orthopositronium (o-Ps) to three photons
which has the same quantum numbers. This rate has been extensively studied in the
past mainly due to the discrepancies that, from time to time, appeared between the
successive improvements of the experimental data and the theoretical corrections. The
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Initial meson Final meson T'ppe. (keV) Brhe. Bexp.

¥(2381) Xeo(13Py) 31.9 11.2 x 1072 (9.62 4 0.31) x 1072
Xe1 (1P Py) 35.4 125 x 1072 (9.20 £ 0.40) x 102
Xe2(1*Py) 30.1 10.6 x 1072 (8.7440.35) x 1072

(13 Dy) Xeo(13Pp) 252.3 9.6 x 1072  (7.3£0.9) x 1073
Xe1(13Py) 99.1 38x107%  (2.94£0.6) x 1073
Xe2(13P) 3.6 1.4 x 1074 < 9.0 x 1074

1/)(3351) XcO(13PO) 16.8 - -
Xe1 (13P)) 18.2 2.3 x 1072 <1.1x1072
Xe2 (13 Py) 14.8 1.9 x 1074 < 1.7 x 1072
Xe0 (22 Py) 10.7 - -
Xe1(23P)) 14.0 - -
Xe2(23 Py) 48.5 - -

(23 Dy) xeo(12Py) 165.0 - -
Xe1(13Py) 60.3 5.9 x 1074 <7x1073
Xe2(13Py) 1.6 1.5 x 1075 < 1.3 x 1072
Xe0(22 Py) 144.2 - -
Xc1(23P1) 93.5 - -
Xe2(28 Py) 6.8 - -

Table 3.6. E1 radiative transitions of v states. The branching fraction Brpe. is calculated using the

experimental value for the total width. The experimental data are from [78].

theoretical result from o-Ps decay can be written as

16 (72 — 9
FO - a%a?’eﬂgb(())ﬁ (33)
This formula coincides with the old Ore and Powell [107] expression if one takes for
the wave function at the origin the hydrogen-like wave function value.

To obtain the J/¢ — 3~ width from Eq. (3.3) one has to use e = +2/3 instead of
e = —1 and multiply by a factor 3 to take into account the three quark colors, leading
to the final expression

2 _
T/ = 39 = - Dt Ris(O)F (3.4)

where we have separated the radial part from the total wave function. Using the wave
function calculated by the constituent quark model we obtain B, = 3.4 x 107° where
we have used the experimental value for the total width. This theoretical estimation
is almost three times the experimental result.

One-loop QCD corrections can be adapted from the expressions for o-Ps decay.
This correction has been calculated in Ref. [108] using the formalism of Ref. [106] in
the framework of the nonrelativistic QED. We show the diagrams that enter in the
one-loop correction to the decay amplitude in Fig. 3.2, where the photon which gives
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Initial meson Final meson T'rpe (keV)

)(4387) Xeo(13Py) 21.6
Xe1(13Py) 28.9
Xe2 (13 Py) 29.4
Xe0(23Py) 24.0
Xe1(23Py) 41.8
Xe2(23P) 81.7
Xeo(33Py) 27.2
Xe1(33Py) 51.6
Xe2(33P2) 68.4

P(33Dy) Xeo(13Py) 120.6
Xe1(13Py) 43.0
Xe2(13P) 0.9
Xe0(23Py) 107.2
Xe1(23Py) 58.0
Xe2(23Py) 2.7
Xeo(33Py) 93.7
Xe1(33Py) 63.1
Xe2(33P2) 2.6

Table 3.7. E1 radiative transitions of 1 states (Continuation I).
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Figure 3.2. One-loop diagrams that contribute to the decay amplitude at first order in as.

the radiative correction has been changed by a gluon. Following [108] we refer to the
six diagrams as the outer vertex (OV), inner vertex (IV), double vertex (DV), self-
energy (SE), ladder (L), and annihilation vertex (A). The separated contributions of
each diagram can be found in [108]. Collecting all the contributions together we arrive
for the orthopositronium at

r—T, [1 ny (9)] , (3.5)

™



CHAPTER 3. HEAVY MESON SPECTROSCOPY 33

Initial meson Final meson T'ppe. (keV)

¢(5351) Xco(lgpo) 19.5
Xe1(13Py) 27.2
Xe2(13P) 29.4
Xe0(23 Py) 22.1
Xe1(23Py) 39.4
Xe2(23P) 72.0
Xeo(33Py) 22.4
Xe1(33Py) 39.2
Xe2(33P2) 47.0
Xeo (43 Py) 22.9
Xe1(43Py) 43.0
Xe2 (43 P) 56.9

»(43Dy) xeo(13Py) 100.1
Xe1(13Py) 36.6
Xcg(lspg) 0.7
Xe0(23Py) 94.4
Xe1(23Py) 50.1
xe2(23P) 1.9
Xeo(33Py) 82.6
Xe1(33Py) 49.2
Xe2(33P2) 1.5
Xeo(43 Py) 72.1
Xe1(43Py) 51.2
Xe2 (43 Py) 2.0

Table 3.8. El radiative transitions of 1 states (Continuation IT).

where the best value for A is given by [108] and is A = —10.286606.

To adapt these diagrams to the QCD case one has to include a factor A\./2 in each
vertex diagram which contributes with a global factor 4/3. Furthermore, the diagram
(A) does not contribute to the QCD case due to color conservation. Summing up all
the contributions one arrives at the expression

=T, [1 + Agen (%)} , (3.6)
Now, using the value of the o, (m?) coupling constant at the charm quark mass (a, =
0.288) the first correction to the width cancels with the zeroth order approximation
given a theoretical prediction compatible with zero.
Because of the strong cancellation between the first two terms in Eq. (3.6), the most

important contribution to the decay rate comes from the (%)2 term. This correction
has two different sources. The first one arises when we square the one-loop corrections
to the annihilation amplitude. The second one corresponds to the leading order two-
loop corrections. This part cannot be straightforwardly deduced from the two-loop
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Initial meson Final meson T'rpe. (keV) BThe. Bexp.
P(1357) ne(115p) 2.1 22x1072 (1.740.4) x 1072
¥ (2357) ne(11Sp) 10.8 3.8x1072 (3.440.5)x 1073

ne(215p) 0.2 5.5 x 1074 <80x107*
$(3S1) 1e(1'So) 12.2 - -
ne(215p) 2.0 - -
ne(31Sp) 4.6 x 1073 - -
P(4S1) 1¢(1'S0) 16.7 - -
770(2150) 5.3 - -
n(3150) 1.4 - -
ne(41Sp) 4.7 x 1072 - -
¥(5%51) 1¢(1'So) 16.7 - -
ne(21Sp) 6.1 - -
ne(315p) 2.3 - -
770(4150) 0.7 - -
ne(515) 2.3 x 1072 - -

Table 3.9. M1 radiative transitions of v states. The branching fraction Brpe. is calculated using the
experimental value for the total width. The experimental data are from [78].

QED corrections due to the non-Abelian character of QCD. However, we can naively
estimate the first contribution as

A 2
BLQCD:< C;CD) : (3.7)

In the o-Ps case Burichenko has shown [109] that this estimate is in fact a lower
bound for the contribution under consideration. Thus we estimate the J/1¢» — 37 decay
rate as

s s

D(J/t — 37) = 3.17 x 1072 {1 12,630 (O‘—> +39.879 (O‘—)Q} . (38)

expressed in keV. With this new correction the theoretical value is now By, = 0.6 x107°
lower than the experimental data but near the experimental error bar.

This result shows the importance of the high order corrections in this particular
decay. The leading order of the two-loop corrections, which are almost of the same
size as the one coming from the square of one-loop corrections in the orthopositronium
decay [110] should contribute to obtain more precise results.

Non-resonant explanation for the X (4260) structure

The X (4260) JP¢ = 17~ charmonium enhancement was discovered in 77 ~J/1 by
the BaBar Collaboration [89]. It was later confirmed and also seen in 7°7°.J /¢ as well
as KT K~ J/v by CLEO [104], and finally by Belle in 7#t7~J /¢ [91].
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Figure 3.3. A stepwise study of how the presumed X (4260) signal in ete™ — 777~ J /¢ [89] is depleted by
OZI-allowed processes.

The experimental observation of the completely unexpected X (4260) resonance
has stimulated extensive interest among theorists and experimentalists. In the past
years, different theoretical interpretations were proposed to understand its underlying
structure, which can be categorized in two groups, i.e. an exotic state and a
conventional charmonium. Although there already exist many theoretical explanations,
we cannot give a definite solution. This has sparked our interest in further investigating
X (4260) under a framework different from these existing theoretical explanations.

In Ref. [112] Eef van Beveren and George Rupp, with my collaboration, discuss
the shape of the X (4260) observed in the Okubo-Zweig-lizuka (OZI)-forbidden process
ete” — wtn~J/1, in particular, at and near vector charmonium resonances as well
as open-charm threshold enhancements. The model used differs from that presented
in this work and so the predicted masses for charmonium resonances are also slightly
different. The reader is referred to [112] and references therein for further details.

The most interesting and puzzling aspect of all experimental data related with
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Figure 3.4. BaBar data for eTe™ — D*D* [111], (o), and the missing signal in ete™ — 7 7~ .J /7 [89], (M),
due to OZI-allowed decay processes as shown in panel (12) of Fig. 3.3. The annotations at the vertical axis
on the left-hand side refer to the data of Ref. [111], while those on the right-hand side concern the data of
Ref. [89]. The missing signal is adjusted in magnitude so as to be compared with the ete™ — D*D* data.

the X (4260) resonance, in particular, the initial-state radiation events for ete™ —
ysrT T~ J /1 collected by BaBar detector in the invariant-mass spectrum of 747~ J /4,
is the depletion of the signal exactly at the mass of the )(4415) resonance. Our
interpretation of the enhancement at X (4260) observed in ete™ — wn~J/v is that
near a cc resonance its decay into open-charm mesons dominates and hence depletes the
7t~ J /v signal. Actually, panel (9) of Fig. 3.3 shows the lack of signal just above all
open-charm thresholds and also at the vector charmonium resonances in the relevant
invariant-mass region.

The original signal (panel (1) of Fig. 3.3) from which we have eliminated in a
stepwise fashion the depletions due to the c¢ resonances and the open-charm thresholds
(remaining panels in Fig. 3.3) is the very broad X (4260) structure. It does not seem
to classify itself as a 17~ c¢¢ resonance rather as a non-resonant structure.

In order to judge whether our presumed shape of the X (4260) enhancement makes
any sense, we compare it to production data for open-charm pairs. To that end,
in Fig. 3.4 we depict, in one and the same figure, BaBar production data [111] for
the open-charm reaction ete™ — D*D* (o), as well as the differences (l) between
the presumed shape of the X (4260) enhancement and the experimental data, also by
BaBar [89], for e"e™ — 7t~ J/¢). We have indicated in Fig. 3.4 how the magnitudes
of the two signals are adjusted, due to different experimental efficiencies for the two
processes, in order to be comparable. As a matter of fact, close to the D*D* threshold
(at 4.02 GeV) we cannot really compare the two data sets, because the phase space
factors of 77~ .J /1) and D*D* are very different at that energy. However, from roughly
4.2 GeV upwards we may to some extent ignore phase space effects.

One observes in Fig. 3.4 that indeed the OZI-allowed signal of efe”™ — D*D*
is in very good agreement with the signal stemming from the missing signal in
ete” — wfn~J/1 reaction, both sharing in detail their maxima and minima as a
function of the invariant mass.
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3.1.2 The 7. states

Here we discuss the 1.S; singlet ¢ states. The 7.(15) is the lowest state of charmonium.
The model predicts a mass of 2990 MeV in good agreement with the experimental one.
The splitting between 1'S; and 135 is given by the Dirac delta term of the OGE
potential. This splitting is measured experimentally to be 116.6 + 1.2 MeV which is
in reasonable agreement with our prediction of 106 MeV. The 7.(1S) decays only into
mesons via weak interaction or annihilates into two photons due to its even C-parity.
The decay of 7. into two photons is given by the wave function at the origin and our
prediction is 7.77 x 10~* for its branching fraction. It is 12 times larger than the
experimental value, (6.3 4= 2.9) x 107°. Theoretically one can suppose that the wave
function at the origin of 115, and 13S; is the same and predicts the ratio between
115y — 2y and J/1 — eTe™ decay rates where the value of the wave function at the
origin cancels. The theoretical ratio obtained is 1.6 with ag ~ 0.3 and the experimental
one is 1.21 +0.22 [78]. This indicates that 7. and J/¢ may have a similar value of the
wave function at the origin. It is not the case in our model because the range of the 7,
wave function is small and it peaks up its value at the origin, increasing the theoretical
values of annihilation rates.

The search for a reproducible 7.(25) signal has a long history. Recently, Belle [25]
found a signal in B — K7.(25) in the exclusive 1.(25) — KJK nt decay mode
(a favorite all-charged final state for 7.(1S5)), at 3654 + 6 £ 8 MeV. Since then,
measurements of 7.(25) in that mass region have been reported by BaBar [26],
CLEO [27], and Belle [113] in vy-fusion to K K7 final states and by BaBar [114]
and Belle [115] in double charmonium production.

Our predicted mass for the 7.(2S) is shown in Table 3.1 as 3643 MeV. It is in very
good agreement with the experimental data. The updated ratio into two photons of
the 1.(25) is < 5 x 107* [78]. Our result is 1.28 x 1072, 2.5 times larger than the
experimental upper bound. As one can see, the effect of the high value at the origin
for the wave function is reduced as we go up in the spectrum.

The 7.(35) is the first state which can decay into open-charm mesons, being its
mass 4054 MeV. We will study later the strong decays into open-charm mesons. We
also calculate the partial width of the 7.(3S) into two photons and our prediction is
17.0keV.

For completeness, we give the decay rates for different E1 and M1 transitions of the
n'S, states in Table 3.10.

3.1.3 The h, states

Two experiments reported the observation of the h.(1P) in 2005. CLEO [116, 117]
obtained a 6o statistical significance in the isospin-forbidden decay chain ete™ —
¥(28) — 7°h., h. — m.(1S). E835 [118] found a 30 evidence in pp — h,
he = ne(1S), n.(15) — 7.

The precision measurement of its mass was reported by CLEO in 2008 [119],
3525.28 4+ 0.19 4+ 0.12MeV. Later, BES III [120] has confirmed this with a mass of
3525.40 +0.13 £ 0.18 MeV. The measurement of the h. mass is important since lattice
data show a vanishing long-range component of the spin-spin potential. Thus, this part
of the potential appears to be entirely dominated by its short-range, delta-like term,
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Initial meson Final meson T'rpe (keV)

ne(24So) he(1'Py) 42.41
Y(135y) 3.90
ne(3'So) he(11Py) 9.12
he(2'Py) 67.21
P(138)) 4.16
»(239)) 1.02

Table 3.10. E1 and M1 radiative transitions of 7. states.

n_m(he) MeV)  (m(n’Py)) e (MeV)  (m(n’Py))p, (MeV)
1 3515 3513 3525.30 + 0.20

2 3956 3955 -

3 4278 4278 -

Table 3.11. The theoretical masses, in MeV, of the ground state and the first two excitations of h., compared
with the spin-averaged centroid, in MeV, of the corresponding triplet P-wave states. We compare with the
experimental data [78].

suggesting that the ' P; should be close to the center-of-gravity of the *P; system

mXCO + 3mXcl + 5mX02

9

This makes the hyperfine mass splitting, Amy,;[h.(1P)] = (m(1*°P;)) — m[h.(1P)],
an important measurement of the spin-spin interaction. The centroid of the 13P;
states is known to be [78] 3525.30 4+ 0.04 MeV and then the hyperfine splitting is
+0.02 £ 0.23 MeV from CLEO and —0.10 £ 0.22 MeV from BES III.

Table 3.1 shows the masses for the three excitations of the singlet 'P, and the
triplet 3 P; mesons. In Table 3.11 we show the comparison between the centroid of 3P;
states and the corresponding h. mass for the ground state and the first two excitations,
showing that our spin-spin interaction is negligible for these channels and it is in perfect
agreement with the lattice expectations and the experimental measurements for the
ground state.

Focusing our interest on h. we have calculated other properties of that state.
Table 3.12 shows the E1 and M1 radiative decays into those states which are allowed by
phase space requirements. These numerical results can be useful for future experimental
searches.

The decay chain ¥(2S) — 7°h.(1P), h.(1P) — ~m.(1S) was first observed by
CLEO [117, 119] and later confirmed with higher statistics by BESIII [120]. BESIIT has
also measured B(1(25) — 7°h.(1P)) allowing the extraction of B(h.(1P) — yn.(15)).
This paper also gives the total width of h.(1P) and it allows us to calculate the
theoretical estimation of the h.(1P) — ~vn.(1S) branching fraction. It is in good
agreement with the experimental data, as shown in Table. 3.12. Other M1 radiative
decays appear very small.

m(1°Py)) = (3.9)
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Initial meson Final meson T'rpe. (keV) Fexp. (keV)
he(11Py) ne(11Sp) 353.41  (394.20 + 294.40) [120]
he(2' Py) ne(115) 175.42 -

ne(2150) 197.35 -
ﬁcg(lng) 53.64 -
Xeo(13Py) 1.20 -
X51(13P1) 0.39 -
Xe2(13P) 0.010 -
he(3'Py) ne(115) 115.62
ne(2150) 139.19 -
ne(3150) 144.34 -
Ne2(11 Dy) 25.80 -
7762(21D2) 65.46 -
Xeo(13Py) 1.24 -
X51(13P1) 0.48 -
Xe2(13P) 0.02 -
Xco(zspo) 0.50 -
Xe1(23Py) 0.26 -
Xe2(23 P2) 0.02 -

Table 3.12. E1 and M1 radiative transitions of h. states.

3.1.4 The x.; states

Although they cannot be produced directly in eTe™ collisions, radiative decays of the
1(25) into x.s states occur with a branching ratio of about 27% [78] and provide large
Xes Samples that have proven to be a very clean environment for studies of the x.s
states. According with Table 3.1 the long known 13P; states are in agreement with
the model predictions.

The mean 2P multiplet mass is predicted to be near 3.95GeV. Although no 2P
cc state has been clearly seen experimentally, there are reports from the different
Collaborations which claim enhancements in that energy region. We have the X (3872),
X (3915), Y(3940), X (3940) and Z(3930).

The X (3872) is one of the most studied and well established of those states. It was
first discovered by the Belle Collaboration in the J/i¢77m invariant mass spectrum of
the decay BT — K*ntn~J/¢ [32]. Tts existence was soon confirmed by BaBar [121],
CDF [33] and DO [122]. The world average mass is Mx = 3871.2+£0.5 MeV and its width
'y < 2.3MeV. The measurements of the X (3872) — ~.J/¢ decay [123, 124] implies
an even C-parity. Moreover, the angular correlation between final state particles in
the X (3872) — n"n~J/¢ decay measured by Belle [123] and CDF [125] indicates that
the most likely quantum numbers should be J¢ = 17+ but cannot totally exclude the
JP¢ = 2=+ combination.

The X (3872) mass is difficult to reproduce by the standard quark models, see
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Initial meson Final meson I'rhe (keV) — DIgxp. (keV)

xeo(13Ry) W(135y) 127.18  121.80 + 12.50

Xe0(23Py) Y(138)) 32.35 N
¥(2397) 150.56 -
Y(13Dy) 50.50 )
he(11Py) 0.35 B,

Xe0(33Py) Y(135)) 12.43 }
¥(2397) 52.96 -
Y(13Dy) 14.98 )
¥(3291) 221.34 .
¥(23Dy) 36.68 )
he(11Py) 0.39 i}
he(2'Py) 0.17 _

Table 3.13. E1 and M1 radiative transitions of xco states. The experimental data are from [78].

Table 3.1. Moreover no four-quark bound state configurations have been found in this
mass region [126, 127]. The X (3872) mass is extremely close to the D°D*" threshold so
it appears as a natural candidate to an even C-parity D°D*® molecule. This structure
will also explain the large isospin violation. The molecular interpretation runs into
trouble when it tries to explain the high ~1’ decay rate. This puzzling situation
suggests for the X (3872) state a combination of a 2P c¢ state and a weakly-bound
D°D*® molecule. In Ref. [128] we have performed a coupled channel calculation of the
1%+ ¢¢ sector including ¢ and ¢gqq configurations. Two and four quark configurations
are coupled using the 3P, model which will be introduced in the following Chapter.
The elusive X (3872) meson appears as a new state with a high probability for the D D*
molecular component. The original cc(22P;) state acquires a sizable DD* component
and can be identified with the X (3940).

The Y (3940) — w.J/¢ enhancement was initially found by Belle [129] in BT —
K1Y (3940) decays. It was confirmed by BaBar [130] with more statistics, albeit with
somewhat smaller mass. But Belle [85] also found a statistically compelling resonant
structure X (3915) in v~ fusion decaying to w.J/1. It shares the same production and
decay signature as that of BaBar’s Y(3940), which has mass and width consistent with
the X (3915). An interpretation of these two states as the same appears as a widely
accepted idea and the name which is conserved is X(3915). We only know at the
moment that this state has an even C-parity. If X(3915) was a cc state, the most
probable quantum numbers would be 0. The mass predicted for the 23F, is 3909, in
very good agreement with the experimental measurement. One can find in Table 3.13
its E1 and M1 radiative decays.

In 2005 Belle [88] observed an enhancement in the DD mass spectrum from
ete™ — ete~ DD events with a statistical significance of 5.30. It was initially dubbed
the Z(3930), but since then it has been widely (if not universally) accepted as the
Xe2(2P). There is some Lattice calculations [131] which suggest that the y.2(2P) and
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Initial meson Final meson I'rye (keV)  Trxp. (keV)

Xe1 (12 Pyr) »(1%51) 264.40 302.72 + 21.68
Xe1(2°Py) Y(138)) 94.06 -
¥ (2397) 194.94 -
»(13Dy) 22.60 -
Po(13 D) 36.55 -
he(1'Py) 0.04 -
Xe1 (32 Py) Y(138)) 53.63 g
¥(2387) 102.26 .
Y(13Dy) 9.48 -
12(1%Dy) 16.83 _
$(3391) 241.72 -
¥(23Dy) 19.26 -
¥2(23Dy) 44.86 -
he(1'Py) 0.06 -
he(21Py) 0.04 -
Xe2(13P2) P(1357) 323.26  380.25 + 29.77
Xe2(23Py) ¥(138)) 130.52 ;
¥ (2387) 212.28 -
Y(13Dy) 0.83 -
12(1% Dy) 9.39 _
he(11Py) 0.52 -
Xe2 (1P Fy) Y(13Dy) 345.08 -
Y2(13Dy) 45.76 _

Table 3.14. E1 and M1 radiative transitions of x.1 and y.2 states. The experimental data are from [78].

the 13F, state could be quite close in mass, so that perhaps the Z(3930) is not the 23 P,
but rather the 13F,. Our constituent quark model predicts a mass for the 23P, and
13F, of 3969 MeV and 4043 MeV, respectively. Therefore the mass splitting is 74 MeV,
so we do not predict states nearby degenerated and assign the Z(3930) as the 23P,
state.

The next states in mass for the y.; mesons are 33y, 33P; and 1°F,. The 3P states
have an expected mean multiplet mass of about 4.3 GeV according with our model.

All E1 and M1 radiative decays of the states commented above as a ¢¢ meson can

be found in Tables 3.13 and 3.14.
3.1.5 D-wave states with J =2

Since the 13D, and 1'D, states do not have allowed open-flavor decay modes, these
states are difficult to observe. One possibility is that the 13D, may be found in E1
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Initial meson Final meson T'cqum (keV)

Ne2(1'Ds) he(11Py) 276.95
ne2(2' Dy) he(1'Py) 114.66
he(2'Py) 211.78
7702(31D2) hc(llpl) 69.34
he(2'Py) 124.56
he(31Py) 155.78

Table 3.15. El radiative transitions of 7.2 states.

Initial meson Final meson I'cqm (keV)

P9 (13Dy) Xe1 (13P)) 224.10
Xe2(13 Py) 53.74
19(23Dy) Xe1 (13P)) 95.44
Xe2(13P) 19.92
Xe1(22Py) 164.35
Xe2(23 ) 47.92
XCQ(13F2) 3.88
12(33Ds) Xe1(13Py) 58.17
Xe2(13Py) 11.42
Xe1(28Py) 99.61
Xe2(23P) 25.00
Xe1(33P)) 120.52
Xe2 (13 %) 1.96

Table 3.16. El radiative transitions of o states.

transitions from the 23P, state since this has been recently well established in the
PDG and its production comes from ~~ fusion. However, it appears difficult to get a
signal of 11D, because this state need parent states which have not been seen at the
moment. Tables 3.15 and 3.16 show the E1 radiative decays which can be useful to the
experimentalists for future searches.

3.2 Charmed and charmed-strange mesons

The spectra of charmed and charmed-strange mesons contain a number of long known
and well established states [78], all of them are low-lying states. The high excited states
have been difficult to find due to the poor statistics and their relatively large widths.
We find as well established states in the charmed sector, the S-wave states of
quantum numbers JZ = 0~ and 1~ which are the D and D* mesons, respectively. Also
the P-wave states with quantum numbers 07 (Dg(2400)), 17 (D;(2420) and D;(2430))
and 27 (D;(2460)) are given in Ref. [78]. In addition, the PDG lists the D*(2640)
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meson seen in Z-decays [132] which lacks confirmation.

In the case of the charmed-strange sector the scheme is very similar, the S-wave
states of quantum numbers J” = 0~ and 1~ are the D, and D?, and the P-wave states
are D*,(2317), Dg;(2460), D41(2536) and D?,(2573) with quantum numbers 0F, 17, 1F
and 2%, respectively.

However, in the last years several new resonances have been observed and their
quantum numbers are a matter of active discussion.

The BaBar Collaboration have performed a study of the D¥7~, D°r* and D*tn~
systems in inclusive eTe™ — ¢¢ reactions to find new excited D mesons [133]. The
D(2550), D*(2600), D;(2750) and D*%(2760) mesons have been observed.

The D(2550) is considered the singlet 215, state due to its helicity-angle
distribution [133]. By the same reasoning, the resonance D*(2600) is consistent with
the excited 235; state. The D*(2760) signal observed in D7~ is very close in mass
to the signal D;(2750) observed in D**7~. The quantum numbers of the resonances
D;(2750) and D%(2760) are not clear but the 2= and 3~ possibilities are given as the
most probables.

In addition there are a number of Dy states which have been observed more recently.
These are the D (2710), observed by both BaBar [134, 135] and Belle [136], the
D?,(2860) [134, 135], the D;;(3040) [135] and an unconfirmed state previously observed
by SELEX [137], the D,;(2632). While the D¥ (2710) is commonly believed to have
quantum numbers JZ = 17, there are several possibilities for the other states which
are not ruled out by experiment. The D?;(2860) is most often identified with a 3~
state, while some still argue the possibility of a 07 identification. The D,;(3040) is
commonly interpreted as either 11 or 27 state.

Table 3.17 shows the current status of charmed and charmed-strange mesons with
some of their properties. The model prediction in both sectors is shown in Table 3.18
up to J = 3 and for the first four excitations.

A simple analysis about the properties of hadrons containing a single heavy quark
() = ¢, b can be carried out in the mg — oo limit. In such a limit, the heavy quark
acts as a static color source for the rest of the hadron, its spin sq is decoupled from
the total angular momentum of the light degrees of freedom j,, and they are separately
conserved. Hadrons can be classified according to the values of j, and of the total

spin J = jq + 5¢. In particular, heavy mesons can be organized in doublets, each one
corresponding to a particular value of j, and parity. The members of each doublet
differ for the orientation of sqg with respect to j, and, in the heavy quark limit, are
degenerated. Mass degeneracy is broken at order 1/my.

For Qg states, one can write jq = 3, +ﬁ where s, is the light antiquark spin
and [ is the orbital angular momentum of the light degrees of freedom relative to the
heavy quark. The lowest lying ()¢ mesons correspond to [ = 0 (S-wave states of

the quark model) with jf = %7. This doublet comprises two states with spin-parity

JP = (07,17). For [ = 1 (P-wave states of the quark model), it could be either ;' = %Jr

or j7 = 3", the two corresponding doublets having J” = (0*,1%) and J” = (1*,2%).
The mesons with [ = 2 (D-wave states) are collected either in the jI = 3~ doublet,
consisting of states with J” = (17,27), or in the j© = 2~ with J” = (27,37), and so
on.
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Meson JP Mass (MeV) Width (MeV)  Seen in

DO 0~ 1864.91 £ 0.17 1.60 x 107 K~ X and KX + KX

D* 0~ 1869.5 + 0.4 6.33x1071%  K~X and K°X + K°X

D*0 1- 2006.97 4 0.16 <21 DO7Y and D%y

D+ 1~ 2010.25 +£0.14 96 +£4+22keV  D7t, D70 and Dty

DY 0t 2318 £ 29 267 + 40 Dtr

Dy* 0t 2403 + 14 + 35 2834+24+34 DOrt
D1 (2420)° 1* 2422.3 +1.3 204+ 1.7 D*tr=, DYrtn=, Ditr
D1 (2420)* 1" 2423.4 + 3.1 25+6 Dt DYrta=, Dnt
D;(2430)° 1+ 2427 + 26 + 25 384 7+ 74 D

(
D3(2460)* 2+
D

2460.172°8 37+6 DOzt and D*0nt
5(2460)° 2+ 2460.9 + 1.3 49.04+ 1.4 D*tn~ and D*tr~
D(2550)° 0~  253944+45+68 130+12+13 D*r
D*(2600)° 1= 2608.7+244+25 93+6+13  Dn/D*r
D;(2750)° 27,37 275244+ 1.74+27 T1+64+11  D*r
D%(2760)° 27,37 2763.3+23+23 609+51+3.6 Dr
Meson Jr Mass (MeV) Width (MeV)  Seen in
DF 0~ 1969.0 + 1.4 - K*K*
D 1~ 2112.3 £ 0.5 <19 Dfy
Dz (2317)  0F 2318.0 £ 1.0 <38 Dfn0
D4 (2460)*  1F 2459.6 0.9 <3.5 Dt 0
D¢ (2536)F  1F 2535.12 =+ 0.25 <23 D*K
Dz, (2573)  2F 2572.6 + 0.9 20+5 DK+
Dy (2710)* 1~ 2710 4 212 149+ 7% BT — DDy, — D°DOK
Dr,(2860) 37, 0" 2862 & 275 48+3+6 DK
D, ;(3040)* 17, 2~ 3044 + 8130 239+3575 DK

Table 3.17. Charmed and charmed-strange mesons well established in PDG [78] and the latest experimental
data which have been taken from Refs. [133] (charmed mesons) and [135] (charmed-strange mesons).

The two states D and D* (D, and D?) can be identified with the members of the

lowest lying jf = %_ doublet. Our mass prediction is in good agreement with the

experimental measurements in both charmed and charmed-strange sectors.

In the infinite heavy quark mass limit the strong decays of the D, (j, = 3/2)
proceed only through D-waves, while the D (j, = 1/2) decays happen only through
S-waves [138]. The D-wave decay is suppressed by the barrier factor which behaves as
¢***! where ¢ is the relative momentum of the two decaying mesons. Therefore, the
states decaying through D-waves are expected to be narrower than those decaying via
S-waves. Our assignment in Table 3.18 for the 2% state and one of the low lying 17
states corresponding to the doublet j(f = %Jr follows the reasoning above and so the 1
states which belong to that doublet are the assignments D;(2420) and Ds;(2536).
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Charmed mesons Charmed-strange mesons
JP n | Mass (MeV) Assignment | Mass (MeV) Assignment
0- 1 1896 D 1984 Dy
2 2695 D(2550) 2729
3 3154 3178
4 3448 3487
0t 1 2516 Dy (2400) 2510 D¥,(2317)
2 3033 3025
3 3366 3376
4 3582 3625
| 2466 D4 (2420) 2554 D41(2536)
2 2596 D1 (2430) 2593 D1(2460)
3 3008 3056 D, ;(3040)
4 3079 3077 D, ;7(3040)
1= 1 2017 D* 2110 D}
2 2756 D*(2600) 2797 D7, (2710)
3 2935 2915 D ;(2860)
4 3193 3224
2= 1 2812 D ;(2750) 2886
2 2973 2948
3 3227 3278
4 3323 3317
2t 1 2513 D3(2460) 2591 D7,(2573)
2 3037 3081
3 3220 3196
4 3372 3417
3t 1 3090 3151
2 3244 3216
3 3409 3464
4 3503 3507
37 1 2847 D% (2760) 2911 D ;(2860)
2 3249 3296
3 3443 3428
4 3511 3569

Table 3.18. Masses, in MeV, of charmed and charmed-strange mesons. We show our assignment for the new
mesons.

We cannot explain the mass of the doublet jf = %+ corresponding to the ground

state of the 07 meson and the remainder of the 17 mesons. Lattice calculations
of charmed and charmed-strange mesons present the same features as those of the

phenomenological models (for a review of that results one can read Ref. [139]). We
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will study the inclusion of one-loop corrections to the Fermi-Breit spin dependent
OGE potential. These terms improve the agreement for the 0" state, we postpone
this discussion for a later Section. It is also important for the states which belong to
the doublet jf = %Jr, and in particular for the charmed-strange sector, the coupling
between ¢¢ and non-gqg structures in the 17 channel, this discussion is left over for a
later Section.

Concerning the new discovered mesons, the assignment is not justified if one attends
only to the masses, see Table 3.18. This has been done following their strong decays

which will be studied later.

3.3 Bottomonium

The bound states of the bb system are the heaviest and most compact bound states
of a quark and an antiquark in nature. They were discovered as spin triplet states
called T(15), T(2S) and Y(3S) by the E288 Collaboration at Fermilab in 1977 in
proton scattering on C'u and Pb targets studying muon pairs in a regime of invariant
masses larger than 5GeV [5, 141]. Later, they were better resolved and studied at
various ete™ storage rings. Six triplet-P states, x,(2P;) and x,(1P;) with J =0, 1, 2,
were discovered in radiative decays of the YT (3S5) and Y(25) in 1982 [142, 143] and
1983 [144, 145], respectively.

Despite such early measurements during the next thirty years there were no new
contributions to the spectrum of bottomonium. This was largely because the B-
factories were not usually considered ideal facilities for the study of the bottomonium
spectrum since their energy was tuned to the peak of the Y(4S) resonance, which
decays in almost 100% of cases to a BB pair. However, during the last years both
BaBar and Belle Collaborations have reported data samples at various energies in the
bottomonium region that made possible discoveries like the 7, [146], and the hy(1P)
and hy(2P) [140].

The world average masses reported in Ref. [78] and our model predictions are
collected in Table 3.19. In general the experimental data and our theoretical results
are in good agreement.

3.3.1 The T states

The predicted masses of the narrow YT(15), YT(25) and YT(3S) resonances are in
reasonable agreement with the values from PDG. They are below the open-bottom
threshold (10.56 GeV) and thus the electromagnetic transitions involve an important
contribution to the total decay width. Table 3.20 shows the E1 and M1 electromagnetic
transitions of Y(15), Y(2S) and Y(3S) states, the predictions agree with the
experimental data. As expected the M1 radiative decays for bb mesons are very small.

The current generation of B-factories have scanned the energy range above open-
bottom threshold. BaBar [148] performed a comprehensive scan between 10.54 and
11.2GeV, followed by an eight-point scan in the proximity of the T(6S) peak.
Belle [149] acquired nine points over 10.80 — 11.02 GeV, as well as spread over seven
additional points more focused on the T(5S5) peak. Both scans suggest that the
simple Breit-Wigner parametrization, previously used to model the peaks observed
in the CLEO [150] and CUSB [151] scans, is not good enough for the description
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State JP® n  The. (MeV) Exp. (MeV) (78]
m 0t 1 9455 9390.9 + 2.8
2 9990 -
3 10330 -
xwo 0Pt 1 9855 9859.44 + 0.42 + 0.31
2 10221 10232.5 £ 0.4 £ 0.5
3 10500 -
hy 171 9879 9898.25 £ 1.067102  [140]
2 10240 10259.76 £ 0.641153  [140]
3 10516 .
T 1 1 9502 9460.30 + 0.26
2 10015 10023.26 + 0.31
3 10117 -
4 10349 10355.2 £ 0.5
5 10414 -
6 10607 10579.4 £ 1.2
7 10653 -
8 10818 10865 + 8
9 10853 -
10 10995 11019 + 8
11 11023 -
e 1TT 1 9874 9892.78 + 0.26 + 0.31
2 10236 10255.46 + 0.22 + 0.50
3 10513 -
me 27 1 10123 .
2 10419 -
3 10658 -
X2 27T 1 9886 9912.21 + 0.26 + 0.31
2 10246 10268.65 + 0.22 + 0.50
3 10315 -
4 10521 .
5 10569 -
T, 277 1 10122 10163.7 + 1.4
2 10418 -
3 10657 -

Table 3.19. Masses, in MeV, of bottomonium states. We compare with the well established states in Ref. [78].

of the complex dynamics in the proximity of the B®B™ and Bg*)Bs(*) thresholds.
The new data points on R, = o(bb)/o(uu) are better modeled assuming a flat bb
continuum contribution which interferes constructively with the 55 and 6S Breit-
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Initial meson Final meson T'rpe. (keV) Brhe. Bexp.

T(19) n(19) 0.014 2.59 x 1074 -

T (295) o0 (1P) 1.09 3.41 x 1072 (3.840.4) x 1072
Xo1(1P) 1.84 5.75 x 1072 (6.94+0.4) x 1072
2 (1P) 2.08 6.50 x 102 (7.15 4 0.35) x 102
np(1S) 0.059 1.85 x 1073 (1.1 4 0.4757) x 1073 [147]
75(2S) 0.0015 4.69 x 107° -

Y (39) Xb0(1P) 0.15 7.38 x 1073 (3.0+1.1) x 1073
Y1 (1P) 0.16 7.87 x 1073 <1.7x1073
Xo2(1P) 0.08 3.94 x 1073 <19.0 x 1073
Xv0(2P) 1.21 5.95 x 1072 (5.9 +0.6) x 1072
Xo1(2P) 2.13 10.48 x 1072 (12.6 £ 1.2) x 1072
Xp2(2P) 2.56 12.60 x 1072 (13.1 £ 1.6) x 102
n(19) 0.059 29.04 x 10~* (5.140.7) x 1074
7(2S) 0.012 5.91 x 1074 <6.2x 1074
n(35) 0.00066 3.25 x 107° -

Table 3.20. E1 and M1 radiative transitions of Y(15), Y(25) and Y(3S) states. The experimental data are
from Ref. [78].

YT  The. BaBar [148] Belle [149] PDG2010 [78]
55 10818 10876 4+ 2 10879 + 3 10865 £+ 8
6S 10995 10996 £ 2 - 11019

Table 3.21. New masses, in MeV, reported by BaBar and Belle for T(55) and Y (6S) and the comparison
with the model prediction.

Wigner resonances, and a second flat contribution which adds incoherently. Such fits
alter the PDG results on the 55 and 6S peaks. Table 3.21 compares the theoretical
prediction with the new parameters reported by BaBar and Belle and the PDG values
for the 55 and 6S resonances.

The T family can be studied easily via ete™ annihilation as they have the same
quantum numbers of the emitted virtual photon. However, their production rate in
this reaction is related with their leptonic widths. They are smaller than the ¢ states
and for D-wave states are negligible. This is the reason why there is no experimental
confirmation of the 3D; states. Potential model predicts that these states are close
to their S-wave partner. In our model this feature is highlighted due to the linear
screened confining interaction. Table 3.22 shows our prediction for the leptonic widths
of JP€ =17~ bb states.

Additional insight can be provided by the exclusive decomposition of the two-body
(e.g. BB, BB*, B*B*) and other decay modes. Results from e*e™ collisions have been
given by Belle [152] and they will be studied later.
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(nL) States Mrpe. (MeV)  T'rpe. (keV)  Dixp. (keV)
(1S)  T(19) 9502 0.71 1.340 £ 0.018
(25)  Y(29) 10015 0.37 0.612 4 0.011
(1D) 10117 0.14 x 1072 -

(3S)  Y(39) 10349 0.27 0.443 4 0.008
(2D) 10414 0.25 x 1072 -

(45) Y (10580) 10607 0.21 0.272 4 0.029
(3D) 10653 0.31 x 1072 -

(55) Y (10860) 10818 0.18 0.31 +£0.07
(4D) 10853 0.36 x 1072 0.31 £0.07
(6S)  Y(11020) 10995 0.15 0.130 4 0.030
(5D) 11023 0.38 x 1072 -

Table 3.22. Leptonic decay widths, in keV, of T states. The experimental data are from [78].

Initial meson Final meson I'ppe (keV)

m(25) hy(LP) 2.20
m(35) hy(1P) 0.008
hy(2P) 2.61

Table 3.23. El radiative transitions of 7, states.

3.3.2 The n, states

The BaBar Collaboration have succeeded in observing the 7,(15) in 2008 [146]. The
ny remained elusive because branching fractions for transitions from the T(nS) states
are small and no low-multiplicity decay modes, analogous to 1.(1S) — KK, appear
to exist for 7,. This makes the decay T (nS) — ~m, the most suitable for searching but
this is also non-trivial.

The hyperfine mass-splitting of singlet-triplet states, Amy[n,(1S)] = m(13S;) —
m(11Sy), probes the spin-dependence of bound-state energy levels and imposes
constraints on theoretical descriptions. It is given experimentally by

Amy,s[ny(19)] = 69.6 + 2.9 MeV, (3.10)

although the masses of the 115, and 135, states are not so well reproduced by the
model, the splitting between them is good.

The 7, states and their E1 radiative decays are shown in Tables 3.19 and 3.23,
respectively.

3.3.3 The h, and Yx;; states

Belle [140] has very recently reported a large cross section for ete™ — 77 hy(1P)
or 7t~ hy(2P) at the center-of-mass energy of Y(55). This is reminiscent of CLEO’s
observation of a large cross section for efe™ — w7 h, at /s = 4170 MeV [153].
The masses of the hy(1P) and hy(2P) [140], as well as the h.(1P) discovered earlier,
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n_m(hy) MeV)  (m(n®Py))pn, (MeV)  (m(n’Py)) gy, (MeV)
1 9879 9879 9899.87 £ 0.27

2 10240 10240 10260.24 + 0.36

3 10516 10516 -

Table 3.24. The theoretical masses, in MeV, of the ground state and the first two excitations of h;, compared
with the spin-averaged centroid, in MeV, of the corresponding triplet P-wave states. We compare with the
experimental data [78].

are very close to the spin-weighted average of the corresponding ®P; states, indicating
small hyperfine splitting in P-wave mesons as expected in the naive quark model.

The centroid of the n®*P; states with n = 1,2 is known to be, respectively,
9899.87+0.27 MeV and 10260.2440.36 MeV [78]. The hyperfine splittings measured by
the Belle Collaboration [140] are Amy,¢[hy(1P)] = +1.6£1.5MeV and Amy,¢[hy(2P)] =
+0.571$ MeV which are compatible with zero.

Table 3.19 shows the masses for three excitations of the singlet 'P; and the
triplet 3P; mesons. They are in reasonable agreement with the experimental data.
In Table 3.24 we show the comparison between the centroid of 3P; states and the
corresponding h;, mass for the ground state and the first two excitations, showing that
our spin-spin interaction is negligible. For completeness, we show the E1 radiative
transitions in Table 3.25.

The x,(nP) states have been recently produced in proton-proton collisions at the
LHC at /s = 7TeV and recorded by the ATLAS detector [154]. These states have
been reconstructed through their radiative decays to Y(15,2S) with T — ptp~. In
addition to the mass peaks corresponding to the decay modes x,(1P,2P) — T(15)~,
a new structure centered at a mass of (10.530 £ 0.005 £ 0.009) GeV has been also
observed, in both the T(1S5)y and Y(2S5)y decay modes. This structure has been
interpreted as the x;,(3P) system. One can see in Table 3.19 that our mass prediction
for the triplet x,(3P) states is in very good agreement with the experimental one. We
give in Table 3.25 their E1 decays into the different YT states.

3.3.4 D-wave states with J =2

Based on 122 x 10° Y(3S) events, the BaBar Collaboration have attempted to
measure the Y(1°D;) bottomonium multiplet through the Y(35) — vy Y(13D;) —
yyrtr~T(1S) decay chain [155]. The process T(1°D;) — 77~ Y(15) is of interest
because looking at the distribution of the differential decay width with respect the
invariant mass of the 777, one can distinguish the orbital angular momentum of the
initial meson. The BaBar Collaboration has only provided the mass of the J = 2
member of the Y(13D;) triplet due to their significances (5.80 for this state) with a
value of 10164.5 £ 0.8 + 0.5 MeV. We predict a mass of 10122 MeV, lower than the
experimental data but in reasonable agreement considering the uncertainties in the
naive quark model. The members of the triplet are expected to be within 10 MeV or
less according to our model and others as Ref. [156]. The model predicts the next
excitations of the triplet in 10.42 GeV and 10.65 GeV energy regions.

It is expected that in the same energy range of the 13D, appears the 1'D, state,
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Initial meson Final Meson T'rpe. (keV)  Brpe. Bexp.

hy(1P) n5(1S) 45.33 - -
hy(2P) n(1S) 15.36 - -

7(2S) 19.40 - -
hy(3P) m(18S) 8.16 - -

7(2S) 7.29 - -

m(39) 12.27 - -
xv0(1P) T(1S) 28.07 - <6 x 1072
Xo1(1P) T(1S) 35.66 - (35 £8) x 1072
xp2(1P) T(1S) 39.15 - (22 £4) x 1072
Xb0(2P) T(19) 5.44 - (946) x 1073

T (25) 12.80 - (4.6 £2.1) x 1072
Xo1(2P) T(19) 9.13 - (8.5 4+ 1.3) x 1072

T (25) 15.89 - (21 £4) x 1072
Xb2(2P) T(19) 11.38 - (7.14+1.0) x 1072

T (29) 17.50 - (16.2+£2.4) x 1072
Xb0(3P) T(1S) 1.99 - -

T(2S) 2.99 - -

T (3S) 8.50 - -
Xp1(3P) T(15) 4.17 - -

T(2S) 4.58 - -

Y (3S) 9.62 - -
Xp2(3P) T(1S) 5.65 - -

T(25) 5.62 - -

T (3S) 10.38 - -

Table 3.25. EI1 radiative transitions of h, and xs states. The experimental data are from [78].

2. Unfortunately there are no data about the 1'D, state. One possibility to find
this state is studying the decays of the very recently discovered h,(2P) because the E1
transition hy(2P) — yme(1D) is allowed. Our prediction is 5.26 keV.

3.4 Bottom, bottom-strange and bottom-charmed mesons

The B-factories have reached a kinematically clean environment of B meson decays
providing an excellent opportunity to search for new states. Most of the hadronic B
decays involve a b — ¢ transition at the quark level, and so they have been used to
search for new, conventional or unexpected, charmonium and charmed mesons and to
study their properties in detail.

The experimental data concerning the properties of the new hidden or open-charm
mesons are usually accompanied of information about the weak decay of meson B.
Within the constituent quark model, we will have to deal with observables which involve
weak decays of B mesons and thus these mesons should be well described by the model.

Until a couple of years ago, excited meson states containing b quarks have not been
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Particle JP The. (MeV) Exp. (MeV) [78]

B* _ 5279.1 + 0.4
BY 0 o215 5279.5 + 0.5
B* 1- 5317 5325.1 £ 0.5
By(5721)% 17 5776 5723.4 4 2.0
B3 (5747)° 27 5794 5743 £5
. 0F 5885
B*%(5732) [ . +] [59 1 4} 5698 + 8
BY 0~ 5348 5366.0 & 0.9
B! 1- 5393 5415.8 £ 1.5
Bs1(5830) 1+ 5841 5829.4 4 0.7
B:,(5840)° 2t 5856 5839.7 £ 0.6
. 0F 5851
B?,(5850) [ . +] [5883} 5853 & 15
BF 0~ 6275 6277 + 6

Table 3.26. Masses of B, Bs and B, states. We compare with the well established states in Ref. [78].

studied well. Only the stable 0~ ground states B", B and B? and the excited 1~ state
B* had been firmly established. On Table 3.26 we give the mass predictions for these
states which are in very good agreement with those from the PDG.

The B-factories can produce the B} by running on the Y(5S) resonance, i.e.
Y(55) — B:B:. The CLEO [157, 158] and Belle [159] Collaborations have isolated
B} states. The average of the two measurements about the B! mass and the mass
splitting between B} and B, mesons (including an older CUSB2 measurement [160])
are M(B?) = 5412.8 £ 0.9MeV and AM (B! — B,) = 46.7 £ 1.0 MeV, respectively.
These are in good agreement with our values 5393 MeV and 45 MeV.

Focusing on the orbitally excited mesons, the doublet jf = %+ is well established

in the PDG. The mesons which belong to this doublet are B;(5721) and B3 (5747)
within the B sector, and By (5830) and B, (5840) within the B sector. The predicted
masses are in good agreement with the experimental ones. There are no experimental
evidences of the mesons which belong to the doublet jf = %Jr. These states should
have quantum numbers 0" and 1. Also, following HQS, these mesons are expected to
be broad and this may be the reason why they have not been seen so far. The PDG
provides one state whose quantum numbers are not well established in the bottom and
bottom-strange sectors, we are referring to the B%(5732) and B;(5850) mesons. The
mass is nearby degenerated with the doublet jf = %

to our theoretical doublet jf = %Jr, as one can see in Table 3.26.

+ . .
and we have assigned this meson

The B. is the heaviest of the ground state b-flavored mesons, and the most difficult
to produce: it was observed for the first time in the semileptonic mode by CDF
in 1998 [161], but its mass was accurately determined only in 2006, from the fully
reconstructed mode Bf — J/¢xt [162]. The agreement between our prediction and
the experimental data is good.
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3.5 Lorentz structure of the confinement

The interquark potential depends on the Lorentz nature of the interaction and so
assumptions for it are needed. Although it seems clear the Lorentz structure of the
Goldstone-boson and the OGE potentials, the Lorentz character of the confinement
has not yet established firmly. In this section we study the influence of the Lorentz
structure of the confinement in the previously presented spectra, to do that we focus
on some physical observables which are more sensible to this effect.

One of the most experimental evidences in the heavy quark sector which favors the
scalar structure of the confinement is the measurement, compatible with zero, of the
hyperfine mass splitting between the ! P, state and the center-of-gravity (c.o.g.) of the
corresponding triplet *P; states. Within the charmonium sector, the Amy,¢[h.(1P)] =
(m(13Py)) — m[h.(1P)] has been measured to be +0.02 + 0.23 MeV from CLEO [119],
and —0.10 + 0.22 MeV from BES IIT [120]. In the case of the bottomonium sector,
the Belle Collaboration [140] has reported Amp¢lhy(1P)] = +1.6 £ 1.5MeV and
Amy,s[hy(2P)] = +0.5715 MeV.

A hyperfine mass splitting between the ' P; and the c.o.g of the triplet 3P; states
compatible with zero means that the interquark potential has a vanishing long-range
component of the spin-spin contribution. At large distances, the confinement potential
is dominant. If it had a vector Lorentz structure, it would present a spin-spin
contribution, proportional to the Laplacian of its central term, that does not behave as
a delta-like term. Only the short range of the interquark potential, the coulomb term
of the OGE potential, has a spin-spin contribution proportional to a delta function.

In the case of a scalar Lorentz confinement, there is no magnetic field to influence
the quark spin and the only spin-orbit interaction is the kinematic Thomas precession
term. The Thomas type spin-orbit interaction partially cancels that of the short
range one-gluon exchange, in agreement with the observed spectrum. Sophisticated
QCD calculations predict spin-dependent [163] and spin-independent [164] relativistic
corrections of the long-range potential. The spin dependence is just the Thomas
type spin-orbit interaction. Moreover, Lattice QCD simulations study the spin-
dependent terms of the potential finding that they can be associated with the Thomas
interaction [165]. However, the spin-independent corrections differ from those of scalar
confinement [166].

Our confining potential has a mixture of scalar and vector Lorentz structures which
was fixed in Ref. [52] to reproduce the masses of a¢(980), a;(1260) and ay(1320) mesons.
The model parameter which controls the mixture is a,. In Ref. [52] its value was 0.78
and with the fine tuned model is 0.81. The value of a, indicates that our confinement
is dominantly scalar.

We have considered that the central part of the scalar and vector Lorentz structures
of the confinement are the same

C,scalar / — C,vector / — — el Ye Ye
Veon (7)) = Voo ' (7ij) = [—ac(l —e M) + A] (A] ')‘j)' (3.11)
There are different spin-dependent corrections related with the scalar or vector

Lorentz character of the confinement. We have both corrections weighed by the model
parameter a,. For the scalar potential we calculate the spin-orbit contribution as
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follows
SO,scalar / — 1 1 dVCCé)SISIalar (FU) 2 2N/ QO T 2 2N/ o r
Voo™ () =~ oz v ((m2 +m2)(S. - L) + (m? —m2)(S_ - I,
7 7 2

(3.12)
whereas for the vector one, there are spin-spin, tensor and spin-orbit contributions
which are calculated as

1
SS,vector / — > = C,vector / —
Voon " (7) = G, (& )V Veon " (7).
pron )L (LAVERG) VG0
CON Y 12memy \ r dri; dr; 7 (3.13)
1 1 de,vector (7:’ )
VSO,Vector —»Z _ - ij
CON ( .7) 4m22mj2 r drlj X
X [((mi +m;)2 + 2mm;)(S, - L) + (m2 —m2)(S_ - E)] .
So that the different contributions of our confinement potential are
Véon(7ij) = [—ac(l —e7"") + A] (A7 - X9),
VSO (7)) — —(X¢.\¢ Acflce M 2 (1 -2
() = =0 X oy [(ont + mi(1 20,
(1= a))(Sy - L) + (m =m)(1=20)(S-- D), (314

— Ye Ye acuceiucru
Voon (i) = =7 - X)) 75—

7

]-_s 1 ci’Si‘a
o (1= ) (1),

—

VESN(Tig) = —(X¢ - X°)

acuce_ucrij e
e 1 )2~ ) 5.

We show in Fig. 3.5 different observables related with meson spectra as a function
of as. The observables are calculated using the constituent quark model taking into
account the central and spin-orbit contributions of Eq. (3.14) (solid line) and including
also the tensor and spin-spin terms coming from the vector nature of the confinement
(dashed line).

We have in panel (a) m(J/¥) — m(n.(1S)), in panel (b) m((2S)) — m(n.(25)),
in panel (¢) (m(x.s(1P))) — m[h.(1P)] and in panel (d) (m(x.s(2P))) — m[h.(2P)].
All these observables are in the charmonium sector and they are more sensitive to
the spin-spin contribution of the potential. One can see that we need a dominantly
scalar confinement to reproduce simultaneously the different observables and that,
within this assumption, the inclusion of the tensor and spin-spin terms coming from
the vector nature of the confinement produces differences of 5 — 10 MeV. Panels (e),
(f), (g) and (h) are referred to the same observables but in the bottomonium sector,
the same conclusion of the charmonium sector can be derived also in this case. The
mass of the D*,(2317), D4 (2460) and Dg;(2536) mesons are shown in panels (i), (j)
and (k), respectively. The inclusion of the tensor and spin-spin terms coming from the
vector nature of the confinement produces a negligible effect. It is interesting to note
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Figure 3.5. We show as a function of as the following observables: (a): m(J/v¥)—m(n.(15)), (b): m(y(2S))—
m(ne(25)), (¢): (m(xes(1P))) —mlhe(1P)], (d): (m(xes(2P))) — m[he(2P)], (€): m(Y(1S)) —m(m(15)),
(£): m(T(28)) — m(m(2S)), (&): (m(xes(LP))) — mlhu(1P)], (B): (m(xos(2P))) — mlhs(2P)], (i): Mass
of D%(2317), (j): Mass of Ds1(2460), (k): Mass of D.1(2536), (1): Masses of ao(980), a1(1260) and
a2(1320) mesons. The solid line is the constituent quark model taking into account the central and spin-
orbit contributions. The dashed line reflects that we include also the tensor and spin-spin contributions
coming from the vector nature of the confinement. The vertical solid line indicates our value of as.

that while the mass of the D;(2317) meson is sensible to the Lorentz structure of the
confinement potential, we never reach an agreement with the experimental situation
for the masses of the Dg;(2460) and Dy (2536) mesons, whatever be the value of as.
Finally, in panel (1) are drawn the masses of a((980), a;(1260) and a3(1320) mesons.
Again, the inclusion of the tensor and spin-spin terms coming from the vector nature of
the confinement produces a negligible effect. A dominantly scalar confining interaction
is needed to explain the masses of the a((980), a;(1260) and a2(1320) mesons.

We conclude that the confinement interaction is dominantly scalar and the inclusion
of the tensor and spin-spin terms coming from the vector nature of the confinement
does not affect the global description of the spectrum in the different sectors.

3.6 Omne-loop QCD corrections to the OGE potential

The spectra of charmed and charmed-strange sectors are not so well reproduced
theoretically. There are some inconsistencies with experiment, mainly in the charmed-
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Charmed mesons | Charmed-strange mesons
Contribution Parameters Set 1 Set 11 Set 1 Set 11
Mass mg (MeV) 313 313 555 555
m. (MeV) 1763 1763 1763 1763
OGE Qo 2.118 2.118 2.118 2.118
Ag (fm™1) 0.113 0.113 0.113 0.113
o (MeV) 36.976  36.976 | 36.976 36.976
7o (fm) 0.181 0.149 0.181 0.158
7g (fm) 0.259 0.259 0.259 0.177
Confinement a. (MeV) 507.4 464.4 507.4 507.4
pe (fm™1) 0.576 0.630 0.576 0.576
A (MeV) 184.432 184.432 | 184.432 184.432
s 0.81 0.78 0.81 0.81

Table 3.27. The two sets of model parameters.

strange sector due to the fact that the mass splittings between the D7 (2317),
D¢1(2460) and D4;(2536) mesons are difficult to reproduce with quark models and
also with Lattice QCD calculations [167]. For instance, one would expect that the

mesons D7}(2317) and D,;(2460), which belong to the doublet jI* = %Jr, are nearby

degenerated. This feature is almost fulfilled with the other P-wave doublet jf = %Jr,

the D¢(2536) and DZ,(2573) mesons. In principle and depending on the mass of the
D{(2400) meson, the charmed sector follows the expectations and the mass splittings
are small between D{(2400), D;(2420), D;(2430) and D3(2460).

The strong interest on the charmed-strange meson spectroscopy was originated by
the discovery of the D*,(2317) meson by the BaBar Collaboration [37]. It was seen
in the isospin violating D,m decay mode in K K7r and K Kmmm mass distributions.
The CLEO Collaboration, motivated by the recent discovery of BaBar, found later
the missing meson of the doublet, Dy;(2460), decaying into D:7° channel. Potential
models, in particular our potential model, predict usually the ground state of the 0"
and 17 ¢5 mesons above the DK and D*K thresholds, respectively. The experiment
tell us that the mass of the state is below the corresponding threshold, which has
important consequences on the width of the state.

The interpretation of the DZ;(2317) as a multiquark state (e.g. [168, 169]), in
particular as a DK molecule, has several attractive features. This is supported by
its isospin violating discovery mode and the proximity of the S-wave DK threshold.
The same occurs for the D,;(2460) as a D*K molecule. However, if the D 7° mode
dominates the total width of the DZ,(2317), the measured product of branching
ratios [170]

B(B® — D#,(2317)K) x B(D%,(2317) — D,7°) = (4.4+£08+1.1) x 107°  (3.15)
implies that the B(B® — D?,(2317)K) ~ 107°. Other similar branching ratios of
the B meson decays into well established D, mesons can be seen in Ref. [78], e.g.
B(B® — D;K') = (2.2+0.5) x 107, all of them are of the same order of magnitude
than the previous one and this is consistent with the D¥;(2317) being a canonical 0"
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Charmed mesons Charmed-strange mesons
JP n Set I Set 11 Set I Set 11
Qs a? Qs a? Qs a? Qs a?

0~ 1| 1896 1896 | 1867 1867 D 1984 1984 | 1969 1969 Dy
2 12695 2695 | 2646 2646 | D(2550) | 2729 2729 | 2720 2720
3| 3154 3154 | 3075 3075 3178 3178 | 3173 3173
4| 3448 3448 | 3334 3334 3487 3487 | 3483 3483

0 1 |2516 2362|2464 2368 | Di(2400) || 2510 2383 | 2473 2318 | D*,(2317)
2| 3033 2925 | 2960 2896 3025 2934 | 2995 2883
3| 3366 3292 | 3262 3221 3376 3310 | 3353 3271
4 | 3582 3533 | 3442 3419 3625 3576 | 3608 3548

1T 1] 2466 2499 | 2450 2482 | D, (2420) 2554 2560 | 2555 2560 D81(2535)
2 | 2506 2535 | 2548 2492 | D;(2430) | 2593 2570 | 2588 2564 | D,y (2460)
3|1 3008 3033 | 2955 2979 3056 3061 | 3056 3059 | Dg;(3040)
413079 3030 | 3006 2963 3077 3058 | 3073 3054 | Dy;(3040)

1= 1| 2017 2014 | 2006 2005 D* 2110 2104 | 2109 2102 Dy
212756 2754 | 2715 2715 | D*(2600) || 2797 2794 | 2796 2792 | D} (2710)
312935 2905 | 2869 2851 2915 2890 | 2913 2893 | D7 ;(2860)
4 | 3193 3191 | 3117 3117 3224 3221 | 3224 3221

27 1| 2812 2822|2784 2793 | D;s(2750) || 2886 2888 | 2886 2888
212973 2962 | 2908 2899 2948 2943 | 2948 2943
3| 3227 3234 | 3158 3165 3278 3280 | 3278 3281
413323 3313 | 3228 3221 3317 3313 | 3317 3313

2+ 1| 2513 2544 | 2497 2516 | D3(2460) | 2591 2609 | 2594 2608 | D%,(2573)
2| 3037 3059 | 2983 2996 3081 3094 | 3084 3093
313220 3207 | 3136 3129 3196 3184 | 3196 3186
4 | 3372 3387 | 3279 3287 3417 3427 | 3419 3427

3T 113090 3094 | 3045 3049 3151 3151 | 3151 3152
2 | 3244 3240 | 3161 3158 3216 3215 | 3216 3215
3| 3409 3412 | 3321 3323 3464 3464 | 3464 3464
4 1 3503 3500 | 3386 3384 3507 3506 | 3507 3506

37 1| 2847 2863 | 2819 2828 Dj}(2760) 2911 2922 | 2911 2920 D:J(QSGO)
2| 3249 3260 | 3179 3185 3296 3304 | 3296 3302
3| 3443 3437 | 3340 3336 3428 3421 | 3428 3423
4 | 3511 3518 | 3398 3402 3569 3575 | 3569 3574

Table 3.28. Masses, in MeV, of charmed and charmed-strange mesons. The predictions are without (as)

and with (a2) one-loop corrections of the OGE potential. A possible assignment of the new mesons is also

included. We show the results for two sets of parameters, Table 3.27.

cs meson. For this reason it is important to exhaust possible canonical ¢5 descriptions
before resorting to more exotic models.
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The quark model explanation of the P-wave mass splittings lies on the spin-
dependent interactions. The spin-dependence of our constituent quark model is based
on the Fermi-Breit reduction of the OGE interaction supplemented with the spin-
dependence due to the confinement interaction. This dependence is common with
other quark models. The incorporation of the one-loop QCD corrections to the spin-
dependent terms of the OGE potential was proposed by Lakhina et al. in Ref. [171]. Tt
was motivated by the fact that in the one-loop computation there is a spin-dependent
term which affects only to mesons with different flavor quarks [172].

We want to see what happens if we incorporate these corrections to our potential.
The net result is a quark-antiquark interaction that can be written as:

V(75) = Voar () + Veon (7)) + Vogr ™ (7) (3.16)

where Vg and Voon have been already defined and will be treated nonperturbatively.
The Véé}g‘m is the one-loop correction to the OGE potential and presents singular
contributions. In order to avoid ad hoc cutoffs, this part of the potential is treated
perturbatively.

As in the case of Vogr and Veon, we write the Véég P as follows:

1-1 1—loop,C 1—loop,T 1—loop,SO
VOGIE)OP <T2J> VOG]SOP ("’zy) VOG]SOP (sz) VOG]SOP (TZJ) (3.17)

where C' stands for central, T" for tensor and SO for spin-orbit potentials. These
contributions are given by [171]

Voar™(73;) = 0,

Cr o? b 4 5 2
loop,T / = “F 0
Voar™" (7y) = A mym; 7’3 Y {5 ( nlry) +7e - 3) * ﬁbo a gcA
1 4
5 (CA + 2CF - 20,4 (1 (w/mimj Tij) +7E — g)):| s
C 21
Vo™ () = -3

4 mims o
X {(§+ L) [ ((mi +m;)* + 2mym;) (Cr + Ca — Ca (In(y/mam; ri5) + vE))

b 1 1 7 C
+ dmim; (50 (In(prij) +98) = 50 = 50 = 5Cat 7A (In(y/mgm; riz) + ’VE))

+%(m —m;)Caln (ZZ)]
+(S- - D)|(m? = m2) (Cr+ Ca = Ca ({7775 735) + 715))
+ %(mz +m;)?Caln (%) ] }’

(3.18)

where Cr =4/3, Cy = 3, by = 9, g = 0.5772 and the scale u ~ 1 GeV.
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These additional terms do not destroy the agreement in the Q@ spectra. Table 3.27
shows the two sets of model parameters which have been considered (Set I is the original
one). The masses of charmed and charmed-strange mesons predicted by the constituent
quark model without and with one-loop corrections to the OGE potential are shown
in Table 3.28.

We conclude that the 07 states are more sensitive to the inclusion of the one-
loop corrections to the OGE potential. This feature is fulfilled in both charmed and
charmed-strange sectors. It allows us to explain the lower mass of the D%,(2317) meson
within our constituent quark model. If the mass of the D{(2400) was lower than the
expected one, this mass would be explained also. This effect does not solve the puzzle
of the 11 mesons, which may be an indication that in the 1% ¢5 sector the effects of
the meson-meson continuum are important.

Finally, the work presented here may explain the difficulty in accurately computing
the mass of the D{(2400) and D7,(2317) in lattice simulations. According to the
Ref. [171], the rationale for that is the following: if the extended quark model is correct,
it implies that important mass and spin-dependent interactions are presented in the
one-loop level OGE quark interaction. It is possible that current lattice computations
are not sufficiently sensitive to the ultraviolet behaviour of QCD to capture this physics.
The problem is exacerbated by the nearby, and presumably strongly coupled, DK
continuum; which requires simulations sensitive to the infrared behaviour of QCD.

3.7 Renormalization approach to the CQM

We have already mentioned that after the discovery of the first heavy-quark bound
states, the 1) and T systems, it was soon realized that a nonrelativistic picture seemed to
hold for them. Potential models, which incorporate OGE interaction at short distances
and confinement at large distances, describe well the spectrum of charmonium and
bottomonium systems when one solves the bound state problem with the Schrodinger
equation.

In the nonrelativistic framework, the OGE potential is singular at the origin. A
potential is said to be singular at r = 0 if

lim r?V (r) = +o0. (3.19)

r—0
A singular potential is called repulsively or attractively singular according to whether
the limiting value in Eq. (3.19) is, respectively, +00 or —oo, regardless of whether the
potential maintains one sign for » > 0. The basic feature of an attractive singular
potential is seen to lie in the fact that physical processes are not uniquely determined.
This gives rise to the possibility of imposing unusual or unconventional boundary
conditions in physical problems as a means of representing particular physical processes.
In contrast to the attractive potential, the repulsive case poses no problem as regards
physical interpretation. The solutions to physical problems are uniquely given.

The presence of the OGE short-distance singularities motivates the introduction of
phenomenological gluonic form factors in potential models (see e.g. [173] for an early
proposal). This triggers an unpleasant short-distance sensitivity and, as we will show,
it mainly hides the fact that the ground state is actually being used as an input rather
than a prediction.
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We want to address the question on how much can we deduce for the spectrum of
177 ¢¢ meson from the knowledge of the potential at long distances in a way that our
ignorance at short distances needs not play a crucial role. This allows to disentangle
the physics of the ground state to that of the excited states. The method which we
will be using is based on renormalization ideas. The presence of long-range confining
forces suggests pursuing the calculations in coordinate space. One of the advantages of
the coordinate space treatment of renormalization is that it can directly be extended
to other singular cases such as the multigluon exchange potentials.

There is the added difficulty that we have coupled second order differential equations
in the J©¢ = 17~ channel. Then one has four independent solutions, which according to
their singularity structure correspond to either two regular and two irregular solutions
at infinity or three regular and one irregular solution at the origin. The normalization
of the wave functions of the 17~ c¢¢ states eliminates all constants for a given J/1
binding energy, which instead of being predicted has to be treated as an independent
parameter.

Actually, our original motivation for the present study was to analyze the role of
regulators within the constituent quark model described before. However, our ideas
can be generally extended to any quark model and shed some light on their predictive
power.

3.7.1 The uncoupled J7¢ =17~ c¢ system

Let us consider the standard nonrelativistic Schrodinger equation for bound states in
S-waves

— () + U(r)un(r) = —K2u,(r), (3.20)

where U(r) = 2uV(r) is the reduced potential, xk* = 2u(Viy, — E,) with Vi, =
B(a. — A), un(r) is the reduced wave function (R, (r) = wu,(r)/r) which vanishes
at long distances and the energy is defined with respect to the ¢ — ¢ threshold,
E, = M, —mg, —mg.

Anticipating our discussion we will assume for definiteness a short-distance auxiliary
cutoff, r., below which the potential vanishes. This cutoff is just a parameter which
will ultimately be removed while keeping some physical condition fixed. Typically the
range taken will be r. = 0.3 —0.01 fm. In our case we will choose to fix the ground state
energy to the experimental value. In the numerical application we will be concerned
with the residual cutoff dependence of observables induced by such a procedure.

Using the standard trick of multiplying Eq. (3.20) by w,,(r) and subtracting the
similar equation with n <> m, we get for two different energies FE, # F,, the

orthogonality relation between their bound state wave functions
U, (1)U (re) — Un(ro)ul, (re) = 2u(E, — Em)/ U () Uy (1) dr. (3.21)

Note that usually the regularity condition at the origin, w,(r.) = 0 for r. — 0,
is imposed. Whence orthogonality of wave functions with different energies holds.
However, this is not the only solution to the orthogonality requirement. Instead the
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common boundary condition, we may as well take

um(TC) - U;L(TC)
o (0) = (1)’ (3.22)

for any two states, meaning that the logarithmic derivative at short distances becomes
state independent. In particular, choosing the ground state as a reference state we get
the condition / /

g (7T Uy, (7

uop(re)  up(re)

How can this logarithmic derivative be determined? If we know the energy of the ground
state and the potential we may integrate from the long distance region inward to deduce
ugy(re) /uo(re). Once this number is known, we may use Eq. (3.23) to integrate out the
excited state and the corresponding bound state energy can be fixed by requiring the
wave function to vanish at large distances?. Thus, such a procedure allows to treat the
ground state energy, Fy, as an independent variable from the potential V'(r) and still
deduce wave functions and the excited spectrum. There is of course the question on
how to interpret the short-distance cutoff, r.. In principle one may look for stability
at scales below the relevant sizes. Actually, varying the cutoff in this region is a way
of assessing theoretical uncertainties®. However, there are situations where the limit
r. — 0 is rather smooth and induces moderate changes in observables.

A good feature of the present approach is that since wave functions are matched
at short distances the resulting energies are largely independent on the short distance
behaviour of the potential.

The previous discussion has been conducted for S-waves and regular potentials,
i.e. fulfilling lim, o 7%V (r)| < oo. Higher partial waves cannot be renormalized in
this fashion as short distances are dominated by the centrifugal barrier. This also has
the benefit of diminishing the dependence on the short-distance potential since the
short-distance behaviour of the wave function, u(r) ~ 7*! is not controlled by the
potential.

The case of singular potentials has also been discussed at length (see e.g.
Refs. [175-177] regarding nuclear or atomic systems). The relation to momentum
space renormalization and the corresponding Lagrangian counterterms is discussed in
Ref. [178]. The irrelevance of form factors is analyzed in Refs. [177, 179].

The treatment of the potential in this framework has the advantage to reduce the
number of model parameters. This allows us to study in a cleaner way the existence of
correlations between physical observables and model parameters which have a direct
physical interpretation.

Our first aim is to reanalyze the calculation of the J©¢ = 17~ ¢¢ spectrum. While
the tensor force induces a mixing between S and D-waves we will, in a first step,

2There is of course the subtlety that if we include exactly the origin the radial wave function does not
provide a three-dimensional solution of the Schrodinger equation as it generates a §(Z) term [174]. As has
been discussed at length in previous works [175-177] we can take any arbitrarily small (but non-vanishing)
short-distance cutoff » > r. > 0 which in the limit r. — 0F generates a well defined result. In all our
discussions we assume this limiting procedure.

3In a model where phenomenological form factors are implemented ad hoc, just to prevent singularities,
the assessment of theoretical errors could be done by choosing all possible regularization functions, unless the
form factor is known from first principles.
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Figure 3.6. Dependence of the mass, in MeV, on the short distance cutoff, r., in fm, for the excited 17~
charmonium states 2°S; (left panel) and 2°D; (right panel).

State n  Mgsc (MeV) Mcqm (MeV) Mgxp. (MeV) Ref.

35, 1 30967 3096 3096.916 +0.011 (78]
2 3703 3703 3686.093 +£0.034 (78]
3 4097 4097 4039.6 +4.3  [78]
4 4389 4389 4361£9+9  [86]
5 4614 4614 46341512 87
D1 3796 3796 3772.92 +£0.35  [78]
2 4153 4153 4153 +3 (78]
3 4426 4426 4421 + 4 (78]
4 4641 4641 4664+ 1145  [86]

Table 3.29. Masses, in MeV, of uncoupled J° = 177 ¢¢ states within the renormalization scheme (RSC)
and potential model with form factors (CQM). The symbol { indicates that the state has been fixed.

neglect such a mixing. This implies that both ground states are completely unrelated
and renormalization is pursued independently. As expected, the masses in this scheme
depend on the short-distance cutoff, r.. Fig. 3.6 shows this dependence for the first
excitations of S and D-wave states. One can see that at some value of r. the masses
do not depend on the short-distance cutoff.

In Table 3.29 the masses predicted by the renormalized model and the standard
constituent quark model (with form factors) are displayed. We find a perfect agreement
between both schemes. This provides confidence on the way the original model took
into account the unknown short-distance dynamics, on the one hand, and also on the
irrelevance of those form factors for excited states as long as the ground state mass is
fixed.

As it becomes clear from the expressions of the potential, the perturbative and
non-perturbative contributions dominate at short and large distances respectively.
Therefore, we want to study now the dependence of the mass with respect to two
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Figure 3.7. Mass, in MeV, dependence on the strong coupling constant of excited J¥¢ = 177 ¢z states.

important model parameters, the strong coupling constant, «,, and our effective string
tension of the confinement potential, o, featuring those short and long distance effects.

The dependence on «; can be seen in Fig. 3.7 for S and D-wave states. For S-wave
states the mass changes about 15MeV meaning a 0.4% change in the total mass and
we see a flattening behaviour along the considered range of a,. We find a similar trend
for the D-wave states, although in this case the change in mass is larger than in the
case of S-wave states, the picture shows again a rather clear plateau.

We now turn to the mass dependence on the effective string tension of our
confinement potential, fixing the threshold. Fig. 3.8 shows such a dependence for
the S and D-wave states. The range for the effective string tension is in percentage
level equal than the range of the strong coupling constant and we can see that the
masses change on the hundreds of MeV. We can conclude that at least the masses of
excited states are dominated by the confinement potential as long as the ground state
mass is kept to its physical value.

It is interesting to see what is the renormalized model sensitivity to the parameters.
Of course, at this level one should envisage the possibly non-negligible contribution
of the missing mesonic thresholds and the induced mass shift. To this end we fit the
model parameters from the experimental masses of 17~ cc states [78] and estimate their
theoretical uncertainties as well as an educated mass-shift guess. The way to perform
the first task is of course debatable. This requires some compromise as to what are
the errors attached to the masses within the present framework. Naively one would
just take the quoted PDG errors on the experimental masses. Meson-meson thresholds
which have not been taken into account may affect more significantly the higher excited
states via a subthreshold induced mass shift, which we take as a systematic error of
the model.

We decide to make a x? fit using as fitting parameters the quark mass, m,, a. and
1o related with the confinement strength and the strong coupling constant, a,. We
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Figure 3.8. Dependence of the J¥¢ = 17~ ¢z masses, in MeV, on the effective string tension of our confinement
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define the

. RN
X2<ﬁ) _ Z (MEXp.(Z) - MThe.(lap)) : (3.24>
; Tiixp. (1)
where p’ represents our model parameters and the experimental data are taken as
My@sy = 3686.093 £ 0.143MeV, Myiss) = 4039.6 &= 42.25MeV and Myus) =
4361 + 37 MeV, where the errors are taken as the half-width of the state, as our
educated guess. By minimizing the x? function we obtain the theoretical uncertainties
from the corresponding covariance matrix at the minimum. The outcoming values for
the parameters are

me = 18624 12.6MeV (0.68%),
524 +43MeV  (8.2%),
88+ 7.2MeV  (8.2%),
a, = 0.41+0.14 (34%), (3.25)

Q
Q
Il

=
S
I

where we put in parenthesis the relative uncertainties in percentage. Here we clearly see
that the highest uncertainty corresponds to the value of the strong coupling constant.
This rather large insensitivity to the otherwise too large ay is a rewarding feature of
the renormalization approach. Actually, quite natural values of a, are obtained. The
spectrum at the y?>—minimum is given by

(25) = 3687+ 80MeV,
(3S) = 4108 79MeV,
(4S) = 4348 £ 80 MeV,
(55) = 4586 = 66 MeV. (3.26)

We now focus on the leptonic widths of S-wave states given by the Eq. (C.10).
This will illustrate the interesting subject of the wave function renormalization. Decay
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Figure 3.9. Left picture shows the dependence of the ratio R for ¢(2S) with respect to the short-distance
cutoff, r.. Right picture shows the dependence of the ratio R for the 17~ S-wave c¢ states on the strong
coupling constant, a.

widths depend on the value of the wave function at short distances. Of course while
the decay may be triggered by a short-distance operator, we may predict decay ratios
as

R I'(n®S; —efe) |Rn5(0)|2%12
S T(13S; = ete)  |Rig(0)|2 M2

(3.27)

This corresponds in practice to implement a common wave function renormalization
which factors out in the ratio.

Fig. 3.9(a) shows the dependence of R with respect to the short-distance cutoff for
the first excitation of S-wave states. At some range of r., the ratio does not depend
on its value. Fig. 3.9(b) shows the dependence of the ratio for the S-wave states along
the range of strong coupling constant used for the mass study. We find a stronger
dependence on the strong coupling constant as expected since the leptonic decay width
is a short range observable.

We have studied the leptonic widths taking into account momentum dependent
effects, Eq. (C.12). These tend to diminish the absolute value of the leptonic decay
rate but in the study of ratios between them the difference with respect the original
results, Eq. (C.10), is negligible.

It is straightforward to extend the previous analysis on the leptonic widths to the
¥(nS) — 3g and ¥(nS) — 37 cases. Using the usual formulas which describe these
processes, one can see that the ratios from excited states to the ground state are process
independent and identical to the corresponding leptonic decay widths discussed above

I'(n®S; —3g) T (n’Sy —3y) T (n*S;—efe) (3.28)
(138 —3g) T (135, —3y) T (135, = ete)’ '

This obviously allows to predict the excited state decay widths from the experimental
ground state decay widths. The results are presented in Table 3.30.
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(nS) — ete” P(nS) — 3g P(nS) — 3y

’l/)(nS) PThe. (keV) FEXp. (keV) PThe. (keV) FEXp. (keV) PThe. (eV) FEXp. (eV)
15 input 5.55 +0.14 input 59.5 £2.0 input 1.11 +£0.37
25 2.49+0.06 2.33+£0.07 | 26.7+0.9 30.3+49 | 049+0.18 -
35 1.554+0.04 0.86+0.07 | 16.6 £0.6 - 0.31 £0.11 -
45 1.08 £ 0.03 - 11.5+0.4 - 0.21 £0.08 -
55 0.78 £ 0.02 - 8.44+0.3 - 0.16 £ 0.06 -

Table 3.30. Absolute annihilation rates for excited 17~ S-wave cc states. We use the ground state experimental
width as input. The quoted errors reflect the uncertainty stemming from the ground state only.

3.7.2 The coupled J'° = 17~ c¢ system

Our previous discussion of renormalization was undertaken without taking into account
the role played by the tensor force. In the channel J¥¢ = 177, these states are a
combination of S and D-wave components due to the tensor force contribution. As we
will see below, this tensor force is small enough to have almost pure S and D orbital
state components. The interesting aspect of our discussion below is that using just one
renormalization condition we can predict all S and D-wave mesons, i.e. we reduce the
number of renormalization conditions.

The radial Schrodinger equation for the 35, — 3D; coupled channel reads in our
unregulated model

— " (r) + Us(r)u(r) + Usp(r)w(r) = —k2u(r),

—w"(r) + Usp(r)ulr) + [UD(T) (3.29)

+ ﬁ} w(r) = —k*w(r),
with Ug, Up and Ugp are the different contributions of the reduced potential, U(r) =
21V (1), where the 35; — 3Dy coupled channel potential is given by

16

4dovg

Vs(r) = — 5 T3 [ac(l —e#") = A],
4oy 16 e Sacpr.e " 20 g 1
Vp(r) = =27+ 5 ac(l—e ™) = A] = =5 —(@ —da,) = =55, (3.30)
22 ay 1
Vorlr) = =3~ na e

Obviously, in order to describe a bound state we seek for normalizable solutions

|7 )+ )

which impose conditions on the wave functions both at infinity as well as at the origin.

The set of equations (3.29) must be accompanied by asymptotic conditions at
infinity. We have a screened confining potential at large distances for both channels.
Once we have discarded the irregular function at long distances, the wave functions at

L

(3.31)
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infinity have the following behaviour

RT

u(r) — Age "7,

w(r) — Ap <1 + % + (H::’)Q) e ", (3.32)

where Ag is the normalization factor and the asymptotic D /S ratio parameter is defined
by n = Ap/As. ldeally, one would integrate the Schrodinger equation taking its
solutions at infinity, Eq. (3.32), which depend on the bound state energy and 7. The
singular structure of the problem at short distances requires a specific analysis of the
coupled equations as it has been done extensively elsewhere [179] and we adapt it for
our particular case in Appendix D. The result amounts to integrate from infinity for the
physical value of M/, and 7. Generally, the solutions diverge strongly at the origin,
so that the normalization of the state is precluded. However, there is a particular
value of n which guarantees that the wave function becomes normalizable. Then, if
one imposes the regularity condition at the origin one will determine 7 and therefore
the wave function of the bound state. In practice, however, the converging solution is
rather elusive since integrated-in solutions quickly run into diverging solution due to
the round-off errors and dominate over the converging solution.

According to Ref. [179] one may proceed as follows. One can impose different
auxiliary short-distance boundary conditions corresponding to a choice of regular
solutions at the origin

u(r.) =0 (BC1),

u'(re) =0 (BC2),

w(re) =0 (BC3),

w'(r.) =0 (BC4),

u(re) — \/ﬁw(rc) =0 (BC5),
u'(re) — V2w (r.) =0 (BC6). (3.33)

All of these boundary conditions must predict the same value of 7 at some value of the
cutoff radius, r.. The precise convergence value corresponds to the particular choice.
As in Ref. [180] we find a better convergence for the boundary conditions BC5 and
BC6 for larger cutoff radii, which improves the numerical results.

To calculate the D/S asymptotic ratio, 7, it is convenient to use the superposition
principle of boundary conditions to write

u(r) = us(r) + nup(r),

w(r) = ws(r) + nup(r), (3.34)

where (ug,wg) and (up,wp) correspond to the boundary conditions at infinity,
Eq. (3.32) with Ag = 1 and Ap = 0 and with Ag = 0 and Ap = 1, respectively.
Through that decomposition the boundary conditions, BC1-BC6, can be rewritten as
algebraic expressions for 7. For instance, if we use the BC6 boundary condition we get

(o) = VBuglr)
up(re) — \/éwb(TC)

n=— (3.35)
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Once n has been calculated, the wave function of the bound state is completely
determined by the normalization factor Ag

u(r) = As(us + nup),

3.36
w(r) = As(ws + wp). (330
in which Ag is obtained normalizing the wave function to one
A5 [ (s +nup) + (s + pwpldr = 1. (3.37)
0

The above procedure can be undertaken for the ground state of the system if its
energy is known. Now, if we want to calculate the excited states of the system we must
impose the orthogonality condition between wave functions of states with different
energy together with the regularity condition at the origin.

Thus, given the ground state and one excited state, the orthogonality condition can
be written as

/ dr [uo (1)t (1) + wo(r)wy,(r)] = 0, (3.38)
0
where it is useful to rewrite the above expression through a Lagrange identity

[ugtm — uoul, + wowm, — wow,,]| = 0. (3.39)

0

Note that any individual term in the integrand is actually divergent, because of
the dominance of the singular solutions at the origin. At very short distances, the
orthogonality between wave functions and the regularity condition of them have been
imposed at a certain cutoff radius, r.. Of course, we always check that the numerical
calculation is stable against suitable changes of the short-distance cutoff so that the
range 7. ~ 0.01 — 0.3fm is sufficient. In that case, the orthogonality condition,
Eq. (3.39), can be written as

U (re)tum (1) + wy(re)wp (re) = uo(re)ul, (re) + wo(re)wl, (re), (3.40)
and combining this expression with the corresponding one of the boundary conditions,
Eq. (3.33), we obtain in the case of the boundary condition BC6

w,,(r.) . w()('f’c)
V2up(re) +wpn(re) — V2uo(re) + wo(re)’

and similarly for all other auxiliary boundary conditions. Obviously in this case the
D/S mixing of the excited state is determined from the requirement of regularity at
the origin

(3.41)

ufS',m<TC> - \/ﬁw{s‘,m<rc>
ulD,m(TC) - \/ﬁwb,m<,r€)

Results on the mass, the asymptotic D/S ratio parameter and D-wave probability
are presented in Table 3.31. The comparison between renormalization scheme and
constituent quark model with form factors is given in Table 3.32. One can see that
the agreement is completely satisfactory. Essentially, this proves that the form factors
only provide the correct mass of J/1. Once this is fixed the rest of the excited states
with either S or D-wave character are predicted. For completeness, Fig. 3.10 shows
the S and D-waves of the different states.

N = — (3.42)
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State Mass (MeV) n Pp (%)

J/ 30967 —0.0117 0.146
)(25) 3703 +0.0112 0.221
Y(1D) 3796 —13.2229 99.852
¥(39) 4098 +0.0349 0.446
¥(2D) 4152 —10.3577 99.606
¥(49) 4389 +0.0563 0.758
¥(3D) 4425 —8.8022 99.279
(55) 4614 +0.0775 1.109
Y(4D) 4640 —7.4616 98.924

Table 3.31. Mass, in MeV, the asymptotic D/S ratio parameter and D-wave probability, in %, of J¥¢ =17~
cc states including S-D mixture. We take the ground state of the original model, M/, = 30967, as input.

Renormalized scheme | Form factors scheme Exp. data
State n | Psg,  Psp, M Psg,  Pap, M M
(%) (%) MeV) | (%) (%) (MeV) (MeV)
J/y 119985 0.15 3096" | 99.96 0.04 3096 | 3096.916 + 0.011
P(28) 2199.78 0.22 3703 |99.96 0.04 3703 | 3686.093 +0.034
¥(3770) 3| 0.15 99.85 3796 0.03 99.97 3796 3772.92 +0.35
¥(4040) 4] 99.55 0.45 4098 |[99.94 0.06 4097 4039.6 + 4.3
¥(4150) 5| 0.39 99.61 4152 0.06 99.94 4153 4153 + 3
X(4360) 6 99.24 0.76 4389 |99.91 0.09 4389 4361 +9+9
¥(4415) 7| 0.72 99.28 4426 0.09 9991 4426 4421 + 4
X(4630) 8| 98.89 111 4614 | 99.88 0.12 4614 46347312
X (4660) 9 1.08 98.92 4640 0.11 99.89 4641 4664 + 11+ 5

Table 3.32. Comparison of different properties of J©C = 177 ¢¢ states between the renormalization scheme
and the constituent quark model with form factors, considering coupled channels in both cases. The symbol
1 indicates that the state has been fixed.

3.7.3 Generalization of the renormalization procedure

Once we have presented the renormalization ideas applied to our potential model
and we have studied the case of JP¢ = 17~ c¢ states, we extend the study to the
whole spectrum of charmonium. For completeness, the bottomonium spectrum is also
presented.

Not always we can apply the renormalization procedure. It depends on the character
of the potential at short distances. The study of the solutions at the origin and the
regularity conditions gives the free parameters of the regularized theory. We can find
different cases:

e In the case of an uncoupled channel with a singular attractive potential, the
renormalization procedure implies to fix an observable. On the contrary, if the
potential is repulsive we do not have this freedom.

e In the case of a coupled channel, the number of free parameters depends on
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Figure 3.10. S and D-wave functions of the different states of the J©¢ = 177 ¢ states calculated through
the coupled renormalized model.

the values of the potential near the origin. Two attractive eigenvalues indicate
the need to establish three observables, one attractive eigenvalue requires one
parameter and finally, with two repulsive eigenvalues no parameter can be fix.

Focusing on the charmonium and bottomonium sectors, we continue working in the
nonrelativistic framework. The dynamics of the system is given by the Schrodinger
equation and the reduced one for every case can be written as

e Singlet channel (S =0, L =J)

—an)+ o)+ S ) = e, sy
e Triplet uncoupled channel (S =1, L = J)
J(J+1
— i)+ [ups) + 2 ) = e,

e Triplet coupled channel (S=1,L=J+1)

)+ U3 s hnlr) = w0,

(J+1)(J +2)

r2

() + [U}%,H(r) T

} wy(r) = —k*w,(r).
(3.45)

() L UYL () + [U}il,mm ;

At short distances the dominant contributions of the potential are the tensor and
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the spin-orbit terms of the OGE. These contributions when r — 0 can be written as

la, 1
Vogr(r — 0) = 3 55 (S12),

673 ”’1 B (3.46)
Voau(r = 0) = ——(L-S5)

We need to know their character for the different cases:

e Singlet channel (S = 0, L = J). We have (S;2) = 0 and (L - S) = 0 showing
that the potential is regular and there is no observable free parameters. For the
1S, channel we must take into account that the potential has an attractive Dirac
delta function and thus it is singular. In this case, we have to set an observable
for a regularized solution.

e Triplet uncoupled channel (S = 1, L = J). We have (S12) = +2 and (L-S) = —1,
thus the potential is singular attractive and an observable have to be fixed for a
regularized solution.

e Triplet coupled channel (S =1, L = J+1). If wedenote L = J—1 and L' = J+1,
we will have

61/J(J + 1)
3 3717\ __
("Ly|S12|°LYy) = YRS
2(J — 1)

3L 3L —_ =2\ -7
< J|512| J> 2J~|»1’ i
<3L/|S |3L/>:_2<J+2> ( )

JIF12 J 2J—|—1’

(*Ly|L-SPLyy = J -1,
(CLYIL-SPLY) = =(J +2),
and diagonalizing the matrix of the potential we find the eigenvalues

E(J)=—-10+6V1+ J + J2 (3.48)

with J > 1. We always have one attractive and one repulsive eigenvalue and it
requires one parameter.

Tables 3.33 and 3.34 shows the renormalized charmonium and bottomonium
spectrum, respectively. We denote this calculation as RSC(1) and it is showed in
column 5. For the channels in which the ground state can be fixed, we take the original
value provided by the constituent quark model with form factors (CQM). Column 4
shows the masses predicted by CQM. The comparison between RSC(1) and CQM
must be done taking the mass of the ground state predicted by the original model as a
parameter, this is why we denote this calculation as RSC(1). RSC(2) in column 6 is the
renormalized calculation where the experimental ground state is used when possible.
The symbol 1 indicates that the mass of the ground state has been established as a
parameter in RSC(1) and RSC(2). When the potential is regular or singular repulsive,
we cannot fix the mass of the ground state and the symbol  does not appear.
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Particle JP¢ n | CQM RSC(1) | RSC(2) Exp. [78]
(MeV) (MeV) (MeV) (MeV)

Ne 0-t 1] 2991  2991F | 2980.3f 2980.3 + 1.2
2 | 3643 3640 3634 3637 + 4
3| 4054 4050 4046

X0 0tt 1| 3452 34521 | 3414.757 3414.75 + 0.31
2 | 3909 3910 3872 3915 + 3 £+ 2 [8§]
3| 4242 4243 4209

he 17— 1] 3515 3516 3516 3525.42 4 0.29
2 | 3956 3957 3957
3| 4278 4279 4279

0 1= 1| 3096 30967 | 3096.916" | 3096.916 + 0.011
2 | 3703 3703 3704 3686.093 4 0.034
3| 3796 3796 3796 3775.2 £ 1.7
4| 4097 4097 4098 4039 + 1
5| 4153 4153 4152 4153 +3
6 | 4389 4389 4390 4361 +9 + 9 [86]
7| 4426 4426 4425 4421 + 4
8| 4614 4614 4615 46347313 [87]
9 | 4641 4641 4640 4664 & 11 £ 5 [86]

Xel 17t 1| 3504 35047 | 3510.66 3510.66 + 0.07
2 | 3947 3947 3955
3| 4272 4272 4278

Ne2 2-t 1| 3812 3812 3812
2 | 4166 4166 4166
3| 4437 4437 4437

Xe2 2+t 1] 3531 35317 | 3556.20f 3556.20 4 0.09
2 | 3969 3968 3974 3929 + 5+ 2
3| 4043 4043 4043

o 2=— 1| 3810 38107 38107
2 | 4164 4164 4164
3| 4436 4436 4436

Table 3.33. Masses, in MeV, of charmonium states calculated within the constituent quark model with form
factors (CQM), the renormalized quarkonium model where the ground states have been fixed to the values
predicted by CQM (RSC(1)) and the renormalized quarkonium model where the ground states have been
fixed to the experimental data (RSC(2)). The symbol t means that the ground state is a parameter in the
renormalization scheme. We compare with the well established states in Ref. [78] and assign possible XY Z
mesons.

The agreement between predicted masses in RSC(2) and the experimental data
is good. The renormalization procedure allows to avoid unpleasant regulators that
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Particle JP¢ n | CQM RSC(1) | RSC(2) Exp. [78]
(MeV) (MeV) (MeV) (MeV)

n 0~ 1 | 9455  9455" | 9390.3f 9390.9 + 2.8
2 | 9990 9989 9957
3 | 10330 10329 10306

Xb0 ott 1 | 9855 98557 | 9859.447 | 9859.44 4 0.42 + 0.31
2 | 10221 10221 10226 10232.5 £ 0.4 £ 0.5
3 | 10500 10500 10505

hy 7= 1| 9879 9879 9879 9898.25 £ 1.06 1107
2 | 10240 10241 | 10241 | 10259.76 4 0.647105
3 | 10516 10516 10516

T 1== 1] 9502 9502 | 9460.3" 9460.30 =+ 0.26
2 | 10015 10015 9992 10023.26 + 0.31
3 | 10117 10117 10117
4 | 10349 10349 10331 10355.2 £ 0.5
5 | 10414 10414 10414
6 | 10607 10607 10592 10579.4 + 1.2
7 | 10653 10653 10653
8 | 10818 10818 10805 10865 + 8
9 | 10853 10853 10853
10 | 10995 10995 10984 11019 + 8
11 | 11023 11023 11023

Xb1 1t 1 | 9874  9874% | 9892.78 | 9892.78 + 0.26 + 0.31
2 | 10236 10236 10254 | 10255.46 + 0.22 4+ 0.50
3 | 10513 10513 10527

b2 2=t 1 ] 10123 10123 10123
2 | 10419 10419 10419
3 | 10658 10658 10658

Xb2 ott 1| 9886  9886T | 9912.217 | 9912.21 +0.26 + 0.31
2 | 10246 10246 10248 | 10268.65 + 0.22 + 0.50
3 | 10315 10315 10315

T, 2=— 1 | 10122 10122F | 10163.71 10163.7 + 1.4
2 | 10418 10418 10418
3 | 10657 10657 10657

Table 3.34. Masses, in MeV, of bottomonium states calculated within the constituent quark model with form
factors (CQM), the renormalized quarkonium model where the ground states have been fixed to the values
predicted by CQM (RSC(1)) and the renormalized quarkonium model where the ground states have been

fixed to the experimental data (RSC(2)).

renormalization scheme. We compare with the well established states in Ref. [78].

The symbol 1 means that the ground state is a parameter in the
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State PCQM BCQM FEXp, BExp.
ne(1S) 2223 777 x107* 67153 (6.3+2.9) x 107°
ne(28) 1795 128 x1073 1.340.6 <5x107*

n(3S)  16.98 - - -

Table 3.35. Annihilation rates of the 7. states into two photons, in keV, calculated with the constituent quark
model with form factors (CQM).

triggers unwanted short-distance sensitivities. The only prize to pay is to treat the
mass of the ground state, which is very well known experimentally, as a parameter.
Indeed the use of regulators mainly hides the fact that the ground state is actually
being used as an input rather than a prediction for the potential models.

Focusing on the CQM and RSC(1) calculations, one can see that the agreement is
completely satisfactory. It provides confidence on the way the original model took into
account the unknown short-distance dynamics.

3.7.4 Study of the . — 7y decay

The 7.(1S) was seen long time ago, but the 7.(2S) is the subject of numerous
experimental studies since it was observed in 2002 by the Belle Collaboration [25].
The ~y-fusion to K K7 final states is one of the most favorite reactions to find the
n.(2S5) state, there are data from BaBar [26], CLEO [27] and Belle [113]. This reaction
allows to measure the 2y decay width of the 7.(25). In fact, the PDG [78] reports
[, (n.(19)) = 6.7 )3 keV and T, (1.(29)) = 1.3 + 0.6 keV based mainly on the work
published by the CLEO Collaboration [27]. The CLEO Collaboration have reported

also the branching ratio

_ T(:(25) = v7) B(1.(25) — KsK)
T(1e(1S) = vv) B(n.(15) — KsK)

R = 0.18 £ 0.05 & 0.02. (3.49)

The OGE potential has a spin-spin contact hyperfine interaction which is
proportional to a Dirac delta function. We have regularized it in a suitable way by
replacing the Dirac delta function by a Yukawa form within the constituent quark
model with form factors. This term allows us to determine the hyperfine splittings
between the n'S; and n®S; states. They have been measured experimentally for the
ground and the first excitation to be m(J/¢) — m(n.(15)) = 116.6 + 1.2MeV and
m(¥(25)) —m(n.(25)) = 49.1+£4.0 MeV. We obtain reasonable values of 106 MeV and
60 MeV, respectively.

Despite of the good description of masses, we have seen that the two photon
annihilation rates of the 7. states are in strongly disagreement with the experimental
data when they are calculated with the constituent quark model with form factors, see
Table 3.35. This is because the spin-spin interaction for the 'Sy channel is attractive
and to give a good description of the mass, we have reduced artificially the range of
the wave function peaking up its value at the origin.

The calculation of the annihilation rates of the 7. states into 27 within the
renormalization scheme provides another opportunity to address the interesting issue
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CQM RSC(1) RSC(2) Exp.
R(25) x B | 0.15+0.10 0.10+0.07 0.10 +£0.07 0.18 4 0.05 = 0.02
R(39) 0.42 0.22 0.21 -

Table 3.36. The CLEO branching ratio calculated in the CQM with form factors (CQM) and in the
renormalization scheme taking as an input the ground state mass predicted by CQM (RSC(1)) and its
experimental value (RSC(2)). We give also the R(3S) ratio, which provides a 2y decay rate for the 7.(35).

State | Reqm  Rrsca)  Rrsc@) RExp.

T(2S) 0.52 0.5228 0.4850  0.457 +0.010
T (35) 0.38 0.3780 0.3426  0.331 £+ 0.007
T (4S) 0.30 0.2984 0.2670  0.203 4 0.022
T(SS) 0.25 0.2452 0.2174  0.231 £ 0.052
T (6S5) 0.21 0.2059 0.1814  0.097 £ 0.002

Table 3.37. The ratio R for 17~ S-wave bb states calculated within the CQM with form factors (CQM) and
within the renormalization scheme taking as an input the ground state mass predicted by CQM (RSC(1)) and
its experimental value (RSC(2)). The experimental data are taken from Ref. [78].

of the wave function renormalization. We may predict decay ratios as

D118 —vy)  [Ris(0)]> M2’

(3.50)

where the two photon decay rate of a nlSy state is given by Eq. (C.21) without the
approximation M, ~ 2m,.

To compare our theoretical result with the branching ratio reported by CLEO,
Eq. (3.49), we need the additional information

~  B(n.(25) - KsKm)

= =0.27+£0.1 .01
5= Bin(19) = Kskm) ~ 2 E018, (3:51)

that has been taken from PDG [78]. Table 3.36 shows our theoretical result for the
CLEO branching ratio calculated in the constituent quark model with form factors

(CQM) and in the renormalization scheme taking as an input the ground state mass
predicted by CQM (RSC(1)) and its experimental value (RSC(2)). We give also in the

Table 3.36 the R(395) ratio, which provides a 2 decay rate for the 7.(3S5) in the order
of (0.2 —=0.4) x 'y, (n.(19)).

We conclude that despite of our prediction of the absolute values for the two photon
decay widths of 7.(15) and 7.(25) are in strong disagreement with the experimental
data, the constituent quark model predicts a ratio between them in good agreement
with the CLEO branching ratio. As the experimental errors are still large, the
renormalization approach obtains also a reasonable ratio. In view of what we have
for the masses and the ratios, we predict that in yy-fusion to K K7 final states should
be traces of the 7.(35) in the energy region of 4.05GeV with a strength production

I (e(3S)) = (0.2 - 0.4) x Ty (n.(15)).
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Figure 3.11. The dependence of the ratio R for the 17~ S-wave bb states on the strong coupling constant,
Q.

3.7.5 Study of the leptonic decay widths of S-wave T states

The renormalization approach can be applied to the calculation of the leptonic widths of
17~ S-wave states of bottomonium. As in the case of 17~ S-wave states of charmonium,
we predict decay ratios, R, given by Eq. (3.27) which means that a common wave
function renormalization is implemented and factors out in the ratio.

We show our results for the ratio R in Table 3.37. Column 2 are the theoretical
values calculated with the quark model with form factors (CQM) and columns 3 and
4 are the values calculated within the renormalization approach when the mass of the
ground state is fixed to the CQM prediction (RSC(1)) and to the experimental value
(RSC(2)), respectively.

One can see that we obtain similar results within the CQM and the RSC(1).
Our values in these two schemes are in reasonable agreement with the experimental
ones. However, RSC(2) improves the results, bringing them closer to the experimental
values. In fact, the theoretical ratios, R, for the T(2S) and Y(35) states are close to
the experimental ones. For the Y (45) and Y(5S) resonances we obtain a reasonable
agreement between theory and experiment, note that the experimental pattern seems
to change for these two states. In the case of the T(6.S) resonance our value is higher
than the experimental one. Remind that the open-bottom threshold, 10.56 GeV, is
located just bellow the mass of the T (45) state.

Figure. 3.11 shows the dependence of the ratio for the S-wave states along the range
of strong coupling constant, a,. The range is in percentage level equal than in the case
of the 17~ S-wave charmonium states. The vertical line indicates our value for a
in the bottomonium sector. We find a stronger dependence on the strong coupling
constant as expected since the leptonic decay width is a short range observable.



Chapter 4
Strong decays of heavy mesons

Meson strong decay is a complex nonperturbative process that has not yet been
described from first principles of QCD. This is a rather poorly understood area of
hadronic physics and it is unfortunate because decay widths comprise a large portion
of our knowledge of the strong interaction.

Several phenomenological models have been developed to deal with this topic, like
the 3Py model [181-183], the flux-tube model [173, 184, 185], or microscopic models
(see Refs. [34, 95, 186, 187]). The difference between the two approaches lies on the
description of the ¢ creation vertex. While the P, and the flux-tube models assume
that the ¢q pair is created from the vacuum, in the microscopic decay models the qq
pair is created from the interquark interactions which determine the spectrum.

Focusing on the microscopic decay models presented in Refs. [34, 186] and [187],
the main ingredients are the one-gluon exchange and the linear confinement. The
difference between them lies in the Lorentz structure of the confinement, being vector
for Refs. [34, 186] and scalar for Ref. [187]. Phenomenology suggests that confinement
has to be dominantly scalar in order to reproduce the hyperfine splittings observed in
Quarkonium, as seen in Sec 3.5. Strong decays may provide some information about
the Lorentz structure.

Inspired on Refs. [34, 186, 187] we explore a microscopic decay model assuming
that the interquark interactions which cause the strong decays are the contributions of
our potential model, the one-gluon exchange and the screened linear confinement. We
study the possible influence of the mixture of scalar and vector Lorentz structures in
the confinement.

4.1 The 3P, decay model

The 3Py model was first proposed by Micu [181]. The meson decay process A — B+C
is described by the 3P, model assuming that a quark-antiquark pair is created with
vacuum quantum numbers, J¢ = 0**. The strength v of the decay interaction is
regarded as a free constant and is fitted to the data.

Le Yaouanc et al. applied subsequently the 3P, model to meson [182] and
baryon [183] open-flavor strong decays in a series of publications in the 1970s. They
also evaluated strong decay partial widths of the three charmonium states ¥ (3770),
1(4040) and 1 (4415) in the 3Py model [188, 189].

The 3P, model, which has since been applied extensively to the decays of light
mesons and baryons, was originally adopted largely due to its success in the prediction

7



78 4.1. THE 3P, DECAY MODEL

of the D/S amplitude ratio in the decay b; — wm. Another success of the decay model
is that it predicts a zero branching fraction B(me(1670) — by7) and the experimental
upper limit is <1.9 x 107 at 97.7% confidence level. It would not be necessarily
negligible in a different decay model or if final state interactions were important.

Recent variants of the 3P, model modify the pair production vertex [190] or
modulate the spatial dependence of the pair-production amplitude to simulate a
gluonic flux-tube [184]. The latter is the flux-tube decay model and gives very similar
predictions to the 3P, one.

4.1.1 Transition operator

The interaction Hamiltonian involving Dirac quark fields that describes the production
process is given by

H =34, / & DD (D), (4.1)

where we have introduced for convenience the numerical factor v/3, which will be

canceled with the color factor. As in Ref. [187], we want to keep the relation of g5 with

the dimensionless constant giving the strength of the quark-antiquark pair creation

from the vacuum as v = g5/2m, being m the mass of the created quark (antiquark).
If we write the Dirac fields in second quantization as

Z/ o 3/2\/7[ o () (B, )e P T +bl(ﬁy)vy<ﬁy)e—iﬁy.f] 7
Z/ 26?3;92 \/7 [bﬂ(ﬁ“)ﬁﬁﬁﬂ)eﬂﬁ“-f + aL(ﬁuM#(ﬁ;t)eiiﬁ“-f} )

where 1 (v) are the spin, flavor and color quantum numbers of the quark (antiquark),
the interaction Hamiltonian is given by

m,m,
Hy=V3g,) / dpudpy | 2
% Pp—Pv

(4.2)

[—H) (ﬁu)au(ﬁ )77 (ﬁu)UV<ﬁV)5(3) (ﬁu +py) +0 (ﬁu)bT (ﬁu)@u<ﬁu)UV<ﬁu)5(3) (ﬁu )

al, () an ()t (5,0 (5,)6 (B — §,) + al (565 (5t (5 v (5,)0P (5, + 12)]
(4.3)

where we have integrated in = to get the J-functions. The only contribution of the
interaction Hamiltonian which creates a (uv) quark-antiquark pair is the fourth one.
Therefore the transition operator can be written as

m ml/ —
T30 3 [ b [ F Rl GON B, 505 F 4 ). (4
Pu~—Pv

v

The nonrelativistic reduction of Eq. (4.4), see Appendix E, gives

o s o (555) o () i
(4.5)
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Figure 4.1. Diagrams that contribute to the decay width through the Py model.

where the spin of the quark and antiquark is coupled to one. The YV, (p) = p'Yim (D)
is the solid harmonic defined in function of the spherical harmonic. The factor v/257
can be absorbed in the definition of 4/ = (g./2m,)Vv257. The strength of the decay
interaction is considered as a free parameter of the 3P model which is ultimately fixed
by the experimental data. Our final expression for the transition operator is

o a5 (555) ()

(4.6)

4.1.2 Transition amplitude

We are interested on the transition amplitude for the reaction (af)a — (0¢)p + (Ap)c-
The meson A is formed by a quark a and antiquark 5. At some point it is created a
(uv) quark-antiquark pair. The created (uv) pair together with the () pair in the
original meson regroups in the two outgoing mesons via a quark rearrangement process.
These final mesons are meson B which is formed by the quark-antiquark pair (Je) and
meson C' with (Ap) quark-antiquark pair.

We work in the center-of-mass reference system of meson A, thus we have K, =
I?O = 0 with K4 and I?O the total momentum of meson A and of the system BC with
respect to a given reference system. We can factorize the matrix element as follow

(BCIT|A) = 5@ (Ry) M, po (4.7)

The initial state in second quantization is
|A) = /d3pad3pﬁ5(3)(KA — Pa)da(pa)al, (5a)bl (95) |0), (4.8)

where « (3) are the spin, flavor and color quantum numbers of the quark (antiquark).
The wave function ¢4(pa) denotes a meson A in a color singlet with an isospin I4 with
proyection My, , a total angular momentum J4 with proyection My, Jy4 is the coupling
of angular momentum L4 and spin S4. The p, and ps are the momentum of quark and

antiquark, respectively. The P, and pa are the total and relative momentum of the
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(af) quark-antiquark pair within the meson A. The final state is more complicated
than the initial one because it is a two-meson state. It can be written as

1 L
BC) = [ @Kud'Ke 3 UnoMaciml Jrdr) 69K = Ra)d(h — ko)
1+ 0pc Mo
Yim (k)
> (JeMpJcMc|JseMpe) (Ig My, I My, |IaM; )

k
Mp,Mc,Mrg,Mr,

/ s dp.dprd®p, 6O (K s — By)o® (K — B

d5 (D)o (Pe)a(Bs)bl(P)ak (5r)b)(5,) [0),
(4.9)

where we have followed the notation of meson A for the mesons B and C. We assume
that the final state of mesons B and C' is a spherical wave with angular momentum /.
The relative and total momentum of mesons B and C' are EO and I?O. The total spin
Jpc is obtained coupling the total angular momentum of mesons B and C', and Jr is
the coupling of Jpc and |.

The 3Py model takes into account only diagrams in which the (uv) quark-antiquark
pair separates into the different final mesons. This was originally motivated by the
experiment and it is known as the Okubo-Zweig-lizuka (OZI)-rule [191-193] which
tells us that the disconnected diagrams are more suppressed than the connected ones.
The diagrams that can contribute to the decay width through the 3Py model are shown
in Fig. 4.1, we have two cases:

e Case in which & = p = 3. The two diagrams, d; and ds, contribute to the decay
amplitude. The contribution of diagram d; is M4, g and the contribution from
diagram dy can be calculated from the amplitude of the d; diagram changing
meson B and C' (Ma_,cp), so the total amplitude is given by

Mupe = Ma_,pe + (—1)/BH e larIotle=Isct Ny, g (4.10)

e Other case. Only one of the two diagrams contribute to the amplitude

Mapec = Mapc. (4.11)

When the initial A meson has definite C-parity we have to use final states with
definite C-parity. If CB = C' the state has definite C-parity and the amplitude is given
by the above rules. If CB # C then the appropriate C-parity combination has to be
taken and this gives a factor v/2 in the amplitude (or the amplitude cancels for the
wrong C-parity, see Section E.5).

For illustration we build the result for diagram d;. The amplitude M4 ,pc is a
product of a Fermi signature phase, a color factor, a flavor factor and a spin-space
overlap integral

MA%BC = Isignature X Icolor X Iﬂavor X Ispinfspace- (412>
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Figure 4.2. Color factor of diagram d;.

Fermi signature phase, Zgnature

The matrix element (BC|T'|A) contains creation and destruction operators. The Fermi
signature arises from the ordering of the quark and antiquark operators. It may be
read off from the diagram as the number of line crossings, in the case of diagram d; we

have
Isignature = (_1)3 = -1 (413)

Color factor, Z o

We show in Fig 4.2 the color wave functions for the initial and final mesons and the
color operators. We have

1
Icolor = —3 Z Z Z 5ij5kl5mn5jnAmlBki
32 ij kil mn
1
- 3_% Z 5jnAnlBlj
phn (4.14)

where the operators are A =1 and B = I, and we arrive at
1

%.

This factor is canceled with the numerical one that we have introduced ad hoc in
Eq. (4.1).

Leotor = (4.15)

Flavor factor, Zg.yor

For the flavor sector we have

Thavor = (_1)ta+t5+IA \/(2]B + 1)(210 + 1) {ZBB ic ?:x} ) (4-16)
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where t¢ is the isospin of a given quark or antiquark §. Note that the isospin operator
in the creation vertex is uu + dd + sS.
Spin-space overlap integral, Zy i, _space

The spin-space overlap integral for the diagram d; reads as follow

Ispinfspace - \/_/7 /dBKBd3KCd3pad3p5d3p,ud3pl/5(3) (I? - I?O)

V1 530
8O (Kp — Pp)s® (Ko — Po)d® (5, + p,)0® (Pa)
{[[¢5(P5)(505,)SB) T5 [bc(Bc) (su88)Sc] Je] TocYi(k)} Il

ol
(st sosnsil a2 (P52 ) (55110} 1

where s¢ is the spin of a given quark or antiquark . One can decouple the spin and
angular momentum terms through Eq. (E.8) such that the Eq. (4.17) can be written
as

d(k — ko)
(4.17)

Z-s in—space — \/_ j A—>BC£ A—>BC 5 418

/4 14 /7 m LZLS ( ) ( ) ( )

where

J(A = BC) =64,;, (—1)katatdectttliSe, [0 75 4 1)(2Jc + 1)(2Jsc + 1)(2Lpe + 1)
V(284 4+ 1)(2Sp + 1)(2S¢ + 1)(2L 4 1)(25 + 1) {%‘ LSA Jf‘}

S L. 7 1/2 1/2 Sp Ly Sg Jg
{l fc EC} 1/2 1/2 Se Le So Jo %,
r S, 1 S Lge S Jge

5(A—>BC):/d3KBd3ch3pad3p5d3pud3p,,5 (K KO)
Oy = Fa)s (B = Fols™ 5, + (5 S
({165(7m)00 )] Lacvi(b) L] @atiodn (P52 )y 1)
(4.19)

The analytical expression for £(A — BC') has been given in Ref. [194] when the
radial wave function of the mesons involved in the reaction is expanded in terms of
Gaussian basis functions. Details of the formalism following Ref. [194] can be found
in Appendix E. We will calculate de different matrix elements that appear in the
microscopic decay model in the same way.

4.2 The microscopic decay model

The microscopic decay models are an attempt to describe the strong decays in terms
of quark and gluon degrees of freedom. They assume that the strong decays are driven



CHAPTER 4. STRONG DECAYS OF HEAVY MESONS 83

by the same interquark Hamiltonian which determines the spectrum.

However, there has been little previous work in this area. Two different examples
are the study of open-charm decays of c¢ resonances by Eichten et al. in their original
work [34, 95] and in its updated version [186], and the study of a few strong decays in
the light sector by Ackleh et al. [187].

In Refs. [34, 95, 186] the pair production amplitude transforms as the time
component of a Lorentz vector and it is given by the linear confining term of the
potential model. The wave function of the charmonium states is the solution for the
potential model while the wave function of the open-charm mesons is approximated by
a Gaussian function. They performed a coupled channel calculation between c¢ and
meson-meson sectors. The decay rates into some open-charm channels and the total
decay width are given for ¢(3770), 1(4040) and 1(4160) resonances.

Ackleh et al. in Ref. [187] assumes that the ¢g pair production is driven by the one-
gluon exchange and the scalar linear confining interactions. Meson wave functions are
those of a simple harmonic oscillator which allow them to obtain analytical expressions
for the decay rates. They applied the model to the light quark sector.

Inspired in the last references, our microscopic decay model, which will be applied
to the heavy quark sector, takes the one-gluon exchange and the confining potentials
as the kernels of the interaction Hamiltonian that determines the strong decays. Our
confinement is a screened linear potential with a mixture of scalar and vector Lorentz
structures. The wave function of mesons are the solutions of the Schrédinger equation
with the potential model using the Gaussian expansion method.

4.2.1 Transition operator

The one-gluon exchange and the confinement interactions are the only non zero
contributions in our model. Their associated decay amplitudes are undoubtedly all
present and should be added coherently. Therefore, the current-current interactions
can be written in the generic form as [187]

1

HIQ

/ dudy JE) K (1T - 7)1°(5). (4.20)

The current J* in Eq. (4.20) is assumed to be a color octet. The currents, .J, with the
color dependence A*/2 factored out and the kernels, K (r), for the interactions are

e Currents

Z)  Scalar Lorentz current,
J(Z) = (&) T (%) =  (£)7°(£) Static part of vector Lorentz current,
) )  Spatial part of vector Lorentz current.
(4.21)

e Kernels

—4ag[—ac(1 —e ")+ A] Confining interaction,
K(r) =1 +2 Color Coulomb OGE, (4.22)

T

— Transverse OGE.
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For the Lorentz vector structure of the confinement we use
K(r) = +4(1 — a,) [—ac(1 — e ") + A], (4.23)

where =+ refers to static and transverse terms, respectively. Following Ref. [187], we
refer to this general type of interaction as a JK J decay model, and to the specific cases
considered here as sKs, j°Kj° and j7 K ;T interactions.

The interaction Hamiltonian in function of the Dirac quark fields in second
quantization, see Eq. (4.2), is given by

1
H; :§/d3xd3y

dgp 7 ip1-T — —ip1-T
{[ Qﬂ- ;/2 H EH Z Tl Url )eer _'_CLTl(pl)uTl(p )6 P ]]

d%? +ipa-T T —ip2-& ]
3/2 . Z Ary p2 Uy p2) + b (pQ)'Um(p?) }
[ (2m)2\ Ep 1) (4a24)
K(|l7 -

d3p Z N
{[ 271' ??”/2\/;2 T3 UTS ) +p3y+a’r3<p )um(p )6 P y}

d = —
[ 3?7;1/2 \ Ep Z ary (1), (B)e ™Y+ b] (p4)vr4(p4)6_”’4'y]] } |

If one considers only the contributions in which a quark-antiquark pair is created, the
interaction Hamiltonian reduces to the following transition operator

o dprdpad 3d3794 m1maTn3ny
/d vdy K(\x—y\)/ b ?;Wfﬁ’ BB B ZZZZ
[+br, (P)bL, () al, (56, (P4) [0, (P1)Cory (52)] |
+ar1(ﬁ1)ar2(ﬁ2 al (Fs)bl, (P4 [tir, (51) Tty ()
]
]

)
al (P, (92)br, (F3)0), (P4) [y, (1) Ty, (72)
al (p)bL, (F2)al, (s)ar, () [tr, (1)L or, ()

ﬁrg(pg)er4(p4)] +i(p1—p2)-T 7Z(p3+p4)
] [arg(pg)l—‘vr4(p4)] —i(Pr—p2)-F ,—i(P3+pa) ¥
[ r3<p3)F’UT4(p4)] 7Z(pl+p2 T +Z(p3 p4)y

[ rg(pg)PUM( )] —i(p1+p2)-& —’l(pg p4)y}
(4.25)

)

where the first term is equal to the third one. This can be seen exchanging the 7 and
 variables in the first term and then, changing 1 <> 3 and 2 <> 4 particles taking into
account the anti-commutation rules of the creation and destruction operators to arrive
at the third term. This is possible because the kernel depends on Z and ¥ as |Z — ¥].
The same occurs with the second and fourth terms. Therefore we have a factor two
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and we can write the transition operator as

7= [ty (e - g [ bt [
y (27T)6 Eﬁl Eﬁz Eﬁ?) Eﬁ

4 rirorsry

)Moy, (pz)] [ars (P5) Ty, (ﬁ4)] e PHP) T il —ra) g

L0, (52)] (07 (73) vy, (1)) € PP E =P T ]
(4.26)

=

[+a;[1 (ﬁl)b;r? (ﬁQ)a’;r’g (ﬁ3)a’7’4 (ﬁ4) [am (
+al, ()0, (52)br, (P)bL, (P4) [dr, (

=

where the first and second terms refer to the ¢q pair creation from the quark line and
from the antiquark line, respectively. The diagram representation of these two terms
can be seen in Fig. 4.3, diagrams d;, and d;;. For illustration we build the result from
the diagram d;,, the transition operator is

T:/d?’xd K(| |)/d3p1d3p2d‘°p3d?p4 my1maimsinmy
(27T) EﬁlEﬁ2Eﬁ3Eﬁ

4 T1,72,73,T4

[ a’i1 (ﬁl)biz (ﬁQ)a;[g (ﬁ?:)am (ﬁ4) [am (ﬁl)rvm (ﬁQ)] [ars (ﬁ?’)rum (ﬁ4)] eii(ﬁl +ﬁ2).f€7i(ﬁs —Pa)d ] .
(4.27)

The calculation of the diagram d;5 can be followed from that of the diagram d,,. If the

initial meson is formed by a quark and an antiquark with equal masses, the contribution

of both diagrams to the decay rate is the same and they contribute constructively.
Now we can integrate in & and 7/

. MAMaMmsm
7= [ dipdipadnd K(G) 5O + 5ot 71— 50y | i
p1-—p2—p3-—P4 (428)
S [ M )l (), (50) [, (1) o (7)) [ )t ()]
T1,72,73,T4

where Cj = p1 + p2 = py — p3 is the momentum transferred, and the d-function implies
the momentum conservation.

4.2.2 Transition amplitude

We are interested on the transition amplitude for the reaction (aﬁ) 4 — (de)g+(Ap)c.

In the center-of-mass reference system of meson A one has K4 = Ky = 0 and the
matrix element factorizes as follow

(BC|T|A) = 6P (Ko) M pe, (4.29)

where the initial and final states are defined in Eqs. (4.8) and (4.9).

The diagrams that contribute to the reaction and are allowed by the transition
operator are shown in Fig. 4.3. Two of them are coming from the quark line, d;, and
dyq, and take into account the different rearrangement of the quarks and antiquarks in
the final mesons. The other two diagrams are referred to the antiquark line, dy; and
dog. As in the case of the ® Py model, we have different cases:
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Figure 4.3. Diagrams that contribute to the decay width through the microscopic model.

e Case in which a = p = 3. The two diagrams, dy, and ds,, contribute to the decay
amplitude. The contribution of diagram d;, is M4, pc and the contribution from
diagram dy, can be calculated from the amplitude of the d;, diagram changing
meson B and C' (Ma_,cpg), so the total amplitude is given by

e Other case. Only one of the two diagrams contribute to the amplitude

Maspe = Maspe. (4.31)

If the quark and antiquark in the original meson are the same then the contribution
of diagram dy, (dq,) is equal to the diagram dy; (d2;) and both contribute constructively.
In other case they have to be calculated separately.

When the initial A meson has definite C-parity one has to take it into account in
the same way as already mentioned in the 3P model.

For illustration we build the result from the diagram dy, (M4_ pc). The amplitude
is a product of a Fermi signature phase, a color factor, a flavor factor and a spin-space
overlap integral

MA%BC = Isignature X Icolor X Iﬂavor X Ispinfspace- (432>

Fermi signature phase, Zggnature

The Fermi signature can be read off from the diagram as the number of line crossings
because it arises from the ordering of the quark and antiquark operators. In the case

of dy, diagram we have
[signature = (_1)3 = -1 (433)
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Figure 4.4. Color factor of diagram dig4.

Color factor, Z.qor
Fig 4.4 shows the color wave functions for the initial and final mesons and the color

operators which appear in the vertex. We have

Icolor - 3% Z Z Z 5ij5kl5mn5jnAmlBki

.5 kil mmn

Z 5jnAnlBlj
(4.34)

Jln

Z AnlBln
In

Tr(AB),

w w w
w|w| = mw| = w\w| =

a . . .
A~ with a sum over the color index, a, and we arrive

where the operators are A = B = 5
at

22
Zcolor - +3_§ (435)

2

Flavor factor, Zg.yor

The isospin operator for this decay mechanism is the same as in the Py model, therefore

the flavor factor is

tg Io t
Iﬂavor = <_1)ta+tﬁ+IA \/(QIB + 1)<2[C + 1) {IZ tc IZ} ’ <4'36>

where ¢ is the isospin of a given quark or antiquark &.



88 4.2. THE MICROSCOPIC DECAY MODEL

Spin-space overlap integral, Zy,in_space

The spin-space overlap integral for the diagram dy,: 1 4> p1, 2 <> v, 3 <> ¢’ and 4 <> o,
reads as follow

1
Zspin—space =—F——= (JpeMpclm|JpMy) (JpMpJeMe|JpcMpe)
e V14950 m,MB§4B,Mc

T, Mg My

PK s PK ~d?psd? 6d3 d*n, d%,,d> ,,d3 o a/d3 ad3
@i G BasE) (7 Boys® . Yim(E)
0K = Ko)d(k — ko)0™ (B p — Pp)d™ (Ko — Fo)o™ (Pa)—
O5(0B)bc(Pe)da(Pa) K (|5, + 5,1) 0P (5, + 5, + Dy — D)
Z 50/045(3) (ﬁa’ - ﬁa)(;éé’a(g) (ﬁé - ﬁé’)ésué(g) (175 - ﬁu)(;)\ué(g) (ﬁ)\ - ﬁu)
[N NN

8530 (B, — Ds) [ ()T 0, (7)) [t ()T ttr (Bt )] -

(4.37)

Now using some d-functions in momentum and spin of quarks (antiquarks) we can
simplify the above expression

1
Is in—space — S———— <JBC’MBClm|JTMT> <JBMBJCMC|JB0MBC>
Y v m m,MBgdB,MC
0,1, M Mg,
/ PR pd"Kod'psd’pyd’pud’p,d’pad’ps | 55 E:S Ej
Pu=Pv=Ps—Pa

SR — K)ok — ho)6® (K — Py)d® (Ko — ﬁc)5<s>(13,4)an;€(k)

O5(P)dc(e)da(Pa) K(5, + 5,))0D (55 — (Do — B — 1))
8,56 (9, — P5) [ (5,) D0 (8),)] [ (95) T ()] -

(4.38)

The nonrelativistic reduction of Eq. (4.38) without specifying the JK J decay model is
1
Ispinfspace — Z
V1+ope m,Mpc,Mp,Mc
3 3 393 3 g3 3. 3. o(3)F_ i Yim (k)
I’Kpd’Kedpsd’p,d’p,d’p,d’padips ' (K — Ko)d(k — ko) ?

8O (Kp — Pg)d® (K¢ — Po)d® (Pa)os(pr)dc(Po)da(Pa)
K (15, + 5,1)6® (5 — (Ba — B — 5))0,50 (5, — D3)
U}icrilo [ﬂu (ﬁu)rvv (ﬁl/)] v}icrgo [ﬂé (ﬁé)rua (ﬁa)] :

(JpeMpelm|JpMy) (JpMpJeMc|JpeMpe)

(4.39)

Then, the expression for the different contributions are
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e The sKs decay model

IsKs —1

Vv 257 / d3K d31§ d3 d d3 d3 Vdgp
spin—space /71 5 c 2my B C o P pu 1

SO(K — Ko)o® (K — Pp)s® (K — Pe)d® (Pr)=—
09 (F5 — (Ba — B — B)) K (|7, + 5) (4.40)
([165(55) (505,) S8 Ji [60 () (s55) Sc] o) JpeYilh) | Jr|

[ioatntsasersi [y (B2 susn] o] ).

)

e The jK ;" decay model

I.]OK.] 1

spin—space m 2my
SON(K — Ko)0® (Kp — Pg)é® (Ko — Po)d® (Py)

V 237 /dgKBdchdg ad Bd?’pudg Vd3p5
6(k — ko)

Eo (441

8 (55 — (Pa — Dy — 7)) K (|9 + D])
( [[[¢B(ﬁB)(5a5u)SB] 5 [bc(Be)(suss)Scl Je] TocYi(k)| Jr|
| [[0a(Pa)(8a58)Sal Ja (V1 (B + D) (848,)1] 0] Ja) -

e The ;7K 4T decay model

1
7K S > Jpe Mpelm|JpMp) (JpMpJoMe|Jse M
spin—space 1_'_530 Ny < BCcMIBC m| T T>< BMBJC C| BC BC’)
m,Mpc,Mp,Mc

Vi (k)
k

/ PPK pd®K o dpsd®p,d*p,d’p, d*padps 6 (K — Ko)d(k — ko)

8O (Kp — Pg)d® (Ko — Po)d® (Pa)op(pr)do(Po)da(ia)
K(p, 4 9 )0® (D5 — (P — Dy — 54,))0,50 (D, — Fs)

lim [, (P.) 700 ()] (52‘1‘ N %)

. N .
v/c—0 QQ lim [U(g(p(g)’y ua<pa)] .

v/c—0
(4.42)

The procedure followed, according to Ref. [194], to solve the above spin-space
overlap integrals is given in Appendix E.

4.3 Decay width

The total width is the sum over the partial widths characterized by the quantum
numbers Jpco and [

l'aspe = Z Faspe(IBesl), (4.43)

JBcl
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where

Cacsme(Jpes 1) = 27 / dkod (B — Enc)|Mass (ko). (4.44)
We use relativistic phase space, so

Ep(ko)Ec(ko)

F'aspe(Upe,l) =27 |IMa_po(ko)|?, (4.45)
mAk’Q
where
QmA

is the on-shell relative momentum of mesons B and C.

The above formula is only valid for mesons B and C' with small widths. If we
consider the process A — B + C with the subsequent decay of the meson B into two
mesons B; and Bs; we must take into account the width of the daughter meson, B, by
replacing the Dirac d-function in Eq. (4.44).

Following the formalism of Ref. [195], one may regard the J-function as arising from
the narrow-width limit of the energy denominator

1 1
EA _EBC — 1€ _PEA _EBC

+Z7T5(EA - EBC), (447)

where € is related to the total width of the unstable final state. For daughter mesons
that are broad, the energy denominator becomes

1 Ey— Epc +it2
D e L L UL B (4.49
A= LEpo =15 (Ey— Epe)*+ F
implying the replacement
I'p
5(EA — EBC) — (449)

27 |:(EA — E30)2 + %] .
The decay rate for A — (B;Bs)p + C then generalizes to [184]

k 2

max k F k
FA*)(BlBQ)BC<JBC7 l) — / dk ‘MA*)BC( )‘ B*)BlBQ< )’ (450)
0

(Ea — Epc)? + o
4

where I'p_,p,B,(k) is the energy-dependent partial width of the unstable daughter
meson.

The variable of integration in the expression above is k, the modulus of the three-
momentum of the daughter meson B. In the rest frame of A, this ranges from k& = 0
(B; and B, back to back, with k1 = —k») t0 kmax (B1 and B, collinear). These limits
correspond, respectively, to mpg(k = 0) = my — me and mp(k = kpax) = mp, + mg,,
where mpg(k) is the momentum dependent effective mass of the daughter meson B, so

VIm% — (mp, + mp, + me)? m% — (mp, + mp, — me)?]
2mA '

(4.51)

k:max =
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4.4 Running of the *P, v strength

The ®P, model has been extensively applied to meson and baryon strong decays with
considerable success (see Ref. [196] for recent summaries of the *Py model). An
important characteristic, apart from its simplicity, is that the model provides the gross
features of various transitions with only one parameter, the strength + of the decay
interaction, which is regarded as a free constant and is fitted to the data.

It is generally believed that the pair-production strength parameter, v, is roughly
flavor-independent for decays involving production of wi, dd and s5 pairs. A total
of 32 experimentally well-determined decay rates have been fitted in Ref. [197] using
the 3Py model, the large experimental errors preclude definitive conclusions about the
dependence of v with respect the flavor sector. The authors follow the convention
of using a unique value for the v parameter. However, it is important to note that
only 3 of the total 32 decay modes are referred to the heavy quark sector. They are
D*t — DO+ 4)(3770) — DD and D?, — DK + D*K + D,n. There are no data about
the bottomonium sector and the remaining 29 decay modes involve light and strange
mesons.

We have seen in a previous section an equivalent formulation of the Py model given
by an interaction Hamiltonian involving Dirac quark fields, Eq. (4.1). This presents a
coupling constant, g,, which is related with the pair-production strength parameter, =,
as 7 = gs/2m, being m the mass of the created quark (antiquark). If g, is related to
fundamental QCD parameters, among them the strong coupling constant, one expects
that g, and hence v, depends on the scale.

Our purpose here is to calculate through the Py model the total strong decay widths
of the mesons which belong to charmed, charmed-strange, hidden charm and hidden
bottom sectors. Certainly, the theoretical results suffer from uncertainties coming
from the decay model itself in the description of the creation vertex and from the wave
functions used. Therefore, we expect to reach a global description of the meson strong
decays in every quark sector, but the details of each decay mode could fail. Our main
goal is to perform a global fit of the experimental data that elucidates the v dependence
on the scale.

To perform the overall fit of the decay widths, not all of the experimental data are
equally reliable. Table 4.1 shows the experimental data taken for the fit. In the case of
the charmed and charmed-strange mesons we have considered the total decay widths
of the mesons which belong to the jf = 3/2% doublet, mainly that of the member
of the doublet whose quantum numbers are JP = 2%, This is because any quark
model predicts the doublet jf = %+ in reasonably agreement with the experiment.
Focusing on the 2% meson there are no doubts about its nature and wave function
composition. Moreover, in the infinite heavy quark mass limit these states are narrow,
and so we expect that their resonance parameters are better determined than other
states of the same sector. For the charmonium and bottomonium sectors, we have
considered that the best experimental measurements of strong decay widths are those
of the states immediately above the open-flavor threshold. This means the total decay
width of the ¥ (3770) resonance in the charmonium sector and the Y (45) resonance in
the bottomonium sector.

Once the experimental data have been established, we propose a scale-dependent



92 4.4. RUNNING OF THE 3P, v STRENGTH

Meson I J P C Mass(MeV) Ty (MeV)
D1(2420)* 1/2 1 +1 - 24234+3.1 25+6 [78]
D3(2460)* 1/2 2 +1 - 2460.1 £4.4 37+6 [78]
D,(2536) 0 1 +1 - 2535124025 1.03+0.13 [198]
D#H(2575) 0 2 +1 - 2572.6+0.9 20+ 5 [78]

Y(3770) 0 1 -1 -1 37752417 276+1.0 [78

Y (49) 0 1 —1 -1 105794+12 205+25 [78]

Table 4.1. Meson decay widths which have been taken into account in the fit of the scale-dependent strength,
~. Some properties of these mesons are also shown.

0.5

v ()

0 500 1000 1500 2000 2500
u

Figure 4.5. The scale-dependent strength, ~, in function of the reduced mass of the gg pair of the decaying
meson, u. The data points are the value of v needed to reproduce the meson decay widths shown in Table 4.1.
The solid line is the fit and the shaded area is the confidence interval with 90% confidence level.

strength, v, given by
70

v(p) = @,

where p is the reduced mass of the gq pair of the decaying meson and vy = 0.81 4+ 0.02
and p, = 49.84 £ 2.58 MeV are the parameters determined through the total decay
widths mentioned above.

Fig. 4.5 shows the scale-dependent strength, ~, in function of the reduced mass of
the gq of the decaying meson, p. The data points are the value of 7 needed to reproduce
the meson decay widths shown in Table 4.1. The solid line is the fit and the shaded
area is the confidence interval with 90% confidence level. For completeness, we show in
Table 4.2 the values of the scale-dependent strength, ~, in the different flavor sectors
following Eq. (4.52).

Table 4.3 shows our results for the total strong decay widths of the mesons which
belong to charmed, charmed-strange, hidden charm and hidden bottom sectors. We
get a quite reasonable global description of the total decay widths. A detailed study
to the decay modes of the different mesons will be done later, but now we can give

(4.52)
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Light mesons Heavy-light mesons Heavy mesons
(nn) (ns)  (ss) (nc)  (s¢) (nb)  (sb) (cc) (cb) (bb)
0 156.5  200.1 277.5 265.8 422.1 2949 500.6 881.5 1310.8 2555.0
vy 0.707 0.582 0.471 0.483 0.379 0.455 0.351 0.282 0.247  0.205

Table 4.2. Values of the scale-dependent strength + in the different quark sectors following Eq. (4.52). The
reduced mass of the ¢g pair of the decaying meson, p, is given in MeV.

Meson I J P C n Mass (MeV)  TI'gxp. (MeV) [78]  T'rpe. (MeV)
D*(2010)* 05 1 —1 - 1 2010.2540.14  0.096 £ 0.022 0.036
Di(24000* 05 0 +1 - 1 2403 + 38 283 + 42 212.01
Dy(24200* 05 1 +1 - 1 2423443.1 25 + 6 25.27
Dy(2430)° 05 1 +1 - 2 2427 + 36 384 4 150 229.12
D3(2460)* 05 2 4+1 - 1 2460.1+4.4 37+6 64.07
D(2550)° 05 0 -1 - 2 25394+82 130 + 18 132.07
D*(2600)° 05 1 -1 - 2 2608.743.5 93 + 14 96.91
D;(2750)° 05 2 -1 - 1  27524+32 71413 229.86
D%(2760)° 05 3 -1 - 1  2763.3+3.3 60.9 + 6.2 116.41
Dg(2536)* 0 1  +1 - 1 2535124025 1.0340.13 [198] 0.99
D&(2575)F 0 2 41 - 1 25726409 20+ 5 18.67
D270 0 1 -1 - 2 2710 + 14 149 + 65 170.76
D:;(2860)% 0 ﬂ -1 - m 2862 + 6 48 +7 [185;'1129}
Dgy(3040)* 0 1 41 - m 3044 + 31 239 + 71 [ig;:?ﬂ

Y (3770) 0 1 -1 -1 3 377552+17 27.6 £ 1.0 26.47
1)(4040) 0 1 -1 -1 4 4039 + 1 80 + 10 111.27
1 (4160) o 1 -1 -1 5 4153 + 3 103 + 8 115.95
X (4360) o 1 -1 -1 6 4361 + 9 74418 113.92
(4415) o 1 -1 -1 7 4421 4+ 4 119 + 16 [84] 159.02
X (4640) o 1 -1 -1 38 4634 + 8 92 + 52 206.37
X (4660) o 1 -1 -1 9 4664 + 11 484+ 15 135.06

Y (4S9) 0 1 —-1 -1 6 10579.4+12 20.5+2.5 20.59
T(10860) 0 1 -1 -1 8 10865 + 8 55 + 28 27.89
T(110200 0 1 -1 -1 10 11019 + 8 79+ 16 79.16

Table 4.3. Calculated through the Py model, the strong total decay widths of the mesons which belong to
charmed, charmed-strange, hidden charm and hidden bottom sectors. The value of the parameter v in every
quark sector is given by Eq. (4.52).

general comments.

The results predicted by the 3P, model for the well established charmed mesons
are in good agreement with the experimental data except for one case, the total decay
width of the D* meson. The D* decays only into D7 channel via strong interaction and
it is assumed that the total decay width is given mainly by this decay mode. However,
the disagreement may be due to, at least, two reasons. The first one is that the available
phase space is very small and so final-state interactions can be important enhancing the
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decay width. The second one is that the neutral-charged case, D*(2007)°, presents a
branching fraction of (38.142.9)% for its electromagnetic decay D*(2007)° — D%y [78],
which means a large contribution to the total decay width.

Our theoretical results are in good agreement with the experimental data in the
charmed-strange sector. Note that this agreement holds for the new D7 (2710),
D?;(2860) and D;;(3040) resonances which have been recently observed by the BaBar
Collaboration [135].

The 1(3770) meson decays into the DD channel, being this the only open-flavor final
state. Its updated branching fraction reported by the PDG has been taken into account
in the global fit because its non-DD decay modes sum together a branching fraction
of about 10%. One can see in Table 4.3 that the general trend is well reproduced for
the total decay widths of the 17~ charmonium states.

We obtain a good agreement between experimental and theoretical total decay
widths in the bottomonium sector. The most significant disagreement is found for the
T(59) state, note however the large error in the experimental data.

4.5 Results

This section is devoted to investigate the strong decays of mesons through the two
models explained above. It complements the information about the structure of mesons
since the matrix elements present an overlap integral between the wave functions of
the initial and final mesons.

We begin with the strong decays of JP¢ = 17~ c¢ states into open-charm mesons.
We compare our predictions coming from the 3Py decay model and the microscopic one.
Comments on the results of different microscopic models are also included. Then, we
extend the calculation of the strong decays to the rest of charmonium spectrum. This
will provide useful information in order to assign cc¢ states to possible XY Z mesons.
We continue with a thorough study of the open-flavor strong decays of the charmed and
charmed-strange mesons. This gives us the assignment of quantum numbers. Finally,
results on the JP¢ = 17~ bottomonium family are shown.

4.5.1 Results for ¢ states

From an experimental point of view there are a few data in the open-charm decays
of the 17~ c¢c resonances. The main experimental data are the resonance parameters,
mass and total decay width, of the excited ¢ states fitting the R value measured in the
relevant energy region.

Tables 4.4 and 4.5 show the strong decay widths predicted by the 3P, and the
microscopic models for the 17~ c¢ states established in Table 3.1. The notation DDy
includes the Dy D, and Dy D, combination of well defined CP quantum numbers. For
the kinematics we use experimental masses whenever they are available.

One can see that the general trend of the total decay widths is well reproduced in
the case of the 3Py model. The total widths are lower in the microscopic model without
improving the agreement with the experimental data. However, the microscopic model
gives the correct order of magnitude of the strong decays with no free parameter, as
the strength ~ introduced by the 3P, model.
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Meson State Channel Isp, Bsp, T'nic. Buie.

$(3770) 1Dy DtD~ 1134 428  8.03 423
DYDO 15.13 572 1094 57.7
DD 26.47 100 18.97 100
27.6 1.0 total 26.47 18.97

1 (4040) 335, DD 4.61 41 1017 26.0
DD* 22.23 20.0 18.75 47.9
D*D* 8235 740  9.06 232

D,D, 208 1.9 114 29
80 410 total ~ 111.27 39.12
¥(4160) 23D, DD 22.82 19.7 17.03 52.1
DD* 222 1.9  7.38 226
D*D* 8373 722 528 16.2
D,D, 024 02 261 7.9
D,D? 694 6.0 040 1.2
103 + 8 total  115.95 32.70
X(4360) 43S, DD 802 7.0 573 5.6
DD* 819 7.2 2981 29.2

D*D* 8.87 7.8 46.46 455
DD, 54.51 478 2.18 2.1

DD, 429 38 1202 117
DD; 2717 238 056 0.6
DD, 007 01 1.8 18
D,D? 190 1.7 336 33
D:D? 091 08 017 0.2
74415 + 10 total  113.92 102.15

1 (4415) 33Dy DD 1511 95 793 185
DD* 582 3.7  6.66 15.6
D*D* 3256 205 723 169
DD, 64.77 40.7  6.06 14.2

DDj 6.92 44 212 5.0

DD; 2360 14.8  1.82 43

D*D;; 712 45 239 5.6

DD, 031 02 222 52

D,D* 068 04  1.09 25

D:D? 213 1.3 520 122
62 + 20 total ~ 159.01 42.72

Table 4.4. Open-flavor strong decay widths, in MeV, and branchings, in %, of 1) states.

The total width of the (3770) predicted by the microscopic model is lower than
the ® Py model. We find the same situation for the next two resonances, ¢(4040) and
1 (4160). Later we will see that taking into account only the j°Kj decay model as in
Refs. [34, 95, 186] the widths grow.
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Meson State Channel Isp, Bsp, Tniie. Buie.
X(4630) 539 DD 662 32 144 08
DD* 2623 127 1582 84
D*D* 1557 7.5 3040 16.2
DD, 2.88 14 1870 9.9
DD} 452 22 258 14
DDj 0.00 0.0 21.14 11.2
D*Dj 697 3.4 1010 54
D*D; 3921 19.0 2247 119
D*Dy 1435 7.0 2624 139
D*D; 8047 39.0 1828 9.7
DyD, 092 04 128 0.7
D,D? 030 0.1 670 36
DD 1.14 06 634 34
DyDy 2.82 14 092 05
DD, 0.79 04 003 00
D.D%, 019 01 022 0.1
D:D?, 276 1.3 130 0.7
DDy 014 01 374 20
DD/, 026 01 029 0.1
D¥,D%, 022 01 023 0.1
925029 total  206.37 188.22
X(4660) 4D, DD 1092 81 321 23
DD* 755 5.6 410 29
D*D* 3804 282 267 19
DD, 2.41 1.8 2051 144
DD; 051 04 262 1.8
DD; 0.00 00 675 48
D*Dj 344 25 071 05
D*D; 3483 258 1089 7.7
D*D; 698 51 29 2.1
D*Dj 2192 162 7752 545
DyD, 096 0.7 146 1.0
D,D? 0.00 00 135 09
DD 033 02 428 3.0
DDy 3.63 2.7 0.0 0.0
DD, 1.09 08 062 04
D.D, 0.08 0.1 007 0.1
D:D?, 118 09 043 0.3
DDy 048 04 093 06
DD/, 017 01 037 03
D¥,D%, 053 04 074 05
48 +15+3 total  135.06 142.19

Table 4.5. Open-flavor strong decay widths, in MeV, and branchings, in %, of ¢ states (Continuation).
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Decay Ref. [186] j°Kj° Mic. Exp. [78]
¥(3770) — DD 20.1 29.8 19.0 276+1
$(4040) — DD 0.1 14 102
(4040) — DD* 33.0 952  18.7
$(4040) — D*D*  33.0 350 9.1
$(4040) — DD, 8.0 03 1.1

total 74.0 619 391 &80+£10
$(4160) — DD 3.2 250  17.0
$(4160) — DD* 6.9 0.5 74
(4160) — D*D*  41.9 21.3 5.3
$(4160) — D,D; 5.6 0.03 2.6
$(4160) — DDF 110 0.6 04

total 69.2 474 32,7 1038

Table 4.6. Open-flavor strong decay widths, in MeV, of 1 states reported in Ref. [186] and our decay rates
taking into account the static vector contribution or the full model.

If one compares the total widths of the next two resonances, X (4360) and 1(4415),
the microscopic decay model predicts a better result than the 3P, one for the total
width of (4415). However, we should mention that the experimental data from
Ref. [78] are clustered around two values (~100MeV and ~50MeV) corresponding
the lower one to very old measurements. The recent experimental result of Seth et
al. [84] (T =119 + 16 MeV) is in reasonable agreement with the prediction of the *P,
model and a factor 3 greater than that predicted by the microscopic model.

When we go up through the spectrum, the states are more and more wide and the
total widths for S and D-waves are larger in both decay models, always D-wave widths
are smaller. This is the case of the two states in the vicinity of 4660 MeV. The small
total width of the X (4660) favors the 43D; option for this state although interference
between the two states can be the origin of the poor description of the total decay
widths.

It is difficult to compare our results from the microscopic decay model with former
similar calculations because either they are not fitted to the heavy quark sector [187]
or do not include the same pieces of the current [34, 95, 186]. For the sake of the
comparison we show in Table 4.6 the results of Ref. [186] together with our model
prediction including only the static vector contribution and the full decay model. The
basic difference between the two calculations is that in Ref. [186] the coupling with the
meson-meson channels is treated nonperturbatively and this enhances the results when
the threshold is close to the state. The predictions of the full decay model are below
the experimental data and taking only the j°Kj° contribution the decay rates grow.

The decay width of ¢/(3770) into DD has been widely studied in the literature. This
is because the DD is the only open threshold for the ¢(3770) resonance and therefore
the total width should be given almost by its decay into DD. However, during the
last years the non-D D contribution to the total decay width was measured to be large,

15%. Now, the PDG [78] provides a branching fraction of B(¢(3770) — DD) =
(9375)%, in good agreement with the theoretical expectations. The predicted width of
¥(3770) — DD decay in Ref. [186] is similar to those predicted by j°Kj° contribution
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State Ratio Ref. [186] j°Kj% Mic. 3P Exp. [78]
¥(4040)  DD/DD* 0.003 0.06 0.54 0.21 0.2440.05+0.12
D*D*/DD* 1.00 1.39 048 3.70 0.18+0.1440.03
¥(4160) DD/D*D* 0.08 1.17  3.23  0.27 0.02 +0.03 £0.02
DD*/D*D* 0.16 0.02 1.40 0.03 0.34+0.14 +0.05
X (4360) DD/D*D* - 040 0.12 090 0.14+0.12+0.03
DD*/D*D* - 0.08 0.64 092 0.17+0.254+0.03
¥(4415)  DD/D*D* - 1.54  1.10 0.46 0.14+0.1240.03
DD*/D*D* - 028 0.92 0.18 0.17+0.254+0.03

Table 4.7.  Open-flavor strong ratios of 1 states predicted by different decay models and their comparison
with the experimental data.

and the full decay model. If we apply the microscopic decay model of Ref. [187] to the
charmonium sector, the result for that decay is very large, 104.0 MeV.

Finally, in Table 4.7 we compare the experimental ratios of some charmonium decays
with the prediction of different models. None of them can explain the experimental
data. In Ref. [199] a coupled channel calculation in the 4.1 GeV energy region including
the 3251, 1(4040), and 23Dy, 1(4160), cc states and the DD, DD*, D*D*, D D,, D D
and D?D? meson-meson channels has been performed. The branching fractions of the
resulting dressed 335, and 23D, cé states improve the agreement with the experimental
data.

Any decay model fails to explain all experimental data about the strong decays of
charmonium, and so more theoretical and experimental effort is needed to solve this
problem.

4.5.2 Results for the rest of charmonium states

We calculate in this section the strong decays into open-charm mesons for the rest of
charmonium states reported in Table 3.1. It completes our study of strong decays in
the charmonium sector and reports information about our assignments as cc states of
some XY Z mesons.

The 7. states

The 7.(395) is the first state which can decay into open-charm mesons, being its mass
4054 MeV. Table 4.8 shows the different channels and their partial widths predicted by
the 3P, and the microscopic decay models. This state should be observed in the DD*
and D*D* channels and its total width is large in the 3P, model and moderate in the
microscopic decay model. The difference between the predictions of the two theoretical
decay models is important. In fact the dominant decay channel is different among the
two models.

The h. states

Focusing our interest on the h. meson, Table 4.9 shows the open-charm strong decays
calculated by the two decay models. These numerical results could be useful for future
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Meson State Channel I'sp, Bsp, T'mic. Buic.

e 3'Sy  DD* 38.72 228 19.66 71.4
D*D* 131.50 772 7.89 286
total 170.23 27.55

Table 4.8. Open-flavor strong decay widths, in MeV, and branchings, in %, of 7. states.

Meson State Channel Tsp,  Bsp  I'mic. B

he 2l p DD* 88.78 100 6.87 100
total 88.78 6.87

3P DD* 35.03 56.8 20.49 20.8
D*D* 8.46 13.7 27.68 28.2
DD{ 10.88 17.6 4142 42.1
DD} 4.77 7.7  5.80 5.9
D:D; 2.59 4.2  2.90 3.0
total 61.73 98.29

Table 4.9. Open-flavor strong decay widths, in MeV, and branchings, in %, of h. states.

experimental findings. For instance, the 2! P, state has a mass of 3956 MeV and by
conservation of quantum numbers it only decays to the DD* channel. However, while
this state appears wide in the 3Py model is not so much in the case of the microscopic
decay model. For the 3! P, state, both models predict a relatively wide resonance with
dominant decay channel DD* and DD} for the 3P, and the microscopic decay model,
respectively. In the case of the microscopic model its decays into DD* and D*D* are
of relevance.

The y.; states

In Table 4.10 one can find the open-charm strong decay widths of x.; states.

For the 2P c¢ multiplet some candidates have appeared in the last years, these are
X (3872), X(3915), Y'(3940), X(3940) and Z(3930). In the previous Chapter, we have
made assignments for the X (3915) and Z(3930) as cc states. Recently, the X (3915)
and Y'(3940) have been proposed as the same state due to the compatibility of their
measured properties [13].

We have assigned the 23P, state to the X (3915). The mass predicted is 3909, in
very good agreement with the experimental measurement, and we have also calculated
its electromagnetic decays. Now we are ready to give its full width. Table 4.10 shows
our results with the 3P, and the microscopic models. The numbers in parentheses have
been calculated using the experimental mass and some assumption for the assignment.
We also give our prediction using the theoretical mass for completeness. The 3P,
model predicts an extremely narrow state while the microscopic model increases the
agreement but remains lower than the experimental data.

It is generally accepted that the Z(3930) is the x.o(2P) state. Assuming this
assignment due to the agreement between theoretical and experimental masses, we
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Meson State Channel [sp, Bs p, TMie. Buie.
Xc0 23 Py DD 0.81(0.17) 100 (100) 6.15(7.60) 100 (100)
(17 £ 10 £ 3 [85] total 0.81(0.17) 6.15 (7.60)
33P0 DD 10.67 21.5 22.83 26.6
D*D* 33.29 67.2 58.22 67.9
DDy 3.26 6.6 2.44 2.8
D:D? 2.34 47 2.27 2.7
total 49.56 85.76
Xel 23 P, DD* 130.55 100 4.79 100
total 130.55 4.79
3P, DD* 17.57 58.7 26.05 40.8
D*D* 0.39 1.3 34.46 53.9
DDj 0.24 0.8 0.08 0.1
DD} 8.56 28.6 2.35 3.7
D:D; 3.17 10.6 0.95 1.5
total 29.93 63.89
Xe2 23p, DD 35.44 (33.66) 38.4(64.0) 2.68(2.47) 30.9(60.0)
DD* 56.54 (18.94) 61.2(36.0) 5.98(1.68) 69.0(40.0)
D, D, 0.36 (—) 04(=)  0.01(-) 0.1(-)
(29 4 10 =+ 2) [88] total  92.34(52.60 8.67 (4.15)
13 F DD 44.71 44.5 19.39 61.2
DD* 50.10 49.8 11.85 37.4
D*D* 0.84 0.8 0.06 0.2
D, D, 4.94 4.9 0.39 1.2
total 100.58 31.69

Table 4.10. Open-flavor strong decay widths, in MeV, and branchings, in %, of . states. The numbers in
parentheses are calculated using the experimental mass and some assumption for the assignment. The symbol
(—) indicates that the corresponding open-flavor channel is closed when we calculate with the experimental
mass.

calculate its strong decays in Table 4.10. Again the numbers in parentheses have
been calculated using the experimental mass and the others using our theoretical
prediction. The total decay rate predicted by the 3P model is reasonably good when
using the experimental mass. It is interesting to observe that the dominant decay
channel changes when we calculate with the experimental mass, being this the DD
channel in which Z(3930) is observed. Both decay models predict the same branchings
and behaviour when we calculate with the theoretical or the experimental masses.
We show in Table 4.11 our results and the experimental measurements performed by
Belle [88] and BaBar [200] for some observables concerning the Z(3930). One can see
the good agreement obtained for the product I'.,B(Z(3930) — DD) in both decay
models.

The next states of y.; mesons are 3°P,, 33P; and 13F,. The 3P states have an
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Observable The. Belle [88] BaBar [200]
Mass (MeV) 3069 3020 £5+2 30267 £2.7+ 1.1

Width (MeV) [52'60]

115 20+£10+£2 21.3+£6.8+3.6

0.17

I, B(DD) (keV) [0. G

} 0.18 £0.05 £0.03 0.24 £0.05 £ 0.04

Table 4.11. Different observables of Z(3930) as a 2° P state. Values within brackets are the theoretical results
if one considers the ® Py model (upper value) and the microscopic model (lower value) for the involved strong
decay.

expected mean multiplet mass of about 4.3 GeV and many open-charm channels are
open at the 3P mass scale. When we calculate the total width through the decay
models, we find narrower states in the 3Py model than in the microscopic decay model
except for the 13F, state where the inverse situation holds. This is because the partial
widths of the 13F, state into the DD and DD* predicted by the 3P, model are larger
than in the microscopic decay model. However, both decay models agree, predicting
these two decay modes as the dominant.

The 32P, should be seen in DD* and D*D* channels in the case of the microscopic
model and only in DD* according to the *Py model. The prediction of both models
for the 23P; is also very different, while the 3P, model predicts a broad state, the
microscopic one predicts a relatively narrow meson.

We have ruled out the assignment of Z(3930) as the 13F; state attending the mass.
Following the 3P, decay model, one possibility to distinguish between the 23P, and
13F, assignments is measuring the ratio between DD and DD* decay modes because
the situation for both states is just the opposite.

D-wave states with J =2

Tables 4.12 and 4.13 show the strong decays into open-charm mesons for the Dy and
3D, states. The P, model predicts broad states with total widths about 150 MeV.
However, the microscopic decay model anticipates relatively narrow states with total
widths of 30 MeV.

The 2'D, state decays into DD* and D*D* final states with the same strength,
both decay models predict similar branching fractions despite of the difference on
the absolute values. The partial widths are moderate, even larger in the 3P, model,
indicating that this state can be seen experimentally in both channels. There is a strong
disagreement between the predictions of the 3P, and the microscopic model about the
decays of the 23D, state. The 3P, model predicts a similar situation than in the case
of the 2! Dy state for the decays into DD* and D*D*, whereas the microscopic model
predicts a suppressed D*D* channel with respect the DD* one.

The S + S channels appear important for the 3' D, and 33D, states, but also the
S+ P channels as DD} and D D7 are significant. In fact, DD} and DD} are dominant
following the prediction of the 3Py model and of the same order of magnitude as DD*
and D*D* in the case of the microscopic decay model.
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Meson State Channel Isp, Bsp, T'mic. Buic.

ne  2'Dy  DD* 71.24 504 895 47.1
D*D*  60.76 43.0 9.36  49.2
DD 931 6.6 070 3.7
total  141.32 19.01

31D, DD* 39.46 22.1 582 175
D*D* 2153 121 7.35 22.1

DD}, 112 06 125 3.7
DD, 002 00 023 07
DD], 0.07 00 018 05
DD; 6275 351 4.94 14.8
D*D;; 025 0.1 005 0.2
D*D; 479 27 055 1.6
D*D, 4367 244 782 235
D,D* 143 08 230 69
D: Dt 224 1.3 226 6.8

D,D3, 1.35 0.8 0.56 1.7
DsDsy 0.00 0.0 0.0 0.0
DDy, 0.00 0.0 0.0 0.0
total 178.69 33.31

Table 4.12. Open-flavor strong decay widths, in MeV, and branchings, in %, of 1.2 states.

4.5.3 Results for open-charm mesons

Using the Py and the microscopic models, we study two-body strong decays of the
newly observed charmed mesons D(2550), D*(2600), D;(2750) and D%(2760), and
charmed-strange mesons D7 (2710), D?,(2860) and D,;(3040). This allows us to
characterize these resonances and justify the quantum number assignments made in
Table 3.18.

The running of the strength ~y of the 3P, model is given by Eq. (4.52). Tt allows us
to obtain a quite reasonable global description of the decay widths along the different
flavor sectors. The value of +, which will be used in the description of the strong decays
of charmed and charmed-strange mesons, can be seen in Table 4.2. The microscopic
decay model assumes that the strong decays are driven by the same interquark
Hamiltonian which determines the spectrum, thus it has some flavor dependences.
Among others, we must take into account the running of the strong coupling constant
and the different contributions of the diagrams dj, and dy5 due to the different mass of
the quark and the antiquark of the original meson. We use always experimental masses
for all mesons involved in the decays.

Tables 4.14 and 4.15 show the results predicted by the 3 Py and the microscopic decay
models for the well established charmed and charmed-strange mesons, respectively.
We show the absolute values and the branching fractions, the comparison with the
available experimental data is also included. One can see the good agreement between
the theoretical results of the 3P, model and the experimental data in most cases. The
microscopic model predicts always lower strong decay widths although it is interesting
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Meson State Channel I'sp, Bsp, T'mic. Buic.

o 23D,  DD* 53.63 40.5 14.92 728
D*D* 66.18 49.9 441 215
D,D? 1268 9.6 116 5.7
total 132.48 20.49

33Dy,  DD* 36.05 19.6 1043 24.8
D*D* 27.63 151 424 10.1
DD; 001 00 079 1.9
DD, 198 1.1 254 6.1
DD} 1341 73 376 89
DD} 49.16 26.8 237 5.6
D*Dg 893 49 1.78 4.2
D*Dy 6.65 3.6 374 89
D*D} 36.85 20.1 6.60 15.7
DD 127 07 293 7.0
D:D; 1.53 08 276 6.7
DD}, 0.00 0.0 006 0.1
DD« 0.02 0.0 0.0 0.0
D:D%, 0.02 0.0 0.0 0.0
total 183.50 42.00

Table 4.13. Open-flavor strong decay widths, in MeV, and branchings, in %, of 1 states.

to note that the branching fractions predicted by both decay models are very similar
in the charmed and charmed-strange sectors.

In Ref. [133] the BaBar Collaboration reported the new charmed states D(2550),
D*(2600), D;(2750) and D%(2760) in inclusive ete™ collisions. The D(2550) and
D;(2750) were observed in D*'r~ channel, the D%(2760) was observed in DTr~
channel, and the D*(2600) was observed in both D**7~ and D*7~ channels. The
resulting masses and widths of these four states with neutral-charge are

M(D(2550)°) = 2539.4 + 4.5 + 6.8MeV,  T'(D(2550)°) = 130 & 12 & 13 MeV,
* 0

)") (
M(D (2600)0) = 2608.7 £2.4 £+ 2.5 MeV, ['(D*(2600)") = 93 £ 6 + 13 MeV,
M(D;(2750)°) = 27524+ 1.7+ 2.7MeV,  T'(D;(2750)°) = 714+ 6 + 11 MeV,
M(D§(276O)0) =2763.3 £2.3 £ 2.3MeV, F(Dj(2760)0) =60.9+5.14+3.6 MeV,
(4.53)
and the following ratios of branching fractions were also obtained
B(D3(2460)° — D*r™)
=1.47+0.03+0.16
B(D3(2460)° — D*+r~) ’
D*(2 O 5 Dtn—
BID'(2600) = D7) _ 1 49 4 02+ 0,00, (4.54)

B(D*(2600)0 — D*7—)
B(D3(2760)° — D*7~)

= 0.42 £ 0.05 £ 0.11.
B(D,(2750)° — D*+7-)
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Meson nJ¥  Channel I'sp, Bs p, Tic. Buic. Exp.
D*(2007)° 11—  D%% 1570 x 1073 8.72 x 1073 (61.9 £2.9)%
total  15.70 x 1073 8.72 x 1073 < 2.1MeV
D*(2010)% 11~ D*7% 1144 x 1073 31.74 6.34 x 1073 31.72 (30.74+0.5)%
DOt 2461 x 107® 6826 13.65 x 1073  68.28 (67.7+0.5)%
total  36.05 x 1073 19.99 x 1073 (96 + 4 + 22) keV
Dy(2400)° 10t DY 81.74 33.14 5.82 33.81
Dtr~ 164.92 66.86 11.40 66.19
total 246.65 17.22 (267 + 40) MeV
Dg(2400)t 10t D0 70.97 33.47 8.25 32.99
DOrt 141.05 66.53 16.76 67.01
total 212.01 25.01 (283 4 24 + 34) MeV
Dy(2420)° 11+ D*0z0 8.38 34.49 5.78 33.90
Dt~ 15.91 65.51 11.27 66.10
total 24.29 17.05 (27.1 £ 2.7) MeV
Dy(2420)% 11T D**q0 8.31 32.87 5.75 33.05
D*Or+ 16.97 67.13 11.65 66.95
total 25.27 17.40 (25 + 6) MeV
Dy(2430)° 21+ D*0z0 75.93 33.14 13.54 33.46
D*tn~ 153.19 66.86 26.93 66.54
total 229.12 40.47 (384737 4+ 74) MeV
D3(2460)° 12+ D7 13.80 21.87 1.29 23.08
DYz~ 26.68 42.31 2.42 43.29
D*070 7.67 12.17 0.66 11.81
D*tr~ 14.64 23.22 1.22 21.82
DO 0.28 0.43 0.0028 0.05
total 63.08 5.59 (49.0 + 1.4) MeV
Dj3(2460)* 12t  Dt70 13.48 21.04 1.24 21.56
DOrt 27.60 43.07 2.57 44.70
D*+r0 7.50 11.70 0.63 10.96
DO+ 15.28 23.84 1.31 22.78
Dty 0.23 0.35 0.0021 0.04
total 64.07 5.75 (37 + 6) MeV

Table 4.14. Open-flavor strong decay widths, in MeV, and branchings, in %, of the well established D mesons.

The D(2550) meson has been seen only in the decay mode D*mr, thus its possible
spin-parity quantum numbers up to J = 3 are J¥ =07, 17, 2= and 3*. It is the lower
in mass of the newly discovered mesons and within the possible assignments, the 0~
is the most plausible because the remaining options are very far in mass, ~ 3.0 GeV,
according to our quark model prediction. Table 4.16 shows the decay widths of the
D(2550) meson. There are only two open channels, D*r and Djmr, with different
predictions attending both decay models. The total width predicted by the * P, model
is in very good agreement with the experimental one, however, the microscopic model
predicts a lower value. The helicity-angle distribution of D(2550) turns out to be also
consistent with the prediction of a 215 state. Therefore, the 215, assignment appears
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Meson nJP Channel T p,  Bsp, T'mic. DBuic. Exp.
Ds1(2536)" 11t D*TK® 043 43.48 4.86 47.32
DK+ 056 56.52 541 52.68
total 0.99 10.27 < 2.3MeV

D#,(2573)" 12+  DtKY  8.02 4295 3.03 44.27
DK+ 869 46.54 3.36 49.09
D**KY 082 440 0.19 2.78
DK+ 106 567 025 3.65
Din 0.08 044 0.014 0.21
total  18.67 6.84 20 + 5MeV

Table 4.15. Open-flavor strong decay widths, in MeV, and branchings, in %, of the well established Ds
mesons.

D(2550) as nJP =20~
Channel | I'sp,  Bsp, I'mic. B

D*r 131.90 99.87 0.17  0.87
Dy 0.18 0.13 1948 99.13
total 132.07 19.65

Table 4.16. Open-flavor strong decay widths, in MeV, and branchings, in %, of the D(2550) meson with
quantum numbers nJ =207,

the most plausible looking our results.

The D*(2600) meson decays into D7 and D*7 final states, thus its possible quantum
numbers are J = 17, 27 and 37. The helicity-angle distribution of D*(2600) is found
to be consistent with J” = 1~. Moreover, its mass makes it the perfect candidate to be
the spin partner of the D(2550) meson. The predicted mass is about 100 MeV above
the experimental value and this is typically found in quark models. Table 4.17 shows
its strong decays as a 235 state, we find D*m as the dominant decay mode being its
decay into D7 final state smaller in the 3Py model and of the same order of magnitude
in the case of the microscopic one. Therefore the ratio of branching fractions measured
experimentally are predicted as

0.32+£0.024+0.09 Exp.
=<0.20 3P, (4.55)
1.09 Mic.

B(D*(2600)° — D7)
B(D*(2600)0 — D*t7)

The 3P, model predicts a reasonable value if we compare with the experimental one,
but the microscopic prediction is worse. The total width predicted by the 3P, model is
again in good agreement with the experimental data. The prediction of the microscopic
model is lower than the experimental one but with the correct order of magnitude. If
this assignment was correct, there would be traces of Dn, D;K and D*n.

There is a strong discussion in the literature about the possible quantum numbers
that could have the mesons D;(2750) and D%(2760) providing a wide range of
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D*(2600) as nJP =21~
Channel | T'sp,  Bsp,  T'mic.  Buie.

Dn 10.84 11.19 23.17 44.14
D*r 54.10 55.83 21.20 40.39
Dn 11.86 12.24  2.23 4.25
DK 8.73  9.01 3.11 5.92
D*n 9.65 9.95 1.10 2.10
Dy 0.28  0.29 1.67 3.18
Dix 144 1.49 0.0071 0.01
D3m 0.01  0.00 0.0066 0.01
total 96.91 52.49

Table 4.17.  Open-flavor strong decay widths, in MeV, and branchings, in %, of the D*(2600) meson with
quantum numbers nJ¥ =217,

assignments. It is important to take into account the experimental observations about
these two mesons reported in Ref. [133] before assigning any quantum number. First,
despite of the two mesons are close in mass and their total widths are similar, they are
considered different particles. Second, the helicity-angle distribution of both mesons is
compatible with an angular momentum between quark and antiquark equal to L = 2.
Third, the D;(2750) and D% (2760) mesons have been seen only in the decay mode D*m
and D, respectively. And finally, the following branching ratio has been measured

B(D%(2760)° — D*7~)
B(D,(2750)° — D*+7-)

=0.42£0.05+0.11. (4.56)

These data allow two scenarios. The first one in which the D;(2750) has quantum
numbers nJ” =127 or 31~ and the D%(2760) meson is a 13~ state. And the second
one in which the D;(2750) meson has quantum numbers nJ” = 127 or 13~ and
the D%(2760) meson is a 31~ state. Tables 4.18 and 4.19 show the open-flavor
strong decays of both mesons taking into account the two allowed scenarios. We
concentrate on the prediction of the 3P, decay model to distinguish between the
different quantum numbers. The model prediction for the mass of the nJ¥ = 31~
state is 2935 MeV, which is larger than those of the D;(2750) and D%(2760) mesons.
Moreover, the theoretical decay width for the nJ¥ = 31~ state considering that this
is either the D;(2750) or D*%(2760) meson is ~ 300 MeV, in strong disagreement with
the experimental data. This rules out the scenario 2, where the D%(2760) meson is
considered as the nJ” = 31~ state, and simplifies the scenario 1, where the D;(2750)
meson as the nJ” =127 state and the D%(2760) meson as the nJ” = 13~ state seem
the most plausible assignments. The *P, model, assuming the possible assignment,
gives a total width of 230 MeV and 116 MeV for the D;(2750) and D*%(2760) meson,
respectively. We obtain a value of 0.68 for the branching ratio written in Eq. (4.56).

Two new charmed-strange resonances, D} (2710) and D?;(2860), have been
observed by the BaBar Collaboration in both DK and D*K channels [135]. The
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D;(2750) as nJ* =12~ Dy(2750) as nJ” =31~ D*%(2760) as nJ” =13~

Channel | Tsp Bsp, Twic. Bumic. | I'sp,  Bsp,  TMic.  Buic. | I'sp,  Bsp,  I'mic. B

Dr - - - - 25.87 764 16.17 12.00 | 48.37 41.55 0.13 1.62
D*r 7111 30.93 6.14 10.01 | 24.89  7.35 0.01 0.01 | 4344 3731 0.16 1.99
Dn - - - - 13.90 4.11 5.93 4.40 7.08 6.08 0.04 0.50
DK - - - - 34.81 1029 1143 848 2.68 2.29 0.0049 0.06
Dy 0.92 0.40 049 0.80 - - - - - - - -
D*n 4.01 1.75 113 1.84 | 10.21  3.02 0.44 0.33 2.78 2.39 0.12 1.49
Dym 3.91 1.70 296  4.82 | 154.29 4559 7747 5749 | 0.88 0.76 222 27.59
Dim 0.14 0.06 0.08 0.13 1.30 0.38 5.50 4.08 1.06 0.91 1.64  20.38
D3m 0.95 041 3.7  6.10 3.38 1.00 1.92 1.43 3.03 2.60 3.36  41.75
DiK 0.81 035 091 148 | 1341 3.96 0.45 0.33 0.56 0.48 0.0018 0.02
D,K; 0.35 0.15 0.04 0.07 - - - - - - - -

Dp 113.28 49.28 36.34 59.22 | 44.04 13.01 12.10 8.98 5.42 4.66 0.28 3.48
Dw 3443 1497 953 1553 | 12.36  3.65 3.33 2.47 1.13 0.97 0.09 1.12
total 229.86 61.37 338.46 134.75 116.41 8.05

Table 4.18. (Scenario 1) Open-flavor strong decay widths, in MeV, and branchings, in %, of the D;(2750)
and D7(2760) mesons with quantum numbers nJ” =127 or 317 and 137, respectively.

D;(2750) as nJ¥ =12~ D;(2750) as nJ¥ =13~ D*(2760) as nJ =31~

Channel | Tsp,  Bsp, Twic. Bumic. | I'sp,  Bsp,  TMic.  Buic. | I'sp,  Bsp,  I'mic. B

Dr - - - - 46.32  43.03  0.07 1.05 | 2422 715 1646 12.14
D*r 71.11 3093 6.14 10.01 | 40.83 3793  0.07 1.05 | 23.94 7.07 0.02 0.01
Dn - - - - 6.48 6.01 0.05 0.75 | 13.34 3.94 5.99 4.42
DK - - - - 2.36 2.18 0.0052 0.08 | 35.52 10.49 1199 8.84
Dgm 0.92 040 049 0.80 - - - -
D*n 4.01 1.75 113 1.84 2.36 2.18 0.12 1.80 | 10.28  3.04 0.41 0.30
D 3.91 1.70 296  4.82 0.74 0.68 1.84  27.63 | 151.33 44.69 73.97 54.54
Dim 0.14 0.06 0.08 0.13 0.92 0.85 147 2207 | 1.27 0.37 5.39 3.97
D3 0.95 041 3.7  6.10 2.43 2.25 2.73  41.05 | 4.22 1.25 4.49 3.31
DiK 0.81 035 091 148 0.46 0.42 0.0016 0.02 | 1454 4.29 0.49 0.36
DK 0.35 0.15 0.04 0.07 - - - - - - - -

Dp 113.28 49.28 36.34 59.22 | 4.01 3.72 0.23 3.45 | 46.68 13.78 12.85 9.48
Dw 34.43 1497 9.53 1553 | 0.81 0.75 0.07 1.05 | 1331  3.93 3.56 2.63
total 229.86 61.37 107.64 6.66 338.63 135.62

Table 4.19. (Scenario 2) Open-flavor strong decay widths, in MeV, and branchings, in %, of the D;(2750)
and D% (2760) mesons with quantum numbers nJ” =127 or 13~ and 317, respectively.

available experimental results on these two states are

M (D73, (2710)7) = 2710 £ 2712 MeV,  T(D?,(2710)7) = 149 £ 7739 MeV,
M(D:,(2860)%) = 2862 + 273 MeV,  I'(D?;(2860)") = 48 + 3 + 6 MeV,
(4.57)

with respect masses and widths, and the next branching ratios

B(D?,(2710)* — D*K)
B(D*(2710)* — DK)

=0.91£0.13 £0.12,
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Dz(2710) as nJF =21~
Channel | T'sp, Bsp,  I'mic.  Buic.

DK+ | 1830 10.72 0.55 0.62

DYKY | 1869 1095 0.54 0.61

DK+ | 49.27 2885 0.02 0.02

D*tKY | 4851 2841 0.03 0.03
Dgyn 3.67 215 030 0.34
Din 951 557 0.03 0.03

D*Ky | 2280 13.35 87.21 98.35
total | 170.76 88.68

Table 4.20. Open-flavor strong decay widths, in MeV, and branchings, in %, of the D}, (2710) meson with
quantum numbers nJF =217,

B(D?,(2860)* — D*K)
B(D*,(2860)* — DK)

= 1.10 + 0.15 4 0.19, (4.58)

with DK = DTK® + D°K* and D*K = D**K° + D**K*. In the D*K channel, the
BaBar Collaboration have also found the evidence for the D;;(3040) whose mass and
width are 3044 4+ 872" MeV and 239 + 35715 MeV, respectively. There is no signal of
D;;(3040) in the DK channel [135].

It is commonly believed that the D¥ (2710) is the first excitation of the D meson.
Our quark model predicts a mass in this energy range but also for the 215, state.
However, if the D (2710) had quantum numbers J* = 0~ it would not decay into DK
final state, and this is incompatible with the branching ratio measured experimentally.
Therefore, Table 4.20 shows the open-flavor strong decays of the D¥ (2710) meson as
the 23S, state. Both decay models give a large total width, being the prediction of
the 3Py model in agreement with the experimental data. The result of the microscopic
model is lower than the experimental one. The branching ratio of Eq. (4.58) predicted
by both decay models is

0.9140.134+0.12 Exp.
—{2.64 3P, (4.59)
0.05 Mic.

B(D?(2710)* — D*K)
B(D?,(2710)* — DK)

which are in strong disagreement with the experimental value. We observe a strong
coupling of the 235; state with the D*K} final channel in the microscopic model but
also a moderate coupling is noticed with the ® P, model.

Once the assignment of the D¥ (2710) is done and according to the observed decay
modes, the possible spin-parity quantum numbers of the D?,(2860) are J& = 17, 2F
and 37. The 2% assignment is disfavored because it would be the excitation of the
D?,(2573) meson and our model predicts a mass about 3.1 GeV. In Table 4.21 we show
the open-flavor strong decays of the D*;(2860) as the third excitation of the 1~ meson
and as the ground state of 37 meson. The comparison between experimental data and
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D*,(2860) as nJ!” =13~

D7 ,(2860) as nJ” =31~
Channel | T'sp, Bsp,  I'mic.  Buie.
DK+ | 2628 17.15 0.19 0.15
DYKY | 27.06 1766 0.20 0.16
DK+ | 1928 1258 3.67  2.92
D*tKO | 19.15 12,50 3.58 2.84
Dgn 12.12  7.92 042  0.33
Din 506 330 0.06 0.05
D*K} 715  4.67 117.55 93.36
DK* 37.10 24.22 0.24  0.19
total | 153.19 125.91

Isp,  Bsp,  DImic.  Buic.
19.60 23.03 1.79 18.38
18.97 22.29 1.65 16.94
13.38 15.71 0.19 1.92
12.79 15.03 0.16 1.64
1.06 1.24 0.03 0.31
0.35 0.41 0.0036 0.03
16.16 18.99 5.92 60.78
2.81 3.30  0.0007  0.00
85.12 9.74

Table 4.21.

quantum numbers nJ” =317 or 137.

Open-flavor strong decay widths, in MeV, and branchings, in %, of the D} ;(2860) meson with

Dy 7(3040) as nJ¥ =31+ Dy ;(3040) as nJ¥ =41+
Channel | T'sp, Bsp,  I'ic. Buic. | T'sp, Bsp,  I'mic.  Buic.
DK+ 12.56 4.16 12.23  10.05 | 26.49 6.13 10.83 3.14
D*t KO 12.66 4.20 12.16 9.99 26.99 6.24 10.86 3.15
DK; 0.76 0.25 3.51 2.88 0.30 0.07 17.61 5.10
Din 3.26 1.08 1.95 1.60 4.97 1.15 2.92 0.85
DK 0.02 0.01 1.08 0.89 1.10 0.25 0.70 0.20
DK™ 44.28  14.69 0.30 0.25 | 100.38 23.21 8.00 2.32
Dion 0.97 0.32 0.43 0.35 1.66 0.38 0.03 0.01
DiK 2.81 0.93 0.08 0.07 2.31 0.53 5.90 1.71
D*K* 156.78 52.00 13.43 11.03 | 130.91 30.27 20.78 6.02
DK 39.81 13.20 58.04 47.67 | 11.58 2.68 26.01 7.54
D/IK 0.69 0.23 0.40 0.33 0.04 0.01 5.27 1.53
D5 K 11.19 3.71 12.63 10.37 | 123.74 28.61 235.67 68.30
Do 15.54 5.15 4.73 3.88 1.97 0.45 0.15 0.04
Dgin 0.19 0.07 0.78 0.64 0.09 0.02 0.30 0.09
total 301.52 121.75 432.54 345.03
Table 4.22. Open-flavor strong decay widths, in MeV, and branchings, in %, of the D,;(3040) meson with

quantum numbers nJ” =31 or 417,

our predictions is as follow

(48 4+ 3+ 6MeV  Exp.
153.19 317
ISt
(D7, (2860)) = { [ 85.12 137 |
12591 31~
oL sl Mic.
| 974 13"
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(1.10+£0.154+0.19 Exp.
B(D:,;(2860)* — D*K sl P
(D,(2860)" = D'K) _ [ 65 13- ’ (4.60)
B(Dz,(2860)* — DK) L
18.58 31~ ,
Mic.
[ [0.10 13-

The microscopic model does not give satisfactory results. Following the 3P, model,
the nJ? = 13~ assignment appears to be the most plausible, with reasonable values for
the total decay width and the branching ratio. The total width might not be sufficient
to discard the other possibility, moreover, the ratio is in reasonable agreement with
the experimental one. Therefore, to distinguish between the two possibilities further
experimental studies in the remaining decay modes Dyn, Din, D*K; and DK* are
needed. The nJ! = 317 state has traces in D,n and D?n while the 13~ state has
none of them. Moreover, the dominant decay mode between D*Kj and DK™ changes
depending on the assignment.

The mean 2P multiplet mass is predicted to be near the mass of the Dj;(3040)
resonance. Therefore, the possible assignments are the 0 which only decays into DK,
the 17 which only decays into D*K and the 2% which decays into DK and D*K. The
only decay mode in which D,;(3040) has been seen until now is the D*K, and so the
most possible assignment is that the D;;(3040) meson being the next excitation in the
1" channel. Table 4.22 shows the open-flavor strong decays of the D, ;(3040) meson as
the nJ” = 317 or 417 state. The mass of D,;(3040) is large enough to allow decays
to (D, D))K, (Dq,D;)K and DZyn, with different features in the two cases. Other
allowed modes are DK* and Dy¢. Its total width, 239 & 35715 MeV, indicates that
this state should be very broad. The nJ¥ = 31" and 41" states seem to have large
total decay widths according to the prediction of the ®F, model, being that of the
nJ¥ = 317 state in better agreement with the experimental data.

4.5.4 Results for T states

Table 4.23 shows the strong decay widths predicted by the P, and the microscopic
models for the 17~ bb states which are well established in PDG [78]. Following
Eq. (4.52), the value of v of the 3Py model is 0.205. The notation B; B, includes the
By B, and B; B, combination of well defined CP quantum numbers. For the kinematics
we use experimental masses.

One can see that the general trend of the total decay widths is well reproduced in
the case of the Py model. The total widths are lower in the microscopic model without
improving the agreement with the experimental data.

The Y(45S) is the first 17~ bottomonium state above the BB threshold, 10.56 GeV.
This state only decays into the BB final channel. We have incorporated the isospin
breaking via the experimental masses. In Table 4.23 we compare the theoretical
branching fractions with the experimental ones for the two possible channels BT B~ and
BB°. One can see that despite the mass of the T(45) is very close to the thresholds,
the difference between branching fractions of both channels is negligible due to the small
difference between masses of the B* and B°. Our branching fractions are in agreement
with the experimental data in both decay models although the width predicted by the
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Meson State Channel | T'sp Bsp, T'wic.  Buic. | Bexp. [78]

Y (4S) 43S,  BTB~ |1041 50.54 1.31 50.58 | 51.6 £0.6
B°BY | 10.18 49.46 1.28 49.42 | 484+ 0.6

BB 20.59 100 2.59 100 > 96
20.5 +2.5 total | 20.59 2.59

T(10860) 5°S; BB 6.22 2229 355 11.21 | 55+1.0
BB* | 1183 4241 13.78 4354 | 13.7+1.6
B*B* | 0.09 032 1217 3845 | 38.1+34
BeB, | 096 345 0.014 0.04 | 05+£05
BeBr | 115 411 037 1.17| 1.440.6
B:B* | 765 2742 177 559 | 17.4+27

BWBW | 976 3498 215 6.80|19.3+29
55 + 98 total | 27.89 31.65

YT(11020) 635, BB 418 528 072 3.4
BB* | 1549 1957 6.30 28.34
BB, |40.08 50.64 270 12.14
BB, 395 498 0.62 279
B*B* | 11.87 14.99 11.43 51.42
BeBs | 007 009 020 0.0
BB | 150 189 023 1.03
B:B | 202 256 0.031 0.14
79 4 16 total | 79.16 22.23

Table 4.23. Open-flavor strong decay widths, in MeV, and branchings, in %, of T states. Experimental data
are taken from Ref. [78].

microscopic model is quite small.

The possible two-body final states of the Y (5S) are BB, BB*, B*B*, B;By BB
B:B:. Despite the *P; model predicts a total width and branching fractions in
reasonable agreement with the experimental data, there are two theoretical values
that strongly disagree with the experimental ones. On one hand, the channel B*B*,
being dominant according to the experimental data, appears suppressed in the 3B,
model. This is due to the small value of the overlap integral between wave functions.
On the other hand, the branching fraction B(Y(55) — B B{”) is about a factor 2
higher than that measured experimentally. We have recovered a reasonable width with
the the microscopic model although the branchings are not good.

There is no data about the open-flavor strong decays of the YT (6.5) resonance. Only
its total width has been reported in the PDG. Whereas the 3Py model predicts a total
width in good agreement with the experimental one, the microscopic model predicts
one too small. The final channels BB*, BB; and B*B* are dominant according with
both decay models.
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4.6 Charmonium resonances in the string breaking region

The breaking of the color electric string between two static sources is a phenomenon
predicted by QCD and it is the basis of the meson decay and the hadronization process.
Although there is no analytical proof, it is a general belief that confinement merges
from the force between the gluon color charges. When two quarks are separated, due
to the non-Abelian character of the theory, the gluon fields self interact forming color
strings which brings the quarks together. In a pure gluon gauge theory the potential
energy of the ¢q pair grows linearly with the quark-antiquark distance. However in full
QCD the presence of sea quarks may soften the linear potential, due to the screening
of the color charges, and eventually leads to the breaking of the string.

Lattice QCD calculations with dynamical fermions indicate that color screening
effects on the linear potential do exist at large distances and can be parametrized in
terms of a screening length p~! [201]. Recently string breaking effects have been shown
for ny = 2 lattice QCD [68].

From a phenomenological point of view the screening effects can be related to
properties of the quarkonium system. In fact, the knowledge of the properties of the
high excited quarkonium states may help to determine the form of the confinement in
this region.

The Belle Collaboration have very recently reported a measurement of the exclusive
ete™ — A A, cross section [87]. A clear peak at M = 46347372 MeV is observed.
Besides this significant near threshold enhancement, the cross section shows several
structures up to 5.4GeV. Similar structures has been observed in the exclusive
measurements of the eTe™ — D**D*F cross section using initial state radiation [202)]
and in the analysis of the eTe™ — J/¢mm data [89)].

These data have been analyzed by different authors. Van Beveren et al. [203, 204]
conclude that the near threshold enhancement can be explained as a combined effect
of a normal threshold behavior and a sub-threshold zero in the amplitude at 4.5 GeV.
Moreover, they found indications for four not very broad (30 —60 MeV) new c¢ states at
4.79 GeV, 4.87GeV, 5.13 GeV and 5.29 GeV. On the other hand Bugg [205] concludes
from the analysis of the same data that the near threshold enhancement may be
interpreted as the X (4660) when a proper form factor is used in the phase space.

Although data are not yet conclusive, the region above the A A, threshold is of
indubitable interest to determine the behavior of the confinement interaction near the
string breaking region.

In this section we undertake the study of the J¥¢ = 17~ ¢¢ high excited states up
to the string breaking threshold. These are the accessible quantum numbers from the
ete” entrance channel. Our aim is to characterize these states (energies, leptonic and
strong widths) to look for these properties in future experiments.

In Table 4.24 we summarize our results. Our state with a mass of 4614 MeV is
identified with the X (4630) meson. The X (4660) resonance is assigned to the following
state in mass, M = 4641 MeV. In addition we found 14 bound states up to 1235, and
113D;. Some of them coincide with the ones suggested by [204] although, given the
experimental uncertainties, we do not want to stress too much this agreement. The
main feature concerning the masses is that as far as we approach to the string breaking
threshold the S and D-wave states become more and more degenerated making difficult
to separate them experimentally. Moreover the leptonic and strong widths become
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State  Mrpe. (MeV) Mgy, (MeV) T'eto— (keV) Dominant B T'ioral (MeV)

539, 4614 46341512 0.57 D*Dj  0.41 206.37
43D, 4641 4664 + 11 0.31 D*D*  0.30 135.06
639, 4791 4790 0.42 D*D3  0.33 103.86
53D, 4810 0.28 D*D* 0.40 68.12
4870
739, 4929 0.32 D*D* 0.20 66.45
63D, 4944 0.24 D*D*  0.40 55.93
839, 5036 0.24 D*D* 0.24 52.95
73D, 5048 0.20 D*D*  0.33 52.35
93S,; 5117 0.17 D*D* 0.26 41.23
83D, 5126 5130 0.16 D*D* 0.30 42.19
1039, 5175 0.12 D*D* 0.25 30.24
93D, 5182 0.11 D*D*  0.27 32.39
1139, 5214 0.07 D*D*  0.24 20.21
103D, 5219 0.07 D*D* 025 21.29
1239, 5236 0.03 D*D* 0.24 10.15
113D, 5239 0.03 D*D* 0.24 9.98
5290

Table 4.24. High excited J¢ =177 ¢ states. Some properties are shown.

smaller. This can be seen in panels (a) and (b) of Fig. 4.6 where, for completeness, we
have included the results obtained for the lower 17~ c¢¢ states. The measured strong
widths agree reasonably well with our calculation, reaching a maximum around a mass
of M = 4.6 GeV. After this maximum, the widths decrease due to the competition
between phase space and meson wave function overlaps. In almost all the resonances
the most important decay channel is the D* D*. The experimental data around 4.6 GeV
is clearly out of the systematic, which maybe an indication of a more complex structure
for the X (4630) and X (4660) states.

The situation is similar regarding the leptonic widths shown in panel (b) of Fig. 4.6.
As in the former figure we show the results for the lower states together with our
current results. Once again the model reproduces the measured widths showing a clear
difference between S and D wave states. This behavior is an important tool to assign
quantum numbers to the resonances. In particular the measurement of the X (4360)
leptonic width will confirm our assignment. As far as we are approaching to the string
breaking threshold the widths are narrower and the difference between S and D-wave
states become smaller.

In panel (c) of Fig. 4.6 we show the quadratic mean radius for these mesons. As
expected these are extended objects with a radius that grows as one gets closer to the
string breaking threshold.

Then the scenario drawn from this calculation consists in several narrow resonances
near the string breaking threshold which include S and D-wave states. The only
possible way to resolve these two angular momentum contributions is to look to some

specific ratio, like R = FF((XHDD*)) shown in panel (d) of Fig. 4.6, which range from 1.5

X—D*D*
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Figure 4.6. (a): Total widths, in MeV, of the 17~ ¢¢ states. Solid dots are the experimental data taken
from Refs. [78, 87, 206]. Solid (open) squares are our results for the higher (lower) states. (b): Leptonic
widths, in keV, of the 17~ ¢ states. Solid dots are the experimental data taken from Refs. [78, 97]. Solid
(open) squares are our results for higher (lower) S-wave states. Solid (open) triangles are our results for higher
(lower) D-wave states. (c): Solid squares are the theoretical mean square radius, in fm, of the resonances in

Table 4.24. (d): The ratio R = lf(g(x:iDDf;,g) predicted by the model is shown by solid squares (triangles) for

S-wave (D-wave) states.

to 0.7 for S-wave states and is around 0.2 for D-wave states.

Finally, we compare our results with the efe” — J/¢rm and efe — A,
data. We will use those of van Beveren et al. [203, 204] where the subtraction of
the non-resonant signal has been carried out assuming Breit Wigner forms for the
cc resonances. Some of the experimental predicted structures are well reproduced.
The most significant differences are the resonance below 4.9 GeV and the one around
5.3GeV. The discrepancy at 4.9 GeV cannot be explained by interference effects
or modifications in the Breit-Wigner shapes because the nearby resonances are too
separated, as shown in Fig. 4.7. The discrepancy around 5.3 GeV has a different origin
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Figure 4.8. Same as in Fig. 4.7 varying the confinement parameters as explained in the text.

because our threshold is below this region.

In order to show the sensitivity of the spectra to the confinement potential
parameters we have changed the a. and p. model parameters of the confining
interaction, leaving its product constant which guarantees that the slope of the

confinement remains the same.

The results are shown in Fig. 4.8. With this

parametrization we clearly improve the agreement in the 5.3 GeV region, although
the precision of the data is not enough to decide about the 4.9 GeV region. The price
to pay is to loose part of the consistency with the whole meson spectra. These results
show the interest of this region to constrain the confinement interaction.
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+

4.7 Charmonium resonances in ¢ e~ exclusive reactions

Exclusive open-charm production in e*e™ annihilation provides important information
on the charm quark dynamics in the 4 — 5GeV puzzling region of the JF¢ = 17~
charmonium spectrum. The heaviest well-established JP¢ = 17~ charmonium state,
1(4415), was first observed 30 years ago by the MARK I and DASP Collaborations [207,
208]. Subsequently, e*e™ annihilation cross section measurements in the region of the
1(4415) were reported by the Crystall Ball and BES groups [209, 210]. No update of
resonance parameters was done until 2005 when an alternative fit to these last data
was performed by Seth [84]. Recently the BES Collaboration reported new values for
the ¥ (3770), 1 (4040), ¥ (4160) and 1(4415) resonance parameters which are derived
from a global fit to their cross section measurements [97].

The Belle Collaboration has recently performed measurements of the exclusive
cross section for the processes ete™ — DD ™ [211] and eTe” — D'D* nt [212]
over the center-of-mass energy range 4.0 GeV to 5.0 GeV. In the first reaction they
found a prominent peak in the cross section which is interpreted as the ) (4415).
From the study of the resonant structure in the 1 (4415) decay, they conclude that
the final channel D°D~n*t is reached through the DD3(2460) intermediate state.
Using a relativistic Breit-Wigner function parametrization they obtain the value of the
B(v(4415) — DD3(2460)) x B(D3;(2460) — Dz") product of branching fractions and
the mass and width of the ¢(4415). From the measurement of the ee™ — DYD* 7"
exclusive cross section reported in Ref. [212], they provide upper limits on the peak
cross section for the process ete”™ — X — D°D*~n" where X denotes X (4260),
X (4360), ¥ (4415), X (4630) and X (4660). Although only the value concerning the
1(4415) is significant.

We have seen that our assignment of the 1(4415) as a D-wave state leaving the
4S5 state for the X (4360) agrees with the last measurements of the leptonic width [97].
Now we want to perform a study of the two above reactions to test if our result is also
compatible with the measurements of Belle.

We assume the reaction ete” — X — DD®r and parametrize the cross
section using a relativistic Breit-Wigner function including Blatt-Weisskopf corrections.
The relativistic Breit-Wigner amplitude for the process efe”™ — resonance —
hadronic final state f at center-of-mass energy /S can be written as

M,\/Teel]
S — M2 +iM,T,

TH(VS) e (4.61)
where r indicates the resonance being studied, M, is the nominal mass, I', is the full
width, T'¢® is the leptonic width, I'/ is the hadronic width for the decaying channel f
and ¢, is a relative phase.

When there are more than one resonance in the same energy range and we measure
the same decay channel, the spin-averaged cross section is a coherent sum of the Breit-
Wigner amplitudes for each resonance

M,/ TeeT!

B 2J+1) 167
o(VS) = 25, + (25 +1) S Z S— M2+ iM,T,

el (4.62)
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Now, we introduce the energy dependence of the widths following Ref. [97]. The
angular momentum dominant partial width of a resonance decaying into one channel

is given by [213]
2L+1

r/(V8)=T,~L—, (4.63)
Br
with Z; defined as Zy = pPj, where P is the decay momentum and p is a free
parameter whose value is around the range of the interaction (on the order of a few
fermis), the physical results are insensitive to its precise value. The energy-dependent
partial wave functions By (Zy) are given in Ref. [213] or [214]

BO — 17
B, =1+ 22,
1 - (4.64)
By =225+ 4527 + 62} + Z3,
and T, is related with the partial width at the mass of the resonance, I'y, as
; B (R)
=Ty (4.65)
Z?LJrl(PO)
Then our final expressions for the partial and total width are given by
Z2L+1 P B (P
(V/8) = T 2l ) o)
Zy tH(Py) BL(Py)
(4.66)

M+fz

2M,
My+V/'S

where the term is a relativistic correction factor [213].

4.7.1 The process ete™ — DD~ r™

This process has been studied by Pakhlova et al. in Ref. [211]. They perform a separate
study of the efe™ — DD3(2460) and ete™ — D(D7) non—p3(2460) concluding that the
ete™ — DD~77 is dominated by X — DD}(2460).

Assuming X = 1(4415) and a relativistic Breit-Wigner function to fit the data,
the peak cross section for the process efe™ — X — DD3(2460) is o(efe” —
$(4415)) x B(¥(4415) — DD3(2460)) x B(D3(2460) — D) = (0.7440.17+0.08) nb.

Using that
127 ..

2 b
mx Lot

olete” = X) = (4.67)
the authors of Ref. [211] estimate B(1)(4415) — DD3(2460)) x B(D3(2460) — Dnt) =
(10.5+£2.4 £ 3.8)% or (19.5 £ 4.5+ 9.2)% depending on the different parametrization
of the 1)(4415) resonance (Refs. [78] and [97], respectively).

Furthermore, taken from Ref. [78] the branching fraction for D}(2460) — Dz, one
can estimate B(¢(4415) — DDj) = 0.47 using the resonance parameters of Ref. [7§]



118 4.7. CHARMONIUM RESONANCES IN ETE~ EXCLUSIVE REACTIONS

X (4360) 1(4415)
The. Exp. The. Exp.

Mass (MeV) | 4389 4361 +9+9 | 4426 4415.1+7.9
Ciot (MeV) 1139 74£154+10 | 159.0 71.54+19.0
[ee (keV) 0.78 - 0.33 0.35+0.12

Table 4.25. Resonance parameters predicted by our constituent quark model for the X (4360) and (4415).
The experimental data are taken from Ref. [78] for X (4360) and Ref. [97] for 1) (4415).

or 0.86 using those of Ref. [97]. Note that there are two final charged states in the
calculation of B(D3(2460) — D7*) and we give the branching fraction of the process
1(4415) — D D3 in function of the DD} state and not in function of the DD} one.

The theoretical calculation of the ete™ — D°D~7t cross section can be divided
in three steps. The first one is the resonance production ete” — X which can be
given in terms of the leptonic width. The second and third steps are the strong decays
1(4415) — DD3(2460) and D3(2460) — Dm+ which can be calculated using the 3P
model. These two partial widths are involved in the calculation of the I'Y in Eq. (4.62)
because in the case under study we have I'/ = T'(X = (4415) — DD3(2460) —
DDmt) which is equal to I'(X = ¢(4415) — DD3(2460)) x B(D3(2460) — Drt).

We show the prediction of our model for the mass, the total width and the leptonic
width of the resonance (4415) in Table 4.25. First, we calculate the branching
fractions B(D3* — D°t) and B(Di® — D~7nt)

B(D;t — D7) = 0.4295 (Exp.: 0.4368 & 0.0901),

_ 4.68
B(D;? — D™ 7") = 0.4296 (Exp.: 0.4706 & 0.0285), (4.68)
which agree with the experimental values of Ref. [78]. Furthermore the ratios
(D3t — D7)
R, = =1.8106 (Exp.: 1.9+£1.1+0.3
' T(D;T = D) B : (4.69)
(D — D7+ '
Ry = LD ™) 18138 (Exp.: 1.56 + 0.16),

F(D;O — D7)

also agree with the experimental data of Ref. [78].

However, when in a similar way we calculate the B(v¢(4415) — DDj) we obtain
for the B(y(4415) — DDj) = 0.15 which clearly disagrees with the estimation of
Ref. [211].

Our model prediction for the cross section is shown in panel (a) of Fig. 4.9. One
can see that our result is very far from the experimental data. In order to test if this
disagreement is due to the 3D character of our resonance we repeat the calculation
using the parametrization of Ref. [98] where the 1)(4415) is described as a 4S5 state.
Although the result approaches the experimental data, see Fig. 4.9(b), it still does not
describe the full cross section. Certainly, the theoretical results have some uncertainties
coming either from the wave functions used in the Py model or the leptonic width. To
minimized these uncertainties we have used in Fig. 4.9(b) the experimental value for
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Figure 4.9. (a): Our model prediction with only the resonance v(4415). (b): Model prediction of Ref. [98].
(¢): Our model prediction with only the resonance X (4360). (d): Our model prediction with the interference
of the resonances X (4360) and (4415).

the leptonic width [78]. Using the value I'.+.- predicted by the model of Ref. [98], the
result would be a factor ~3 smaller.

Taken into account that the energy window around the nominal 1)(4415) mass in
the experiment of Ref. [211] is £100 MeV, we introduce in the calculation the resonance
X (4360) which appears as a 45 17~ ¢¢ meson in our model. The predicted mass, total
and leptonic widths are shown in Table 4.25. Panel (c) of Fig. 4.9 shows how this
resonance alone cannot reproduce the data but the interference between the X (4360)
and 1(4415), panel (d) of Fig. 4.9, produces a remarkable agreement with the data.

Using the interference of the two resonances, the theoretical value for the exclusive

cross section o(efe™ — DD3(2460) — D°D~xt) at the 1)(4415) mass is 0.48nb. Tt
is within the error bars of the experimental value (0.62%)13) nb. Our result indicates
that the two resonances are needed to explain the experimental data.

It is interesting to notice here that the X(4360) has the DD; and DDj as the
dominant decay channels. Naively one would expect the D*D* channel to be dominant
since its decay goes through a P-wave while the dominant channels goes through a
D-wave. The suppression of the D*D* channel is due to the wave functions overlap

in the decay process. In Fig. 4.10 we show the width dependence on the mass of the
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Figure 4.10. Open-flavor strong decay widths, in MeV, of the X (4360) resonance in the D*D* (solid line),
DD, (dashed line) and DD3 (dot-dashed line) channels as a function of the mass of the resonance, in GeV.

X (4360) — D*D* 1(4415) — D*D*

ety | Jpe | Taspe(Jee,l) MeV) | Jpe | Taspe(Jpe,l) (MeV)
lp 0 1 0.367 0 1 0.031
Sp 2 1 8.500 2 1 0.006
SFy 2 3 0.001 2 3 32.519
total 8.868 32.556

Table 4.26. Partial wave decomposition of the D*D* decay channel for the X (4360) and the (4415)
resonances.

resonance for the three dominant decay channels.

As the X (4360) and 1)(4415) resonances are separated by about 40 MeV and have
a width of the order of 100 MeV it might be difficult to separate them from this
experiment. Moreover in our model the decay width to the different channels for
the X (4360) and the 1 (4415) are similar.

Following Ref. [98] a possible way to distinguish the S or D-wave character of
the resonances would be to look at the angular distribution of the D*D* decay. In
this decay channel there are contributions of three different amplitudes, 2/5¢1]; = as
shown in Table 4.26. For an S-wave c¢ state the °P; amplitude dominates and the
°F) amplitude is almost zero while it dominates the decay in the D-wave case. So at
energies where the X (4360) dominates the angular distribution should be consistent
with a ® Py partial wave and where the 1)(4415) dominates should be a °Fj.

4.7.2 The process ete™ — D°D* 7t

Using the same philosophy we check the efe™ — D°D* 7t exclusive cross section
measured by the Belle Collaboration [212]. The exclusive cross section shows different
structures which can be interpreted as resonances. The experimental analysis of [212]
estimates from the amplitude of a relativistic Breit-Wigner function fitted to the data
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Figure 4.11. (a): Our model prediction with only the resonance 1(4415). (b): Our model prediction with the
interference of the resonances X (4360) and (4415).

Bee x B(X — D'D*~77)
X The. (x107%)  Exp. (x1079)

X (4360) 0.25 <0.72
(4415) 0.35 < 0.99

Table 4.27. The product Bee x B(X — DOD*77T+) of branching fractions calculated theoretically for
X = X(4360) or X =1(4415). Experimental data are taken from Ref. [212].

an upper limit of 0.76 nb for the peak cross section at Eey = My4415)-

We calculate the cross section following the same procedure as before. Again the
resonance production ete” — X has been calculated and is given in Table 4.25. Now,
the second and third steps are the strong decays 1)(4415) — D*~D** and D** — D*.

The theoretical result for the branching fraction B(D** — D% ™) is 0.6870, in
very good agreement with the experimental value 0.677 £ 0.006 of Ref. [78]. For the
other branching fraction, B((4415) — D*D*), there is no experimental data. Our
theoretical result is 0.20.

The calculation of the cross section including the t(3D) resonance with M =
4426 MeV alone does not reproduce the full strength of the resonance at Eep, = My 415)
and the result is improved when the X (4360) is added. See Fig. 4.11.

From the cross section of Fig. 4.11(b) we calculate the peak cross section for the
ete” — D'D* 7" process at M(D°D* 7") = 4415MeV obtaining 0.45nb which is
compatible with the experimental upper limit 0.76 nb at 90% C.L.

This result is also compatible with the upper limits measured in Ref. [212] for the
branchings B.. x B(X — D°D*~7") where X denotes the X (4360) and ¢)(4415). In
table 4.27 we compare our result with the experimental value.

The X (4360) has been sometimes assigned as an unconventional charmonium state
since it was discovered in the efe™ — 7t 9 (25) decay [86] and its open-charm
decays were assumed to be suppressed. Ref. [212] gives the branching ratio B(X —
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Figure 4.12.  (a): Model prediction of the reaction e*e™ — D°D*~ 7" with the resonances X (4360) and
1(4415) (dashed line) and including (55) and (4D) (solid line). (b): Model prediction of the reaction
eTe”™ — DD~ r" with the resonances X (4360) and )(4415) (dashed line) and including v(5S) and (4D)
(solid line).

D°D*= 7)) /B(X — ntr1(25)) < 8. Since the X — w71 (2S) is an OZI suppressed
decay the value of this upper limit means that the open-charm D**D** where D**
decay into D7t should be small, which is actually the case in our model. We get
L(D°D*nt) = T'(X(4360) — D**D*7)B(D** — D) = 3.0 MeV and combined
with the experimental information we obtain I'(X(4360) — ¢(2S)nt7~) = 375keV
which is in the same order of magnitude that other similar decays. From a theoretical
point of view, the decay (c¢¢) — (cé)mm is described by QCD multipole expansion
(QCDME). In this framework the ¢(2S) — 7wJ/1 can be explained [215] and give
the same order of magnitude. The following chapter is devoted to investigate if we
can explain the value of I'(X (4360) — ¥ (2S)7n"7~) using QCDME and assuming our
assignment 45 17~ c¢ state for the meson X (4360).

Finally, data of Ref. [212] show a bump around 4.6 GeV although data of Ref. [211]
do not show this bump. Our model predicts two states ¢(55) and 1(4D) in this energy
region. The inclusion of these two resonances improves the agreement with the cross
section in the bump region, as we can see in panel (a) of Fig 4.12. This bump should
not clearly appear in the ete™ — D°D~7", as one can see in panel (b) of Fig. 4.12,
due to the small width of the ¢(5S5) and ¥(4D) states into DD3(2460) channel.

4.8 Description of the D,;(2536)" decay properties

New data related with the D,;(2536) meson has appeared recently. The BaBar
Collaboration has performed a high precision measurement of the Dg;(2536) decay
width obtaining a value of (1.03 &+ 0.05 £ 0.12) MeV [198]. Furthermore, the Belle
Collaboration has reported the first observation of the Dy;(2536)" — DTn~ K decay
measuring the branching fraction [216]

D41(2536) — Dta K+
D,1(2536)+ — D*TK©

= (3.27+0.18 + 0.37)%. (4.70)
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They also measured the ratio of the S-wave amplitude in the Dy (2536)" — D** KV
decay finding a value of 0.72 + 0.05 4+ 0.01.

In this Section we study, without heavy quark approximations, the reaction
D4 (2536)" — DTn~ K as well as the angular decomposition of the Dg;(2536)" —
D*T K° decay in order to gain insight into the structure of the P-wave charmed-strange
mesons. As the DYw~ pair in the final state is the only D7 combination that cannot
come from a D* resonance, we will describe the reaction through a virtual D** meson
since Mp«o < Mp+ + M, -.

In the model described in this work, a tetraquark csnn state has been predicted
by Vijande et al. in Ref. [217] with quantum numbers [J¥ = 01" and mass
M = 2841 MeV. If this state is present it should be coupled to the J¥ = 1% ¢35
states.

Working in the HQS limit, the csnn tetraquark has three different spin states,
|01/2), [11/2) and |13/2) where the first index denotes the spin of the nn pair and
the second the coupling with the 5 spin. Although we use the 3P, model to calculate
the meson decay widths, a description of the coupling between the D, meson and the
tetraquark based on this model is beyond the scope of the present calculation. However,
we will use it here to select the dominant couplings and parametrize the vertex as a
constant C's. The model assumes that the nn pair created is in a J = 0 state which
means that the D, states will only couple with the first tetraquark component which
has spin 1/2 for the three light quarks. In the HQS limit the heavy quark is an
spectator and the angular momentum of the light quarks has to be conserved so that
the tetraquark will only couple to the ¢5 j, = 1/2 state.

For that reason we couple the tetraquark structure with the j, = 1/2 ¢5 state. This
choice differs from the one performed in Ref. [217] where the tetraquark is only coupled
to the ! P} state and not to the 3P;. However this choice has several advantages: it has
the correct heavy quark limit, it may reproduce the narrow width of the D (2536)"
state and it is in agreement with the experimental situation which tells us that the
prediction of the heavy quark limit is reasonable for the j, = 3/2 state but not for the
Jq = 1/2 one.

In this scenario we diagonalize the matrix

Msp,  Cso \/gcs
5o My /iCs |, (4.71)

C
VECs \JACs M

where Msp = 2571.5MeV, Mip = 2576.0 MeV and Mz, = 2841 MeV are the masses
of the states without couplings, the Cso = 19.6 MeV is the coupling induced by
the antisymmetric spin-orbit interaction calculated within the model and C is the
parameter that gives the coupling between the j, = 1/2 component of the *P; and
1P, states and the tetraquark. The value of the parameter Cs = 224 MeV is fitted to
the mass of the Dy;(2460). We get the three eigenstates shown in Table 4.28. There
we also show the probabilities of the three components for each state and the relative
phases between different components. A 17 state with an important component of
csnn tetraquark structure is found at 2973 MeV.

M =
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M (MeV) S(3GP) PGP) S(tP) P(P) S(csnn) P(csnn)

2459 — 55.7 - 18.8 + 25.5
2557 + 277 — 72.1 + 0.2
2973 + 16.6 + 9.1 + 74.3

Table 4.28. Masses and probability distributions for the three eigenstates obtained from the coupling of the
D; and tetraquark states. The relative sign to the tetraquark component is also shown.

M (MeV) T (MeV) R1 RQ Rg(%)
Exp. 1.03+£0.05£0.12 1.27+0.21 0.724+0.05+0.01 3.274+0.18 +0.37
2557 0.99 1.31 0.66 14.07
2593 190.17 1.09 1.00 13.13
2554 11.24 1.11 0.97 13.19

Table 4.29. Width and the three branching ratios defined in the text. The first row shows the experimental
data and the second shows our results for the Ds1(2536) state given in Table 4.28. For completeness we give
in the last two rows the results for the two 17 ¢5 states predicted by the naive CQM.

We now calculate the different decay widths for the Dy;(2536)" state of Table 4.28.
As expected the D*K decay width is narrow I' = 0.99 MeV. As the DK decay is
suppressed the total width would be mainly given by the D*K channel and is in
the order of the experimental value I'ex, = (1.03 £ 0.05 & 0.12) MeV measured by
BaBar [198]. Of course the value strongly depends on the *P, 7 strength parameter
that has been determined by a global fit of the total decay widths of mesons which
belong to charmed, charmed-strange, hidden charm and hidden bottom sectors. It also
depends on the fact that we have only coupled the 1/2 state with the tetraquark making
the remaining state a purest 3/2 which makes it narrower. If we would include an small
coupling between the 3/2 state and the tetraquark our Ds;(2536) will be broader.

There are two other experimental data that does not depend on the v parameter,
namely the branching ratio [78]

T(D,1(2536) — D*K+)

Ry = —1.2740.21 472
' T(D41(2536) — D*+KO) ’ (4.72)

and the ratio of S-wave over the full width for the D**K° decay [216]

_ Ts(Ds(2536)" — D*FK)
- T(D.(2536)" — D*+K9)

R, = 0.72 4+ 0.05 + 0.01. (4.73)

The first branching ratio should be 1 if the isospin symmetry was exact. However the
charge symmetry breaking in the phase space makes it different from this value. The
effect is sizable since the Dy (2536)7 is close to the D*K threshold and for this reason
it also depends on the details of the D, wave function. We get for this ratio the value
Ry = 1.31 in good agreement with the experimental one.

Notice that in order to get Ry different from one, we need to have a state with high
Jq = 3/2 component. In our case we get a value of Ry = 0.66 close to the experimental
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one. The fact that our result is smaller than the experimental value indicates that the
probability of the j, = 3/2 state is high which is in agreement with the fact that we
get a narrow state.

Finally we calculate the branching

(D1 (2536)" — Dtr=K+)

R: =
P T(Dy1(2536)F — D*+KO)

= (3.27 +£0.18 + 0.37)%. (4.74)

The reaction in the numerator goes through a virtual D** as explained previously and
for that reason the branching is small. We get the value R3 = 14.1%, a factor 3 — 4
greater than the experimental one. This value seems not to depend on the details of
the D, wave function.

All these results for the width and the ratios R;, R, and R3 are summarized in
Table 4.29. We also show, for the sake of completeness, the results for the two 17
states without coupling to the csnn tetraquark. None of these two states agree with
the full set of experimental values.






Chapter 5
Hadronic transitions

We call hadronic transition to the reaction
(I)]—)(I)F+h, (51)

where ®;, &5 and h stand for the initial state quarkonium, the final state quarkonium
and the emitted light hadron(s), respectively. The kinematically allowed final
hadron(s), h, are dominated by single particle (7°, n, w, ...) or two particle (27 or
2K) states.

Hadronic transitions are one of the most important decay modes of heavy
quarkonium when they are below open-flavor threshold. For instance, the first observed
hadronic transition, ¥(2S) — J/i¢7m, has a branching fraction of approximately
50% [78]. If these rates are large, they will significantly reduce the branching ratios of
photon transitions.

However, hadronic transitions do not only concern the states below open-flavor
threshold. Most of the XY Z mesons discovered recently have been found through
them [13], but also they have been used to find expected charmonium and bottomonium
states as the reported discovery of h,(1P) and hy(2P) produced via ete™ — hy(nP)nn
in the Y(55) region [140].

In the charmonium and bottomonium systems, the typical mass difference between
initial and final mesons is around a few hundred MeV, so that the typical momentum of
the light hadron(s), h, is low. Since they are converted from the gluons emitted by the
heavy quark (antiquark) in the transition, the momentum of the emitted gluons is also
low. Therefore perturbative QCD does not work in the description of these processes
and certain nonperturbative approaches are needed for studying hadronic transitions.
QCD multipole expansion (QCDME), proposed in Ref. [218] and recently reviewed
in Ref. [215], appears as a feasible approach and has worked quite well in predicting
hadronic transition rates in the c¢ and bb systems [219-222].

We want to apply the theoretical framework of QCDME to calculate the nrw
transitions between the triplet states of ¢ and bb systems. QCDME approach requires
a model for hybrid mesons, and so we propose one coming from our constituent quark
model.

5.1 QCD multipole expansion

The multipole expansion has been widely used for studying radiation processes in
which the electromagnetic field is radiated from local sources. If the radius, a, of a
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local source is smaller than the wave length, A, of the radiated electromagnetic field
such that a/\ ~ ka < 1 (k stands for the momentum of the photon), ka can be a
good expansion parameter and one can, for instance, expand the electromagnetic field
in powers of ka.

The nonrelativistic nature of heavy quarkonium provides the possibility to solve the
bound state problem through the Schrodinger equation with a given potential model.
The typical root-mean-square radius, a = v/r2, of the ¢ and bb states obtained in this
way is about 107! fm. The hadronic transitions are characterized by the emission of
soft gluons with a momentum k ~ a few hundred MeV, so that ka is of the order of
107! and the idea of multipole radiation can be applied.

The gauge-invariant formulation of multipole expansion within QCD was given by
Tung-Mow Yan in Ref. [218]. Following Ref. [215], we introduce

U (7, t) = U T, t)(x), |
%AZ’(:E, t)y=U*(z, t)%A;(x)U(f, t) — iU—l(:a )0, U(Z,1), 52

Js

where ¢(z) and Af(x) are the quark and gluon fields and U(Z, ) is defined by
— _ . g )‘a ra /= —
U(Z,t) = Pexp |igs [ ?A (@, t)-d'| , (5.3)
X

in which P is the path-ordering operation, the line integral is along the straight-line
segment connecting the two ends, X = (¥; + #3)/2 is the center of mass position of @
and @, and ¥ denotes 7 or Z. With the transformed fields of Eq. (5.2), the part of
the QCD Lagrangian related to the heavy quarks becomes

Lo :/\If {fy“ (i@u — gs%Afj) — m} Udx

1 . )\a - 1 = )\a —
_ _g_S/Z\If(xl,t)v‘)?\l/(m,t)m‘l’(@,t)707W($27t)d3$1 s,
0
(5.4)

where \g/2 = 1. Note that the transformed quark field ¥ (Z,¢) is dressed with gluons
through U~!(Z,t) defined in Eq. (5.3). From Eq. (5.4) the dressed quark field, ¥ (7, 1),
is the field that interacts via the static Coulomb potential. In addition, it is the
transformed gluon field AZ’ , not the original A7, that appears in the covariant derivative
in Eq. (5.4). Af contains non-Abelian contributions through U(Z, ).

Based on Eq. (5.4) one can write an effective Lagrangian as

Lot :/\Il {fy“ (i@u - gs&AfL’) — m} Udix
8 —
/Z‘I’ 7,1 WO—G‘I’(%, t) [0a0 Vi (|21 — Z5]) (5:5)
a=0

R Aa oo,
+(]_ - 5@0)‘/2(|=T1 - l‘2|)] \I/(I‘Q, t)’}/O?\I/(ZL‘Q, t)dgl‘l dgfL‘Q,
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where Vi (|71 — #5|) is the static potential, including the confining potential, between
Q and Q in the color-singlet state, and Va(|#) — &) is the static potential between Q
and @ in the color-octet state.

Inside the quarkonium one has that |7 — X | < a, thus one can expand the gluon

field A%/(%,t) in Taylor series of (¥ — X) at the center of mass position X. The Taylor

series is an expansion in powers of the operators (7 — ) V and (¥ — ) x V applying
to the gluon field. After operating on the gluon field with the gluon momentum £k,
these operators are of the order of ka. This series is QCD multipole expansion. The
operation above leads to

AY(Z ) = AYV(X 1) — (F—X)- EY(X . t)+...,
. (5.6)
t

where E® and B¢ are color-electric and color-magnetic fields, respectively.

The Hamiltonian formulation is more convenient when one wants to apply
nonrelativistic perturbation theory. The corresponding Hamiltonian derived from the
above formulation is [215]

Hen = Hoep + Holp, (5.7)
where
HY, = / U (3, )0 (0, ) B (B, )0 (T, 1) A2y P (5.8)
with
H=— (82+82)+V1(\:c1—:c2| +ZA Aa 28V (| — Ta|) + 2mo (5.9)
2mg ’
and
HéCD = Hy + Ho,
Hl = QaA8<X7t)7 (510)
Hy= —d, - E*(X,t) — g - BYX,0) + ...,
in which
Ha D205
Qu=gr | ¥ (x,t);‘ll(:c,t)d z,
7 2 )\a -
i, = gE/(f— X)W 0220 ), (5.11)
- gM — ¥ t(= —*)\a = 3
Mo = 7 (Z—X)x W (x,t)v;llf(x,t)d x,

are the color charge, color-electric dipole moment, and color-magnetic dipole moment of
the QQ system, respectively. Considering that the heavy quark may have an anomalous
magnetic moment, we have taken in Eqs. (5.11) the symbols gg and g to denote the
effective coupling constants for the electric and magnetic multipole gluon emissions,
respectively.
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P;

Figure 5.1. A hadronic transition as a two-step process, emission of gluons from heavy quarks (MGE) and
the conversion of gluons into light hadrons (H).

We are going to take H(S)%D as the zeroth order Hamiltonian, and take HS%D as a

perturbation. This is different from the ordinary perturbation theory since Hg)()jD is not

a free field Hamiltonian. HS%D contains strong interactions in the potentials in H , SO

that the eigenstates of Hg)()jD are bound states rather than free field states. For a given

potential model, the zeroth order solution can be obtained by solving the Schrodinger
equation with the given potential. Moreover, we see from Egs. (5.11) that only H; in

HS%D is of O((ka)'). Note that H; is of O((ka)®), we treat H; nonperturbatively and
keep it in the propagator.

The general formula for the S matrix element between the initial state |I) and the
final state |F) in this expansion has been given in Ref. [221], which is

<F|S|[> = —i27r5(EF+wF — E[)X
1 1

X <F|H2 ) : HQ-..HQ ) -
EI—HQCD—i_ZaO_Hl E[—HQCD+Z80—H1

Hy |I),

(5.12)
where wp is the energy of the emitted gluons. This is the basic formula to study

hadronic transitions in QCDME.

5.2 Spin-nonflip hadronic transitions with two pions

These processes are dominated by double electric-dipole transitions (E1E1). The
transition amplitude can be obtained from the S matrix element presented in Eq. (5.12)
which in this case is given by [215]

2
. T 1 -
Mpip = (2B (Pph|Z- E O — - E|®p), (5.13)
6 E; — Holp — Dy

where 7 is the separation between Q and Q, and (Dg)pe = 6500 — s fapeAS. Let us
insert a complete set of intermediate states with the principal quantum number K and
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the orbital angular momentum L. Then Eq. (5.13) can be written as

2
-9E - 1 1T T =
Mpipr =1 E (Pph|Z - E|KL)y (KL| 5 - |K'LY (K'L'|Z - E|®y) .
0 K,LK'.I' Er — HégD — 1D

(5.14)
The intermediate states in the hadronic transition are the states after the emission
of the first gluon and before the emission of the second gluon, see Fig 5.1. They are
states with a gluon and a color-octet QQ and thus these states are the so-called hybrid
states. It is difficult to calculate these hybrid states from first principles of QCD. So
we take a reasonable model, which will be explained below, to describe them.
With this model, the transition amplitude, Eq. (5.14), becomes

g2 Splrp| KL) (K L|z|P
Mpip = ’Lg—EZ (Prlrel KL) (K L|n| ) (r|ELEY|0), (5.15)
6 T Er— Exr

where F is the energy eigenvalue of the intermediate vibrational state |K L). We see
that, in this approach, the transition amplitude factorizes into the vertex of multipole
gluon emissions (MGE) from the heavy quarks and the vertex of hadronization (H)
describing the conversion of the emitted gluons into light hadron(s), see Fig 5.1. The
first factor concerns the wave functions and energy eigenvalues of the initial and final
state quarkonium and the intermediate states. These can be calculated for a given
potential model. Let us now consider the treatment of the second factor. The scale of
the H factor is the scale of light hadrons which is very low. Therefore the calculation of
this matrix element is highly nonperturbative. Therefore we take a phenomenological
approach based on an analysis of the structure of this matrix element using PCAC and
soft pion technique in Ref. [223]. In the center-of-mass frame, the two pion momenta
¢1 and ¢, are the only independent variables describing this matrix element. According
with Refs. [223, 218], we can write this matrix element as [215]

L o)) | BLEEO) = — 22— x
(a0 ma @) L) = e

, (5.16)
X [Cl5kl(ﬁQ2u + O <QIkQ2l + quq2k — §5klffl : 52)} )

where C] and Cy are two unknown constants.
Finally, the transition rate is given by [219]

D@y y,) = @p(PH py,)mm) =
2

1D\ (L 10\ .

ZL:@L“) (0 0 0) <0 0 0) Jiv

+ (2l + D) (2lp +1)(2Jp + 1) Z(% +1)(1+ (=DF {S lr JF}2 H|Cy|?x (5

2
e 1L\ (L 1 0\ [y L 1\ .
Z(2L“)<0 0 0) (0 0 0){1 k ZF} IF

L

2
5lIlF5JIJF <G|Cl‘2 - _H‘CQ|2)
3

X
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L= ; m l / drr?’RF(r)RKL(T)} l / AP R (R | (5.18)

where R;(r), Rp(r) and Ry (r) are the radial wave functions of the initial, final and
intermediate vibrational states, respectively. The initial state and the vibrational state
have masses M; and Mgy,.

The quantities G and H are the phase-space integrals

M 4 2\ 1/2
G—é—wa*/dM}jﬂK (1— m”) (M2 —2m2)?,

4 M M2 o
1 M Am2\ /2
:%VFW:*/dMﬁWK <1 . A;”;) X (5.19)
I T
2 K2 SK*
M2 _4 2\2 1 = M4 2 2M2 4
|02, a2 (14355 )+ pogr M+ 2202 ot
with K given by
1
K — ST (M + Mp)? — M2 ] [(M; — Mp)? — M2 ]2 (5.20)

The constant C can be determined by the measured rate of ¢ — J/¢¥wm. However,
the constant Cy enters the decay rates for transitions such as 2°Pp — 13P; + 7,
13D; — 13S; + 7, etc. We use the width measured experimentally for the 13D; —
135S, + 7 transition to determine C5. Now we need a model which describes the
vibrational states to perform the calculation.

5.3 A model for hybrid states

Although the gross features of the meson spectrum strongly suggests a qq structure
assignment for most of the states, such simplicity looks peculiar when viewed from the
perspective of QCD, in which quarks couple strongly with a self-interacting gluonic
field. From the generic properties of QCD, we might expect to have states in which
the gluonic field itself is excited and carries J”¢ quantum numbers. A state is called
glueball when any valence quark content is absent, the addition of a constituent quark-
antiquark to an excited gluonic field gives us what we call a hybrid meson.

The gluonic quantum numbers couple to those of the g pair. This coupling can
give rise to so-called exotic JP¢ mesons, but also can produce hybrid mesons with
natural quantum numbers. We do not seek exotic states, we are more interested in
those involved in the calculation of hadronic transitions within the QCDME.

Estimates of hybrid meson properties have traditionally followed from models. Two
models that address this issue are the quark confining string (QCS) model [224-226]
and the flux-tube model [227]. Both have been applied to the heavy quark sector.
Within the nonrelativistic framework, the models assume that the heavy quark and
antiquark are situated at the ends of the string and allow that the string vibrates. They
calculate the vibrational energy of the string as a function of the distance between the
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quark and the antiquark. This is then treated as an effective potential, V,,(r), inserted
into the bound state equation.

We adopt the QCS model because it was used in the early works of QCDME and it
incorporates finite quark mass corrections. The QCS model is defined by a relativistic-,
gauge- and reparametrization-invariant action describing quarks interacting with color
SU(3) gauge fields in a two dimensional world sheet. The model has no gluonic degrees
of freedom, but has instead string degrees of freedom.

The string can carry energy-momentum only in the region between the quark
and the antiquark, thus the quarks appear to be at the ends of the string. In the
nonrelativistic limit, the quark mass is larger than the gluon-quark coupling constant
(with mass dimension), and in the absence of light quarks, the longitudinal modes of
the quark-antiquark pair plus the rotational modes of the string reduce to the naive
Q@ model with a linear potential. It is important to realize that the linear potential
is obtained when light degrees of freedom are factored out.

The string can also vibrate and these vibrational modes provide new states beyond
the naive meson picture. The coupled equations that describe the dynamics of the
string and the quark are very nonlinear so that there is no hope of solving them
completely. We content ourselves with the following approximation scheme. First, we
solve the string equation to obtain the vibrational mode energies as functions of r, the
interquark distance. These are then inserted into the meson equation as an effective
potential, V,,(r), between the quark and the antiquark

2
L a L(Liﬂl;l) + QmQ UKL(T) = EKLUKL(T)a (521)
mqor
where ug () is the reduced wave function of the hybrid meson and n is the vibrational
mode quantum number, for n = 0 we have the naive meson states. This approximation
is valid if the vibrational energies are bigger than the quark longitudinal-mode energies.
In the presence of both vibrational and rotational modes we will have a vibration-
rotation coupling but we ignore that.

First let us make a very crude estimate of the vibrational-mode energy as a function
of the distance r between the quark and the antiquark. We assume that the quark mass
is heavy enough so that the ends of the string are essentially fixed and separated by a
distance r. We also consider that the amplitude of the vibration is small compared with
the distance between quark-antiquark, r. Therefore, the wave equation for a string is
given by

62y<l’,t) 282y<l’,f})

’I_} e ——
ot? oxr? '

with v = /o /p. The string tension is ¢ and the mass density is p. Once boundary
conditions are imposed, the solution to the wave equation can be written as

y(z, 1) = ian sin (@> cos (”mt) , (5.23)

r r

(5.22)

n=1

nm

where k, = “F and w, = *. Now, it is important to note that we are referring to a
flux of energy and thus we have dm = dF with dm = pdx and dE = odx. This means
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that 0 = p and so v = 1. Then, the vibrational energy is given by

VO(r) — or = wlr) = 2, (5.24)
r
and can be written as nr
VU(r)=or+—. (5.25)
r
This result for hybrid states is also obtained within the flux-tube model [227]. But
physically, one expects that V,,(r) remain finite and smooth when r — 0. The solution
proposed in Ref. [227] is to incorporate an ad hoc cutoff, but in the case of the QCS is
to improve the approximation.
The next stage is to introduce a simple estimation of the shape of the vibrating
string. We continue considering that the quark mass is heavy and the ends of the

string are essentially fixed. Following Ref. [226] we obtain a vibrational energy given
by

9 1/2
V() = or <1 + %) , (5.26)
with
Ve =10 . (5.27)
n A= (2nmo)'/? (1 + %) r—0, '

where now the potential is finite when r — 0.
The last stage is to incorporate corrections to the finite quark mass. The expression
of the vibrational energy is [226]

2nm 12
Vi =or {1 T o — 2d) + 4 } = or@=on) 0:2%)
with o
=1+ 2nm + o [(r — 2d)? + 4d?]’ (5:29)

a parameter related with the estimation of the shape of the vibrating string [226], it
can take values (1 < a2 < 2). The correction due to the finite quark mass is

2
d(mg,r,o,n) = 4(2m2r+a:rran)' (5.30)
Forn =0, a? =1 and VP (1) reduces to the naive QQ one. We note that
e (r) = {crr + 2"7” T — 00, (5.31)
" (2nmo)l/? <1 + 2\/%:1@) r— 0.

In our quark model, the central part of the confining potential has the following

form 6
Vo) = = lac(1 = 7#7) — A (5.32)
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and can be written as

VCCON(T) = o(r)r + cte, (5.33)
where
1 1 — eher
o(r) = 36% (L) :
" " (5.34)
cte = —— A.
3

This means that our effective string tension, o(r), is not a constant but depends on the
interquark distance, r. In fact, it decreases with respect r until it reaches the string
breaking region.

Following the ideas of Ref. [228], the potential for hybrid mesons derived from our
constituent quark model has the following expression

Vigo (r) = VSeg(r) + Véon(r) + [Va(r) — o (r)r] + C, (5.35)

where we have not taken into account the spin-dependent terms. VSqg(r) + VEon(r) is
the naive quark-antiquark potential and V,,(r) is the vibrational one. We must subtract
the term o(r)r because it appears twice, one in VSyx(r) and the other one in V,(r).
The constant term C' is a free parameter of the hybrid model and in principle can
be different depending on the flavor sector. Its particular value will depend on our
theoretical results obtained from a global fit of the spin-nonflip hadronic transitions
between triplet states of charmonium and bottomonium.
More explicitly, our different contributions are

dovg
VC()jGE<T) = = 3r )
“ 16 o
Veon(r) = lac(l —e™") — A, (5.36)

2nmw 1/2
a(r) [(r —2d)? + 4d?] } '

where
o(r)r’*a,

4(2mg + o(r)ray)

(5.37)

d(mg,r,o,n) =

One can realize that, just like the naive quark model, the hybrid potential has a

threshold defined by
r—00 16 -~
Vign(r) == 5~ (ac = A) + C, (5.38)

The naive meson potential (QQ) and the hybrid meson potential (QQg) with respect
the interquark distance are drawn in Fig. 5.2.

5.4 Results

We are ready to calculate spin-nonflip 77 transitions between triplet states of
charmonium and bottomonium.
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Figure 5.2. Naive meson potential (QQ) and hybrid meson potential (QQg), in GeV, with respect the
interquark distance, in fm.

Initial Meson Final Meson T'ppe. (keV) Fexp. (keV)

¥(29) J /v 93.3+5.4 96.1+5.5 78]
¥(3770) J/v 53.8 + 8.4 53.27 4 7.96 78]
X (4360) (29) 1770 4 185 N [78]
X (4660) ¥(25) 73412 o 78]

T(2S) T(1S) 7.77 £ 0.78 5.79 + 0.49 78]

T(35) T(1S) 0.91 +0.34 0.89 =+ 0.08 78]

T(2S) 0.37 £ 0.14 0.50 = 0.06 78]

T(4S) T(1S) 4.53+0.63 3.65+0.67+0.65 [229]

T(2S) 0.10 £ 0.12 2.7+0.8 230]

Table 5.1. Spin-nonflip 7" 7~ transitions between triplet states of charmonium and bottomonium which have
been fitted to the experimental data to determine the free parameters. See the text for details.

Following Eq. (5.17), we need the radial wave function and the mass for the initial
and final 17~ states, but also for the intermediate vibrational states. In this case it
is more convenient to integrate the Schrodinger equation using the Numerov method
instead of the GEM one.

The calculation of hybrid charmonium and bottomonium spectrum requires fixing
the value of C' in Eq. (5.35). We have fitted it from the available experimental data
referred to the mm transitions in which we are interested. Table 5.1 shows the spin-
nonflip 77~ transitions between 1) and Y states. These transitions have been fitted
to the experimental data to determine the free parameters, which are

C1[? = (8.61+£0.45) x 1075, |Cyf? = (2.97 +0.44) x 107%,

. 5.39
C.e = (3.86 + 0.31) MeV, Cy; = (25.5 4+ 3.8) MeV, (5:39)

where the first two parameters come from the QCDME approach and, as we have seen,
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are related to our ignorance about the mechanism of the conversion of the emitted
gluons into light hadron(s). The last two are the free constant, C, of Eq. (5.35) which
has been considered as dependent on the flavor sector.

From Table 5.1 one can realize that we predict large widths for the processes
X (4360) — wr7 ¢(2S) and X (4660) — w7 ¢ (25). The X(4360) and X (4660)
have been assigned in our model as conventional 17~ cc states. Furthermore, we
obtain a reasonable global description of the hadronic widths for which there are
experimental data. We have taken into account the errors on the parameters to present
the theoretical values.

The PDG [78] collects two experimental values which involve the width of
X (4360) — w7 (2S). These are

[(rtr(25)) x T
Ftot
L(D°D*
Ry, = ( T ) < &.
T u(25))

From the first one, we obtain the experimental value shown in Table 5.1 when the
total width reported in Ref. [78] is included. Moreover, if we use our prediction of
the X (4360) leptonic width, 0.78 keV, the estimated width for the process X (4360) —
ntn~(2S) is ~1.1 MeV, which is in the order of magnitude of the theoretical result.
From the second one, we have seen before that our value of I'(X(4360) — D'D* 7 ™")
is 3MeV, and so we estimate I'(X(4360) — 77 ¢(25)) > 0.4MeV that is also
compatible with our value shown in Table 5.1.

The same kind of experimental information is available for the X (4660) particle in
the PDG. In this case we have

C(ntr=¢(25)) x T
Ftot

o DD )

P D(rtme(29))

Again, from the first one, we obtain the experimental value shown in Table 5.1 when
the total width reported in Ref. [78] is included. The predicted value of the leptonic
width for X (4660) is 0.31keV such that T'(X(4660) — 7F7¢(2S)) ~ 0.3MeV is an
estimation. The theoretical prediction seems to be below the estimation. From the
second one, we estimate I'(X(4660) — 7ntn~¢(2S5)) > 1.3 MeV, which is also larger
than the theoretical result.

The Refs. [229] and [230] mentioned in Table 5.1 are those which have reported
the last experimental data related to the hadronic transitions shown. We obtain good
agreement for the first one, but for the second one our theoretical result is low.

Once we have fixed the value of the flavor-dependent constant, C', the Tables 5.2
and 5.3 show, respectively, the hybrid charmonium and bottomonium spectrum. The
mean square radius for each state is also included.

The ground state of hybrid mesons in other approaches, such as the flux-tube model,
models with a constituent gluon and Lattice QCD, is one that has a unit of angular
momentum. We predict in the L = 1 (¢cg) sector a ground state with a mass of 4.3 GeV.
It is located around the upper limit predicted by other approaches, 4.1 — 4.3 GeV.

R, = “ =111t eV,

(5.40)

R = “ =227V,

(5.41)
< 10.
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K L=0 L=1 L=2
Mass (MeV) (Y2 (fm) Mass (MeV) (22 (fm) Mass (MeV) (r2)Y? (fm)

1 4079 0.49 4347 0.76 4533 1.00
2 4461 0.97 4635 1.22 4772 1.46
3 4724 1.43 4851 1.69 4955 1.95
4 4920 1.90 5016 2.20 5096 2.50
) 5070 2.44 5141 2.79 5201 3.16
6 5182 3.08 5234 3.53 - -

Threshold = 5245 MeV

Table 5.2. Hybrid mesons calculated in the ¢ sector. The parameter «,, whose range is 1 < o, < v/2 modifies
the energy in 30 MeV, we have taken o, = v/ 1.5.

K L=0 L=1 L=2
Mass (MeV) (7"2>1 2 (fm) Mass (MeV) (7"2>1 2 (fm) Mass (MeV) <7°2>1 2 (fm)

1 10545 0.32 10760 0.52 10896 0.68
2 10831 0.65 10973 0.81 11083 0.95
3 11037 0.92 11150 1.08 11241 1.21
4 11206 1.18 11299 1.34 11376 1.48
) 11349 1.45 11427 1.60 11493 1.75
6 11470 1.71 11537 1.88 11594 2.03
7 11575 2.00 11632 2.17 11680 2.34
8 11664 2.30 11713 2.49 11754 2.68
9 11741 2.63 11782 2.84 11817 3.05
10 11806 3.00 11840 3.24 11869 3.47
11 11860 3.41 11888 3.67 - -

12 11902 3.84 - - - -

Threshold = 11917 MeV

Table 5.3. Hybrid mesons calculated in the bb sector. The parameter «, whose range is 1 < au, < \/5 modifies
the energy in 30 MeV, we have taken a, = v/1.5.

The hybrid mesons which participate to the two-pion transitions of the J©¢ = 17~
charmonium and bottomonium mesons are just those with L = 1. One can see in
Table 5.2 that the ground state and the first excitation of L = 1 hybrid charmonium
mesons are close to X (4360) and X (4660), respectively. The width calculated using
Eq. (5.17) is sensible to the position in the spectrum of the hybrid meson with respect
that of the initial meson through Eq. (5.18). This explains why we are able to describe
well established hadronic transitions and, at the same time, to have large widths for
the processes X (4360) — m 77~ (2S) and X (4660) — 77~ (25).

Finally, Tables 5.4, 5.5 and 5.6 show the spin-nonflip 77~ transitions between 1=~
charmonium and bottomonium states.

Within the charmonium sector, besides the results already discussed, there are
two more experimental data referred to the processes 1(4040) — w7~ J/¢ and
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Initial Meson Final Meson — I'rpe. (keV)  Tpxp. (keV)

¥(29) Y(1S)  93.3+5.4 96.1+55 [78]
Y(1D) Y(1S)  53.84+84  5327+7.96 [78]
¥(39) Y(1S)  78.3+4.6 < 320 78]
»(28)  7.7140.76 -
¥(2D) ¥(18) 129 + 20 < 309 78]
Y(2S)  21.0435 -
Y(1D)  34.2422 -
¥(49) Y(1S) 27265 + 3573 -
¥(28) 1770 + 185 % [78]
Y(1D)  59.1+10.4 -
¥(3S) 135+1.1 -
Y(3D) »(1S)  2.941.0 -
¥»(25)  53.6+8.3 -
Y(1D) 285415 -
¥(3S)  6.8+14 -
¥(58) »(1S) 4025 + 609 -
¥»(28) 334486 -
Y(1D) 32417 -
¥(3S) 909 + 87 -
Y(2D) 117424 -
Y(4D) Y(1S) 102438 -
¥(28) 73412 e (78]
Y(1D)  267+18 -
¥(3S) 324453 -
Y(2D) 1253+ 7.6 -
¥»(45)  0.065 % 0.098 -

Table 5.4. Spin-nonflip 777~ transitions between 1) states.

1(4160) — wtn~J/¢. They are upper limits to the width and therefore they are
not taken into account in the fit. Our predictions, (78.3 + 4.6)keV < 320keV and
(129 £ 20) keV < 309keV, are compatible with the data.

We obtain a width of about 27 MeV for the process X (4360) — 77~ J /1. Although
our theoretical value is not very realistic, we can assert that if the X (4360) has been
seen in 7w 1)(2S5) channel, it should be also seen in 777~ .J/1 one. This is not the
case for the X (4660) if one follows our assignment of this state.

The 77 transitions of the ¢(5S), which is assigned in our model to the X (4630),
also deserves our attention. It is difficult to disentangle the structure of this particle
and to differentiate it with the X (4660), the hadronic transitions presented here can
be used to gain insight about these two particles. If the denoted X (4660) was seen in



140 5.4. RESULTS

Initial Meson Final Meson D'y, (keV) I'ixp. (keV)
T(259) T(8) 777 +0.78 5.79 + 0.49 78]
Y(1D) T(1S)  53+12 :
1(39) T(1S)  0.91+0.34 0.89 = 0.08 78]
T(25)  0.37+0.14 0.50 = 0.06 78]
T(2D) T(1S)  0.50%0.30 ;
T(25)  0.15+0.15 -
T(1D)  0.03+0.04 .
1.740.2 78]
T (4S) YT(1S) 453 +0.63 1.8+0.4 [230]
3.65+£0.67+0.65 |[229]
1.8+ 0.3 [78]
T(2S)  0.1040.12 [2.7 . 0.8] [[230]]
T(1D)  0.015£0.049 -
Y(3D) T(1S)  0.33+0.25 .
T(25)  0.06+0.10 :
T(1D)  0.32+0.19 -
T(35)  0.0003 = 0.0072 -
1(59) T(1S) 162429 590 + 40 + 90 [231]
T(25)  21.9+20 850 £ 70 £ 160 [231]
T(1D)  1.14+0.46 -
T(3S)  2.2940.68 5207299 4+ 100 231]
T(2D)  0.17+0.17 -
T(45)  0.070 £ 0.064 -
Y(4D) T(1S)  6.0+22 -
T(25)  1.91+0.68 -
T(1D)  13.89+1.90 .
T(38)  0.026 + 0.079 .
Y(2D)  0.16+0.18 -

Table 5.5. Spin-nonflip 777~ transitions between Y states.

7trJ/¢ and 77 ¢p(2S) channels, the best candidate would be the X (4630), but if
it was seen only in 777 ¢(2S) channel our assignment would be correct.

Within the bottomonium sector, the predicted w7 hadronic transitions of the Y (25)
and Y(35) states agree with the experimental data.

We use for the global fit the last experimental data related with the 77 transitions
of the Y(49) state. Table 5.5 shows the different experimental values. Despite being
different, measurements of the widths for the transitions Y (45) — 77~ Y(1S) and

Y(4S) — ntn~Y(2S) are in the order of keV. Our result for Y(4S) — 77~ T(1S)
is in very good agreement with the experimental one. However, we find a strong
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Initial Meson Final Meson — I'rpe. (keV)  Trxp. (keV)

T(65) T(1S) 1781 +79 -
T(2S) 277413 -
Y(1D)  9.7+18 -
T(3S) 121.1+5.8 -
Y(2D) 49+1.1 -
T(4S)  4.97 4 0.52 -
YT(3D) 0.040 + 0.075 -
T(5D) T(1S) 4376 + 642 -
T(2S) 483471 -
Y(1D) 1274 +55 -
T(3S) 292443 -
T(2D) 1637+ 71 -
T(45)  1.45+ 051 -
T(3D)  4.99 + 0.52 -

Table 5.6. Spin-nonflip 777~ transitions between Y states (Continuation).

disagreement between our prediction and the experimental data for the transition
T(4S) — 77~ Y (2S). Our theoretical value lies an order of magnitude below the
data.

Anomalous large rates of ete™ — YT(1.9)nT7—, T(2S)7nt7~, T(3S)nt7n~ near the
peak of the T(5S5) resonance were observed by the Belle Collaboration [231]. They are
larger than the dipion-transition rates between the lower members of the T family
by 2 orders of magnitude. The Belle data are those shown in Table 5.5, as one
can see, our results are in strong disagreement with the experimental ones. There
are two possibilities that may offer reasonable interpretations of the anomalous large
rates. First, these anomalous production rates announced by Belle are from an exotic
resonance structure different from Y (10860) [232-234] . The second is that there may
exist extra contributions that differ from the direct dipion emission, e.g. the study of
the T(10860) — Y(15,2S)nt 7~ decays in Ref. [235].

Finally, we separate in Table 5.6 the resonances Y(65) and Y(5D). The hadronic
transitions of these states suffer from large uncertainties regarding the variation of the
constant Cy; within its error range. Therefore, our theoretical results in Table 5.6 are
those without taking into account this variation, we only move the parameters |C|?
and |Cy|? within their error ranges. These two resonances of bottomonium are where
get the larger values of the widths, in the order of MeV.






Chapter 6
Weak decays of heavy mesons

Through e*e™ collisions with an energy tuned to the different bottomonium resonances,
the B-factories have become an important source of data on heavy hadrons in the last
years. The bottomonium states decay into a pair of B mesons, e.g. the T (45) resonance
decays in almost 100% of cases to a BB pair, and these B mesons decay subsequently
into charmed and charmless hadrons via weak interaction.

The kinematically clean environment, reached by the B-factories, of B meson decays
has given rise to a number of exciting discoveries in the c-quark sector, most of the
hadronic B decays involve b — ¢ transition at the quark level. To describe theoretically
the properties of these new conventional or unexpected hadrons, one must deal with
weak interaction observables which are generally concerned to the semileptonic and
nonleptonic decays of b-hadrons.

In this chapter we have performed a calculation of the semileptonic and nonleptonic
decays of B and B, mesons into charmed and charmed-strange mesons. The final
goal is to determine the matrix elements needed to calculate explicitly processes like
“B — XYZ + anything” which are generally attached to properties of the XY Z
mesons. One of the main objectives pursued in this dissertation is the analysis of the
heavy meson decays and for that reason we also want to incorporate the study of weak
decays.

6.1 Semileptonic B (B;) decays into D** (D¥*) mesons

Different Collaborations have recently reported semileptonic B decays into orbitally
excited charmed mesons providing detailed results of branching fractions. The
theoretical analysis of these data, which include both weak and strong decays, offers
the possibility for a stringent test of meson models.

Moreover, an accurate determination of the |V and |V,,| Cabbibo-Kobayashi-
Maskawa (CKM) matrix elements demands a detailed knowledge of semileptonic decays
of b-hadrons. Decays including orbitally excited charmed meson in the final state
provide a substantial contribution to the total semileptonic decay width. Furthermore,
a better understanding of these processes is also necessary in the analysis of signals
and backgrounds of inclusive and exclusive measurements of b-hadron decays.

The Belle Collaboration [236], using a full reconstruction tagging method to
suppress the large combinatorial background, reported data on the product of
branching fractions B(B+ — D**ITv;) x B(D** — D™r), where, in the usual notation,
[ stands for a light e or p lepton, the Dj(2400), D;(2430), D;(2420) and D3(2460)

143
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Belle [236] BaBar [237, 238]
(x1073) (x1073)

D;;(2400)

B(BY — D{(2400)~ 1) B(Dg(2400)~ — D) 20+0.7+05 4.4+0840.6
D1(2430)

B(B*™ — D (2400)°1 1) B(Dg(2400)° — D=7 ™) 24+04+06 26+05+04
0

B(B* — D1(2430)°1%1;)B(D1(2430)° — D*~ ) <0.7 27404405
B(B° — D1(2430)~11;)B(D1(2430)~ — D*0n™) <5 31+0.7+05
D1(2420)

B(BT — D1(2420)°11))B(D;1(2420)° — D*~7t)  4.240.74+0.7 2.97+0.17 +0.17
B(BY — D1(2420)1T1,)B(D1(2420)~ — D*97~) 54419409 2.78+0.24+0.25

D3(2460)

B(Bt — D3(2460)°111)B(D5(2460)° — D~nt)  224+03+04 1.4+02+0.20
B(B* — D3(2460)°17 1)) B(D3(2460)° — D*~7t)  1.840.6+0.3 0.9+0.2+0.20)
B(B* — D3(2460)°17 1)) B(D3(2460)° — DX=7%) 40407405 234+0.240.2

B(B® — D3(2460)"111)B(D5(2460)~ — D7)  2.24+04+04 1.1+02+0.10
B(B° — D3(2460)~ 1T 1;)B(D3(2460)~ — D*0n~ <3 0.7+0.2+0.1%)
B(B® — D3(2460)~ 111;)B(D3(2460)~ — D®)07—) < 5.2 1.840.34+0.1

Bp/pe) 0.55+0.03  0.62=+0.03 4+ 0.02

Table 6.1. Most recent experimental measurements reported by the Belle and BaBar Collaborations. [ stands
for a light e or u lepton. The symbol (x) indicates results estimated from the original data by using Bp,pe-

mesons are denoted generically as D**, and the D* and D mesons as D™,

D** decays are reconstructed in the decay chains D** — D*n* and D** — Dr¥.
In particular, the D{(2400) meson decays only through the D7 channel, while the
D;(2430) and D;(2420) mesons decay only via D*r. Both D7 and D*m channels are
opened in the case of D}(2460).

In the case of BaBar data [237, 238] the branching fractions B(D}(2460) — D™)7)
include both the D* and D contributions. As they also provide the ratio By pe) we
estimate the D* and D contributions separately. The experimental results of both
Collaborations are given in Table 6.1.

A similar analysis can be done in the strange sector for the By meson semileptonic
decays. Here the intermediate states are the orbitally charmed-strange mesons, D",
and the available final channels are DK and D*K. The PDG reports a value
B(B? — D4(2536) utv,)x B(Dg(2536)" — D*"K° = 2.4 4+ 0.7 [78] based on
their best value for B(b — B?) and the experimental data for B(b — B%)B(B? —
D1(2536) " 1,)B(Ds1(2536)~ — D*~ K°) measured by the DO Collaboration [239].

All these magnitudes can be consistently calculated in the framework of constituent
quark models because they can simultaneously account for the hadronic part of the
weak process and the strong meson decays. In this context, meson strong decay will be
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Dy(2400)  Dy(2420)  D;(2430)  D3(2460)
3Py | +, 1.0000 - - -

1p - —,0.5903  —, 0.4097 -

3p - +, 0.4097 —, 0.5903 -

3p, - - - +, 0.99993
1/2,0% | +, 1.0000 - - -
1/2,1+ - +, 0.0063  —, 0.9937 -
3/2,1% - +,0.9937  +, 0.0063 -
3/2,2% - - - +, 0.99993

D#,(2317)  Dg41(2536) Ds1(2460) DX, (2573)
3P, +, 1.0000 - - -

P - —,0.7210 —, 0.1880 -

3P - +,0.2770  —, 0.5570 -

3p, - - - +, 0.99991
1/2,0" | +, 1.0000 - - -
1/2,1+ - —,0.0038 —, 0.7390 -
3/2,1 - +,0.9942  —, 0.0060 -
3/2,2% - - - +, 0.99991

Table 6.2. Probability distributions and their relative phases for the four states predicted by CQM. In the
17 strange sector the effects of non-qg components are included; see text for details.

described through the Py and the microscopic decay models presented before. As for
the weak process the matrix elements factorize into a leptonic and a hadronic part. It
is the hadronic part that contains the nonperturbative strong interaction effects and we
will evaluate it within our constituent quark model. Further details on the semileptonic
decay calculation based on Refs. [240, 241] can be seen in Appendix F.

The semileptonic decays of the B meson into orbitally excited charmed mesons have
been studied before within Heavy Quark Effective Theory (HQET) in Refs. [242, 243].
There, only relative branching ratios could be predicted and their results depended
on the approximation used and on two unknown functions, 73 and 75, that describe
corrections of order Aqep/mg. Only the ratio ['3:2/T ps+, semileptonic decay rate with
a helicity 0 D** final meson over total semileptonic decay rate to that meson, seemed
to be stable in the different approximations. We will comment on this below.

The description of the mesons involved in the reactions is given by our quark
model. Focusing on the D** (D¥*) low-lying positive parity excitations, our CQM
model predicts the mixed states shown in Table 6.2. We have studied in a previous
section the J© = 1* charmed-strange mesons finding that the J” = 17 D,;(2460) has
an important non-qg contribution whereas the J = 1% D,;(2536) is almost a pure
qq state. The presence of non-qg degrees of freedom in the J” = 1% charmed-strange
meson sector enhances the j, = 3/2 component of the D;;(2536). This wave function
explains most of the experimental data and it is the one we will use here. For this
sector only the qq probabilities are given in Table 6.2.



146 6.1. SEMILEPTONIC B (Bg) DECAYS INTO D** (D%*) MESONS

BT — D§(2400)°1Fy; | BY — Dg(2400)~ 1Ty,
Ty 0.00 0.00
Ty 0.00 0.00
I 1.30 1.16
Ny 6.83 x 1077 6.45 x 1077
Tg 2.05 x 1076 1.93 x 1076
r 1.30 1.16

Table 6.3. Helicity contributions and total decay width, in units of 1075 GeV, for the D (2400) meson.
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Figure 6.1. Form factors and differential decay width for the BT — D§;(2400)°1" v, decay as a function of ¢°.
Very similar results are obtained for the B — D (2400)™ 1%y, decay. (a): Form factors predicted by CQM.
(b): Differential decay width predicted by CQM.

6.1.1 Semileptonic B decays into D** mesons
Semileptonic B — D{j(2400)lv; decay

The measured branching fractions are B(B* — Dg(2400)%*v,) B(Dy(2400)° — D~77)
and B(B° — Dg(2400)7 1% 1)B(D;(2400)~ — DY~). The meson D{(2400) has
JP = 0" quantum numbers and, therefore, due to parity conservation, it decays only
into D, so that we have B(D;(2400)° — D7) = B(D;(2400)~ — D°7~) = 2/3
coming from isospin symmetry.

Table 6.3 shows the different helicity contributions to the semileptonic width. In
both cases the dominant contribution is given by I';, while the rest are negligible. The
difference between the semileptonic width of the charged and neutral B meson is due
to the large mass difference between the Dj(2400)° and Dg(2400)* mesons for which
we take the masses reported in Ref. [78].

Figure 6.1 shows the ¢* dependence in the form factors and in the differential decay
width for B(B* — D{(2400)%"1;), panels (a) and (b), respectively. Similar results
(not shown) are obtained for the B(B® — D}(2400)1"1;) case.
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Bt — D1(2430)°1Fy, | B® — D;(2430) "1y,
Ty 0.23 0.23
Ty 1.35 x 1078 1.35 x 1078
Iy 0.56 0.56
N3 4.12 x 1077 4.12 x 1077
T 1.27 x 1076 1.27 x 1076
r 0.79 0.80

Table 6.4. Helicity contributions and total decay width, in units of 107'° GeV, for the D;(2430) meson.

The final results for the product of branching fractions are

(2400)° — D 7t) =2.15 x 1073,

B(B* — D}(2400)°1*v)B(D
D;(2400)” — D7) = 1.80 x 1073,

B(B° — D;(2400) 1" 1,) B( (6.1)

O % O

which compare very well with Belle data [236], (2.4 4+0.4+0.6) x 1072 and (2.0 £0.7 +
0.5) x 1073, respectively.

Semileptonic B — D;(2430)ly; decay

The only Okubo-Zweig-lizuka (OZI)-allowed decay channel for the D;(2430) meson
is the D;(2430) — D*r so that isospin symmetry predicts a branching fraction
B(D;(2430) — D*n*%) = 2/3.

Table 6.4 shows the different helicity contributions to the semileptonic width of
BT — D;(2430)°Fy, and B° — D;(2430)" 1"y, calculated in the framework of the
CQM. In this case, I'y and ', are of the same order of magnitude and give the total
semileptonic decay rate.

Panels (a) and (b) of Fig. 6.2 show the ¢* dependence of the form factors and the
differential decay width for the neutral D;(2430) channel. A very similar result is
obtained for the D;(2430)~ case.

We have in this case the product of branching fractions

B(BT — D1(2430)°"1,)B(D1(2430)° — D* " n") = 1.32 x 1073,

i} 6.2
B(B" — D;(2430) 1"1,)B(D;1(2430)” — D*77) =1.23 x 1072, (6.2)

which are a rough factor of 2 smaller than the results from the BaBar Collabora-
tion [237], (2.7 4+ 0.4 4+0.5) x 1073 and (3.1 + 0.7 + 0.5) x 1073, respectively.

Semileptonic B — D;(2420)ly; decay

As in the previous case, the branching fraction B(D;(2420) — D*r*) is again 2/3 in
our model because D;(2420) — D*r is the only OZI-allowed decay channel.

Table 6.5 shows the different helicity contributions to the semileptonic width of
the reactions BT — D;(2420)°*y, and B® — D;(2420)~T1;. The most important
contribution is given by I'y. The ratio I'/I" = 0.75 gives the probability for the



148 6.1. SEMILEPTONIC B (Bg) DECAYS INTO D** (D%*) MESONS

08 T T T T T T T T 25 T T T T T T T T
@ (b)
0.7 Frcmmmmmmm T E
................... .l ,
o6
P
05 | B %
Y § 15
04t TR %
[ ha)
03 | E v if
C
02 f,. b °
oxp e 1 05
ok e |
01 I I I I I I I I 0
0 1 2 3 4 5 6 7 8 9
q° (Gev?) o* (Gev?)

Figure 6.2. Form factors and differential decay width for the BT — D;(2430)°17v; decay as a function of ¢°.
Very similar results are obtained for the B — D;(2430) 1T, decay. (a): Form factors predicted by CQM.
(b): Differential decay width predicted by CQM.

BT — D1(2420)°1y; | BY — Dy(2420)" 11y,
Ty 0.38 0.38
Ty 1.94 x 10~8 1.93 x 1078
Iy 1.17 1.16
Ty 7.16 x 1077 7.15 x 1077
Tg 2.17 x 1076 2.17 x 1076
r 1.55 1.54

Table 6.5. Helicity contributions and total decay width, in units of 107*® GeV, for the D1(2420) meson.

final D;(2420) meson to have helicity 0. This result is in agreement with the values
0.72 — 0.81 obtained in the HQET calculation of Ref. [243].

Fig. 6.3 shows the ¢* dependence of the form factors and the differential decay width
for neutral D;(2420) channel, in panels (a) and (), respectively. Again, a very similar
result is obtained for the charged case.

The product of branching fractions are

B(B' — D;(2420)°I"1,)B(D;(2420)° — D* 7t) = 2.57 x 1073,

i 6.3
B(B® — D(2420) " 1T1;)B(D1(2420)” — D*n7) = 2.39 x 1073, (6:3)

which in this case compare very well with the latest BaBar data [238], (2.97 + 0.17 £
0.17) x 1073 and (2.78 4 0.24 4 0.25) x 1073, respectively.

Semileptonic B — D3(2460)lv; decay

The semileptonic decay is studied by reconstructing the decay channel Dj(2460) —
DW= using the decay chain D* — D% for D* meson and D° — K~ 7% or
Dt — K rnftxt for D meson. What is actually measured is the product of
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Figure 6.3. Form factors and differential decay width for the BT — D;(2420)°17v; decay as a function of ¢°.
The differences with respect B® — D;(2420) 1Ty, are negligible. (a): Form factors predicted by CQM. (b):
Differential decay width predicted by CQM.

Bt — D3(2460)° 1Ty, | BY — D3(2460)" 1ty
Ty 0.44 0.44
Ty 2.56 x 1078 2.57 x 1078
Iy 0.90 0.91
N3 5.27 x 1077 5.29 x 1077
I'g 1.54 x 1076 1.55 x 106
r 1.34 1.35

Table 6.6. Helicity contributions and total decay width, in units of 107'% GeV, for the D3(2460) meson.

branching fractions B(B* — D3(2460)°"1,)B(D3(2460)° — D~x*) and B(B*t —
D3(2460)°0 1) B(D5(2460)° — D™ 7+).

In Table 6.6 we show the different helicity contributions to the total width. The
main contribution is I';, in both neutral and charged D3;(2460) channels, providing
almost 2/3 of the total width. The following one is 'y, the rest of the contributions
being negligible. Again our ratio I'y, /T" = 0.67 is in agreement with the values 0.63—0.64
obtained in Ref. [243] using HQET.

Figure 6.4 shows the ¢* dependence in the form factors and in the differential decay
width, panels (a) and (b), respectively, for the BT — D3(2460)% ", decay. Very similar
results (not shown) are obtained for the B® — D3(2460)~ v case.

The subsequent strong decays which appear are D}(2460) — D*r~ and D3}(2460) —
Dr~. In Table 6.7 we show the strong decay branching ratios obtained with the 3P,
and the microscopic models. They are in good agreement with experimental data [78].

Finally, we obtain the products of branching fractions for both decay chains
considering that the total width of the D3(2460) meson is the sum of the partial widths



150 6.1. SEMILEPTONIC B (Bg) DECAYS INTO D** (D%*) MESONS

3

‘
25 | 1
T 2f
>
i
tr i g
5 15
08 | R =
/ o
e
0.6 . [ 1k
_T1
04 e 100 x T, (GeV?)
-------- -100 x T4 (GeV?) 0.5
02 w100 X Ty (GEVE)
0 ‘ ‘ ‘ ‘ ‘ 0 ! ‘ ‘ s ‘
o 1 2 3 4 5 6 7 8 o 1 2 3 4 5 6 7 8
o Gev?) o* (Gev?)

Figure 6.4. Form factors and differential decay width for the BT — D3(2460)°17 v, decay as a function of ¢°.
Very similar results are obtained for the B® — D3(2460) 11, decay. (a): Form factors predicted by CQM.
(b): Differential decay width predicted by CQM.

Branching ratio Exp. 3Py Mic.
(D5t — Dx+)/T(Dy" — DOx%)  1.9+41.14£03 180 1.97
['(D3Y — Dtn™)/T(D3° — D*tr™) 1.56 4+ 0.16 1.82 1.97
I'(D} — Dr)/T(Ds — D7) 0.6240.03+0.02 0.65 0.66

Table 6.7. Open-flavor strong branching ratios for D3(2460) collected by the PDG [78] and our theoretical
results calculated through the 3P, and the microscopic models.

of D*m and D7 channels since these are the only OZI-allowed processes
1.44 x 1073
1.48 x 1073

0.79 x 1073
0.75 x 1073

B(B* — D3(2460)°171,)B(D;(2460)° — D7) = {

B(B' — D;(2460)°1"1,)B(D3(2460)° — D* 71) = {

) ) . L 1.34 x 1073
B(B — D3(2460)"1"1)B(D5(2460)" — D7) = {1.38 x 1073

) ) ) e 0.74 x 107°
B(B" — D3(2460)"1"11)B(D3(2460)~ — D*'n~) = {0.70 x 1073

where the first one refers to the calculation using the 3P, model and the second one
comes from the microscopic model. These results are in very good agreement with
BaBar data [238], (1.440.240.2) x 1073 and (0.940.2+0.2) x 103 for the Dj(2460)°
meson, and (1.1 +0.2 +£0.1) x 1072 and (0.7 £ 0.2 £ 0.1) x 1073 for the D3}(2460)~

1MesoI1.

Summary of the results

Final results and their comparison with the experimental data are given in Table 6.8.
Except for the D;(2430), the predictions are in very good agreement with the latest
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Belle [236] BaBar [237, 238] 3P Mic.
(x107%) (x1073) (x1073)  (x107?)

D} (2400)
B(B* — D;(2400)°171)B(D(2400)° — D~ nt) 24404406  26+0.5+04 2.15 2.15
B(B® — D(2400)~ 111,) B(Dg(2400)~ — D7) 204£07+£05 444+08+0.6 1.80 1.80
D1(2430)
B(B* — D1(2430)°1% 1) B(D;(2430)° — D*~n) <0.7 27404405 1.32 1.32
B(B® — D1(2430)~1*1)B(D1(2430)~ — D*97™) <5 31407405 1.23 1.23
D1(2420)
B(B* — D1(2420)°1%1))B(D1(2420)° — D*~nt)  42+£0.7£0.7 297+£0.17+0.17  2.57 2.57
B(B® — D;(2420)"1*1))B(D1(2420)~ — D*77)  544+19+0.9 278+0244+025 239 2.39
D3(2460)
B(B* — D3(2460)°1 1) B(D3(2460)° — D~7) 22403+04 144024020 1.43 1.47
B(B* — D3(2460)°1%1)B(D5(2460)° — D*~7%)  1.840.64+0.3 0.9+0.24 0.2 0.79 0.75
B(B* — D3(2460)°171)B(D5(2460)° — D®~=7t) 4.0+0.740.5 23+0.2+0.2 2.22 2.22
B(B® — D}(2460)~1T1)B(D5(2460)~ — D°7~) 22404404 1.1+0.240.1® 1.34 1.38
B(B® — D3(2460)~ 1% 1;)B(D3(2460)~ — D*07™) <3 0.740.2+0.1¢) 0.74 0.70
B(B® — D35(2460)~ 1T 1) B(D3(2460)~ — D&)07~) <5.2 1.840.3+0.1 2.08 2.08
Bppo 0.55+0.03  0.62+£0.03+0.02  0.65 0.66

Table 6.8. Most recent experimental measurements reported by the Belle and BaBar Collaborations and their
comparison with our results. [ stands for a light e or p lepton. The symbol (x) indicates the estimated results
from the original data using BD/D(*).

experimental measurements, Belle for Df;(2400) and BaBar for D;(2420) and D;(2460).
For the D;(2430) there is also a strong disagreement between experimental data in the
neutral case.

6.1.2 Semileptonic B, decays into D!* mesons

The semileptonic decays of B, meson into orbitally excited charmed-strange mesons
(D) provides an extra opportunity to get more insight into this system.

We have mentioned that the j, = 1/2 doublet, D},(2317) and Dy (2460), shows
surprisingly light masses which are below the DK and D*K thresholds, respectively.
These unexpected properties have triggered many theoretical interpretations, including
four quark states, molecules, and the coupling of the ¢¢g components with different
structures. In this work, we have seen that while the D;(2317) meson can be explained
as a qq structure, the D (2460) meson has an important non-¢g contribution.

We have calculated the semileptonic B, decays assuming that the D}* mesons are
pure ¢q systems. For the D?*,(2317) and D;;(2460), which are below the corresponding
D™ K thresholds, we only quote the weak decay branching fractions. Concerning the
D,1(2460), the 1 P, and 3P, probabilities change with the coupling to non-qg degrees of
freedom. What we do here is to vary these probabilities (including the phase) in order
to obtain the limits of the decay width in the case of the Dy (2460) being a pure ¢q
state, see Fig. 6.5. Assuming that non-¢g components will give a small contribution to
the weak decay, experimental results lower than these limits will be an indication of a
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Figure 6.5. Decay width for the B — Ds1(2460)~ " v, decay as a function of the ' Pi component probability.
The sign reflects the relative phase between ' P; and *P; components: —1 opposite phase and +1 same phase.

Experiment Theory
(x1073) (x1073)

D7,(2317)
B(B? — D?,(2318) u*v,,) - 4.43
Dg1(2460)
B(B? — Dy (2460)" n"v,) - 1.74 — 5.70
D,1(2536) 3Py Mic.
B(B? — D41(2536) nv,)B(Ds1(2536)~ — D*~K°)  2.4+£0.7[78,239] 2.05 2.24
D35(2573) 3P, Mic.
B(B] — D35(2573)" ' v,)B(D}5(2573)~ — D™ K") - 1.70  1.77
B(B? — D?,(2573) v, )B(D%,(2573)~ — D*~KY) - 0.18 0.11
B(BY — D*,(2573)" utv,)B(D%(2573)~ — D¥~KY) - 1.88 1.88

Table 6.9. Our predictions and their comparison with the available experimental data for semileptonic Bs
decays into orbitally excited charmed-strange mesons.

more complex structure for this meson.

For the decay into D,(2536), our model predicts the weak decay branching
fraction B(BY — Dg1(2536)uty,) = 4.77 x 107 and the strong branching fraction
B(D.(2536)" — D*~K°) = 0.43 (0.47) for the 3P, (microscopic) model. The final
result appears in Table 6.9. It is compatible with the existing experimental data [78],
which to us is a confirmation of our result about the g nature of this state.

In the case of the D¥,(2573) meson the open strong decays are DK and D*K,
so the experimental measurements must be referred to B(B? — D%,(2573) ptv,)
B(D:,(2573)~ — D~ K°) and B(B? — D?,(2573) u*v,)B(D?(2573)~ — D*~ K°).

For the weak branching fraction we get in this case B(B? — D%,(2573) utv,) =
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3.76 x 1073. For the strong decay part of the reaction, we obtain in our model

. 4
B(D:; — D K°) = 045
0.47
(6.5)
. 04
B(D:; — D" K°) = 0047
0.030

where the first one refers to the calculation using the 3P, model and the second one
comes from the microscopic model. Besides we predict the ratio

6.6
I'(D — DK) +I'(D} — D*K) (66)

['(D:, — DK) ~J0.91 3P,
0.94 Mic.

Our final results can be seen in Table. 6.9.

6.2 Nonleptonic B decays into D) D,; final states

The nonleptonic decays of B mesons, described at the quark level by an effective
four-quark interaction b — écs, have been used to search for new charmonium and
charmed-strange mesons and to study their properties in detail. Within the charmed-
strange sector, the BaBar Collaboration found, in the inclusive DF 7" invariant mass
distribution from e*e™ annihilation data, the narrow state D*,(2317) [37]. The CLEO
Collaboration, aiming to confirm the previous state, observed its doublet partner
D41(2460) in the D:Tx% final state [38]. However, the properties of these states
were not well known until the Belle Collaboration observed the B — DD?,(2317)
and B — DD,;(2460) decays [244].

First observations of the B — D™ D;(2536) decay modes have been reported by
BaBar [245, 246] and an upper limit on the decay B® — D*~D,(2536)" was also
obtained by Belle [247]. The most recent analysis of the production of D (2536)"
in double charmed B meson decays has been reported by the Belle Collaboration in
Ref. [248]. Using the latest measurements of the B — D®) D, ; branching fractions [78]
they calculate the ratios

B(B — DD*,(2317))

Rpo = = 0.10 £ 0.03
o B(B — DD,) ’
B(B — D*D%,(2317))
xn — S — 1 j: .
Tt B(B — D*D,) 15 =006, 6.7)
B(B — DD,;(2460)) '
= = 0.44+0.11
fio1 B(B — DD?) 0 014,
B — D*D,,(246
Rp., = BB = D'Da(2460)) _ o\ 49

B(B — D*Dr)

In addition, the same ratios are calculated for B — D® D,;(2536)* decays using
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combined results by the BaBar [246] and Belle [248] Collaborations

B(B — DD, (2536))
B(B — DDz)
B(B — D*D4(2536))
B(B — D*D;)

Rpy = = 0.049 4+ 0.010,
(6.8)

Rp«1 = = (0.044 £ 0.010.

The branching fraction measurements of the decays B — D™ D, ; provide valuable
information that makes possible to check the structure of the DZ,(2317), Dy (2460)
and Dy (2536) mesons [249, 250].

From a theoretical point of view, this kind of decays can be described using the
factorization approximation [241]. This amounts to evaluate the matrix element which
describes the B — D™D, ; weak decay process as a product of two matrix elements,
the first one to describe the B weak transition into the D™ meson and the second one
for the weak creation of the ¢s pair which makes the D,; meson. The latter matrix
element is proportional to the corresponding D,; meson decay constant.

The Dg; meson decay constants are not known experimentally except for the ground
state, Dy, which has been measured by different Collaborations. Another way to study
D,; mesons that does not rely on the knowledge of their decay constants is through
the decays By — Ds;M where M is a meson with a well known decay constant.
However, the experimental study of these processes is currently difficult for several
reasons. First, B-factories would need to collect data at the Y(5.S5) resonance. Second,
the kinematically clean environment of B meson decays does not hold in B, decays.
And finally, the fraction of events with a pair of B, mesons over the total number
of events with a pair of b-flavored hadrons has been measured to be relatively small,
fs[X(559)] = 0.193+0.029. These difficulties leave, for the time being, the B — D™ D, ;
decay processes as our best option to study D,; meson properties.

According to Refs. [249, 250], within the factorization approximation and in the
heavy quark limit, the ratios in Eqgs. (6.7) and (6.8) can be written as

JD*,(2317) 2
Rpy = Rp«o = |—r—| .
[,
Faa60) |
Rp1 = Rp«1 = T ) (6.9)
2
RDI’ = RD*I/ — 7fDSl(2536)
[p: ’
where the phase space effects are neglected because they are subleading in the heavy
quark expansion. Now, in the heavy quark limit one has fD:O(2317) = [D.1(2460)
p. = fpr and fp_ (25369 = 0. Moreover, there are several estimates of the decay
s s 81( )

constants, always in the heavy quark limit [251-253], that predict for P-wave, j, = 1/2
states similar decay constants as for the ground state mesons (i.e. fps (2317) = fp, and
JDoi(2460) = fp:), and very small decay constants for P-wave, j, = 3/2 states. These
approximations lead to ratios of order one for the D¥,(2317) and Ds;(2460) mesons,
and very small for Dg;(2536). While the decay into Dg;(2536) follows the expectations,
this is not the case for the D?;(2317) and Dy;(2460) mesons. This fact has motivated
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the authors of Ref. [250] to argue that either those two states are not canonical s
mesons or that the factorization approximation does not hold for decays involving
those particles.

Leaving aside that the factorization approximation has been recently analyzed in
Refs. [254-256] finding that it works well in these kind of processes, we will concentrate
in the influence of the the effect of the finite c-quark mass in the theoretical predictions.
As found in Ref. [257], 1/m¢ contributions give large corrections to various quantities
describing B — D** transitions and we expect they also play an important role in this
case. It is possible that taking into account the finite mass of the charmed quark one
can distinguish better between ¢¢ and non-gq structures for the D,; mesons.

The mesons involved in the reactions, particularly the charmed-strange ones, have
been discussed extensively in previous sections of this work. The most relevant features
to take into account here are: we have reached a good description of the ground state
B and the singlet and triplet S-wave charmed mesons, D and D*. We have seen
that the interpretation of the D¥,(2317) as a canonical ¢s state is plausible since its
mass goes down to the experimental value when the one-loop QCD corrections to the
OGE potential are taken into account. The presence of non-qq degrees of freedom in
the J© = 17 ¢5 sector makes that the J© = 17 D,;(2460) has an important non-qq
contribution whereas the J© = 17 D,;(2536) is almost a pure ¢q state.

The nonleptonic decay width for B — D®D,; processes in the factorization
approximation and using helicity formalism [240, 241] is given in Appendix F. The
final expression of the decay rate reads

Gk
167m%

1/2 2 2 2
r— AV (mBamDu)vasJ)

(%)
Vol *| Vs |*ad mp,, [, it 7 (mp,,),  (6.10)

2mB

for Dy a pseudoscalar or scalar meson, and

GQ
= F ‘/c 2 ‘/cs 2 2 2 2 %

WD )+ HEPE (o, )+ M o, )]

/200002 002 2
A (mBamD(*)vasJ)

for D,; a vector or axial-vector meson. Gp = 1.16637(1) x 107> GeV 2 is the Fermi
constant [78], M(a,b,c) = (a + b — ¢)> — 4ab. V,, and V,, are the cb and cs elements of
the CKM matrix for which we use V;, = 0.0413 and V., = 0.974. H,, are the helicity
components of the hadron tensor evaluated at ¢> = m%sJ and we use a; = 1.14. The
expressions of the decay constants needed are given in the Appendix F.
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From Egs. (6.10) and (6.11) we arrive at
A2 (mQBv mp, m%;0(2317)) m2D§0(2317) f127;0(2317)7'[g_)D <m2D30(2317)>

AV (mig, mip, m, ymi, b, Hii P (md,,)

RDO =

)

1/2 2 2 2 2 2
A (mB> mp, mD51(2460)) D1 (2460) f D1 (2460)

Rp1 = X
12(m2 2 2 V2 £2
AN2(mi;, mby, mp. )mb. [

[’Hfﬁff (m2D51(2460)) + MR (m%51(2460)> + HEP (m2D51(2460)>]

[HER(md,) + HEZR () + HE P (md,)|

X

' (6.12)

12 (02 2 .2 2 2
A (m87 mp, mD51(2536)) Mp, (2536) f D1 (2536)

>‘1/2 (m287 m2D7 mQD;‘ )mQD; f%;‘
[Hfl_jrll) (m2D51(2536)) +HER <m2D51(2536)> +Hgp P (m%sl(%%))]

(PR m,) + HEZR () + P ()|

Rp1 =

X

)

and the same for Rp«g, Rp+1 and Rp+«1, but replacing the meson D by the meson D*.
Using experimental masses we obtain the ratios

2
fpr(2317)

RD(] - 09008 X fi 5
; Pe (6.13)
RD*O = 0.7166 x 71):0(2317)
/p.

The double ratio Rp«o/Rpo does not depend on decay constants, and in our model
we obtain Rp«o/Rpo = 0.7955. The experimental value is given by Rp+«o/Rpy =
1.50 £ 0.75. Our result is small compared to the central experimental value but we are
compatible within 1o. In the case of the meson Dy (2460) we obtain

ID.1 (2460 ?
fs

ID.1 (2460 ?

Rpy = 0.7040 x

)

(6.14)
Rp- = 1.0039 x

)

D*

S

and for the double ratio Rp«;/Rp; we get 1.4260, which agrees well with the
experimental result Rp«;/Rp; = 1.32 & 0.43. Finally, for the meson Dg;(2536) we
obtain

2
Rp1 = 0.6370 x w ,
D
; , (6.15)
Rpey = 0.9923 x | 1212530 |
fp:

and for the double ratio Rps1//Rpy/, our value is 1.5578 which in this case is 20 above
the experimental one, 0.90 + 0.27.
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Approach fo (MeV) fp, (MeV) fo./fp
Ours 297.019(") 416.827(1) 1.40(h)

214.613%) 286.382(1) 1.33%)
Experiment 206.7 + 8.9 257.5 + 6.1 1.25 + 0.06
Lattice (HPQCD+UKQCD) 208 + 4 241 + 3 1.162 £ 0.009
Lattice (FNAL+MILC+HPQCD) 217 + 10 260 + 10 1.20 + 0.02
PQL 19749 244 + 8 1.24 +0.03
QL (QCDSF) 206+ 6+3+22 220+6+5+11 1.07+0.02+0.02
QL (Taiwan) 235 + 8 + 14 266 + 10 + 18 1.13 +0.03 £ 0.05
QL (UKQCD) 210 + 10717 236 + 817 1.13 +0.0215:5)
QL 211 + 1479, 231 4+ 1219 1.10 + 0.02
QCD Sum Rules 177+ 21 205 + 22 1.16 + 0.01 + 0.03
QCD Sum Rules 203 + 20 235 + 24 1.15 + 0.04
Field Correlators 210 =10 260 + 10 1.24 +0.03
Light Front 206 268.3 +£19.1 1.30 + 0.04
Approach fp+ (MeV) fp: (MeV) Ip:/fp*
Ours 247.865(1) 329.441(1) 1.33(1)
RBS 340 + 22 375 + 24 1.10 + 0.06
RQM 315 335 1.06
QL (Ttaly) 234 254 1.04 4+ 0.0172
QL (UKQCD) 245 + 2019 272 + 1619, 1.11 +£0.03
BS 237 242 1.02
RM 262 + 10 208 + 11 1.14 +0.09

Table 6.10. Theoretical predictions of decay constants for pseudoscalar and vector charmed mesons.

The data have been taken from Ref. [78] for pseudoscalar mesons and from Ref. [258] for vector mesons.
PQL = Partially-Quenched Lattice calculation, QL = Quenched Lattice calculations, RBS = Relativistic Bethe-
Salpeter, RQM = Relativistic Quark Model, BS = Bethe-Salpeter Method and RM = Relativistic Mock meson
model.

The quality of the experimental numbers does not allow to be very conclusive as to
the goodness of the factorization approximation. But one thing that can be concluded
from Eqgs. (6.13), (6.14) and (6.15) is that one cannot ignore, as done when using the
infinite heavy quark mass limit, phase space and weak matrix element corrections even
if they are subleading in the heavy quark mass expansion.

The decay constants of pseudoscalar and vector mesons in charmed and charmed-
strange sectors are given in Table 6.10. We compare our results with the experimental
data and those predicted by different approaches and collected in Refs. [78, 258].
Our original values are those with the symbol (f). The decay constants of vector
mesons agree with other approaches. In the case of the pseudoscalar mesons, the
decay constants are simply too large. The reason for that is the following: Our CQM
presents an OGE potential which has a spin-spin contact hyperfine interaction that
is proportional to a Dirac delta function, conveniently regularized, at the origin. The
corresponding regularization parameter was fitted to determine the hyperfine splittings
between the n'Sy and n3S; states in the different flavor sectors, achieving a good
agreement in all of them. While most of the physical observables are insensitive to the
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Meson fo MeV) /Mpfp (GeV3/2)
D?,(2317) 118.706 0.181
D;1(2460) 165.097 0.259
D,1(2536) 59.176 0.094

Table 6.11. Decay constants calculated within the CQM including one-loop QCD corrections to the OGE
potential and a non-qg structure in channel 17.

regularization of this delta term, those related with annihilation processes are affected
as shown in Section 3.7.1. The effect is very small in the 3S; channel as the delta term
is repulsive in this case. It is negligible for higher partial waves due to the shielding
by the centrifugal barrier. However, it is sizable in the 1Sy channel for which the delta
term is attractive.

One expects that the wave functions of the 1'S; and 135 states are very
similar [259]. In fact, they are equal if the Dirac delta term is ignored. The values
with the symbol () in Table 6.10 are referred to the pseudoscalar decay constants
which have been calculated using the wave function of the corresponding 3S; state.
We recover the agreement with experiment and also with the predictions of different
theoretical approaches. The fp /fp and fp./fp+ ratios are also shown in the last
column of Table 6.10. They are not very sensitive to the delta term and our values
agree nicely with experiment and the values obtained in other approaches.

Table 6.11 summarizes the remaining decay constants needed for the calculation
we are interested in. There, we show the results from the constituent quark model in
which the 1-loop QCD corrections to the OGE potential and the presence of non-qq
degrees of freedom in J¥ = 17 charmed-strange meson sector are included. If one
compares fp, (fp:) to fp 2317) (fD.1(2460)), one finds that the latter is suppressed.

Refs. [260] and [261] calculate the lower bounds of the decay constants of D,(2317)
and Dy (2460) analyzing experimental data related to B — DD,;. Ref. [260] provides
the following lower limits

] f 58 — 83 MeV from B~ decays,
a . = -
HHI D5 (2817) 63 — 86 MeV  from B° decays,

188729 MeV  from B~ decays (6-16)
la1] fp., (2460) = o _ e
. 15275 MeV  from B° decays,
and the authors of Ref. [261] get
ay| fp- — 74411,
|a1| D2 (2317) (6.17)

la1] fp,, 2460y = 166 = 20,

where the parameter |a;| ~ 1. Our results are compatible with these lower limits.
Our results for the decay constants clearly deviate from the ones obtained in the
infinite heavy quark mass limit. In that limit one gets fD:0(2317) = fp.s fDsr(2460) = fD2
and fp,,(2536) = 0, results that lead to a strong disagreement with experiment for the
decay width ratios in Eqgs. (6.7) and (6.8). That was already noticed in Ref. [250],
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X = D%(2317) X = D41(2460) X = D,1(2536)
The. Exp. The. Exp. The. Exp.
B(B — DX)/B(B — DD,) | 0.19%)  0.10 £ 0.03 - - - -

B(B — D*X)/B(B — D*Dy) | 0.15%)  0.15 £ 0.06 - - - -

. 0.176() 0.071™

B(B — DX)/B(B — DD?) - - {0‘177(2)} 0.44 +0.11 {0.021(2)} 0.049 4 0.010
. . 0.251(1) 0.110

B(B — D*X)/B(B — D*D?) - {0.252@)} 0.58 £ 0.12 {0‘032(2)} 0.044 4 0.010

Table 6.12. Ratios of branching fractions for nonleptonic decays B — D(*)DSJ. The symbol (*) indicates
that the ratios have been calculated using the experimental pseudoscalar decay constant in Table 6.10. For
the D;1(2460) and Ds1(2536) mesons, the ratios have been calculated without (1) and with (2) taking into
account the non-qg degrees of freedom in the J = 1% channel.

where the authors, using the experimental ratios, estimated that fpx (2317) ~ % I,
and fp« (2317) ~ fp.i(2460) instead. We obtain fp« o317)/fp, = 0.36, fp= 2317) ~
0.72fp,, 2460y and fp,,(2535) = 959.176 MeV, the latter being small compared to the
others but certainly not zero.

Finally, we show in Table 6.12 our results for the ratios written in Eqs. (6.7)
and (6.8). The symbol (x) indicates that the ratios have been calculated using the
experimental pseudoscalar decay constant in Table 6.10. We get results close to or
within the experimental error bars for the D?;(2317) meson, which to us is an indication
that this meson could be a canonical ¢s state. The incorporation of the non-gq degrees
of freedom in the J” = 1* channel, enhances the j, = 3/2 component of the Dy, (2536)
meson and it gives rise to ratios in better agreement with experiment. Note that this
state is still an almost pure ¢ state in our description.

The situation is more complicated for the D,;(2460) meson. The probability
distributions of its 'P; and 3P, components are corrected by the inclusion of non-qg
degrees of freedom, the latter making a ~ 25% of the wave function. In our calculation,
only the pure ¢g component of the Dy (2460) meson has been used to evaluate the
I'(B — D™ D,;(2460)) decay width. The values we get for the corresponding ratios in
Egs. (6.7) are lower than the experimental data.






Chapter 7
Conclusions

An exhaustive study of heavy meson properties within a nonrelativistic constituent
quark model, which successfully describes hadron phenomenology and hadronic
reactions, has been presented in this dissertation. Within the heavy quark sector, we
have focused on the spectroscopy and on the electromagnetic, strong and weak decays.
One of the main objectives pursued in this work is the analysis of the heavy meson
decays. The description of the approaches used and the discussion of our results,
comparing them with the experimental data and also with the results coming from
different theoretical approaches, can be followed along the work. As it is demonstrated,
it is possible to perform fine studies in the heavy quark sector using the simple and, at
the same time, powerful quark model picture.

A review of the main properties of QCD and how these are incorporated in the quark
model has been presented. The constituent quark model incorporates perturbative
effects through the one-gluon exchange and nonperturbative effects as the spontaneous
chiral symmetry breaking and confinement.

To find new physics it is very important to test the theoretical model with as
many as possible known states. It allows us to clearly understand the strengths
and weaknesses of the model and to extract later reliable predictions. Moreover,
it is widely believed that confinement is flavor independent, and so the interactions
which largely determine the high energy quarkonium spectrum should be constraint
by the light quark sector. Based on the above two cornerstones, we have performed
a fine tune of the model parameters to describe the spectrum of light mesons up to
the recent higher excited states reported by Crystal Barrel Collaboration. We have
shown that the large degeneracy observed in the excited part of the meson spectra
can be explained as an effect of the flattening of the confinement potential due to the
color screening. This confinement behavior produces similar effects to chiral symmetry
restoration although predicts different results for observables like the leptonic decay
widths. The measurement of these observables may be very interesting to understand
the confinement properties and the chiral symmetry restoration.

The chiral symmetry is explicitly broken in the heavy quark sector and so its
consequences, the dynamically generated light quark mass and the interaction through
Goldstone bosons, are not present. An exhaustive study of heavy meson spectra in
terms of qq components has been performed. The model can be used as a template
against which to compare the new XY Z mesons, whose nature is still unknown
and some of them are in conflict with standard quarkonium interpretations. The
electromagnetic decays has been included in this part of the work. The study of these
processes could provide us with valuable information on the meson structure since the
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operator of electromagnetic transitions is very well known.

A quite reasonable global description of the heavy meson spectra has been reached.
Some tentative assignments of the XY Z mesons has been done. Throughout the
work we have tried to explain other properties of the XY Z mesons to give a reliable
confirmation of our interpretations. For those mesons which we suspect more complex
structures than ¢g, we have given some explanation when possible.

Besides the well established 1) states, we have assigned as ¢g structures the X (4360),
X (4630) and X (4660) mesons. However, the G(3900), X (4008) and X (4260) states
can not be accommodated in the spectrum and probably its structure is more complex
than a simple cc pair.

The experimental measurement of the hyperfine mass splitting in the charmonium
and bottomonium sectors gives valuable information about the spin-spin interaction. In
both sectors, different Collaborations have observed that the hyperfine mass splitting
is compatible with zero. Our theoretical results are in perfect agreement.

In general, the experimental data and our theoretical results are in good agreement
in the bottomonium sector. In the last years, the Belle, BaBar and even ATLAS
Collaborations have reported discoveries like the n,(15), the hy(1P) and hy(2P), and
the x,(3P) multiplet. All of them agrees well with our theoretical predictions. The
description of the open-bottom mesons has been given since they participate in the weak
decays studied here, in general our results are in good agreement with the experimental
data.

Certain modifications to the model have been suggested. We have studied the
influence of the Lorentz structure of the confinement in the spectra, to do that we
have focused on some physical observables which are more sensible to this effect. We
conclude that the confinement interaction is dominantly scalar and the inclusion of the
tensor and spin-spin terms coming from the vector nature of the confinement does not
affect the global description of the spectrum in the different sectors.

The spectra of charmed and charmed-strange mesons contain a number of long
known and well established states, all of them are low-lying states. We have succeeded
describing them except the doublet jf = %Jr. In the last years several new resonances
have been observed, we have discussed their quantum numbers attending mainly their
strong decays. The spin-dependence of the model is based on the Fermi-Breit reduction
of the one-gluon exchange interaction supplemented with the spin-orbit term of the
scalar-vector Lorentz confinement. The inclusion of one-loop QCD corrections to
the spin-dependent terms of the OGE has served to explain the lower mass of the
D?,(2317) meson as a canonical ¢§ structure. This effect does not solve the puzzle of
the 17 mesons. We have studied the J* = 1% charmed-strange mesons, finding that
the JP = 1t D,;(2460) has an important non-¢q contribution whereas the J¥ = 1F
D,1(2536) is almost a pure g state. The presence of non-qg degrees of freedom in
the J = 17 charmed-strange meson sector enhances the j, = 3/2 component of the
D1(2536). This wave function explains most of the experimental data.

The renormalization with boundary conditions applied to the constituent quark
model allows us to disentangle the physics of the ground state to that of the excited
states. Moreover, this has led to remove the ad hoc cutoffs of the model and,
subsequently, to develop a clear study of some properties of mesons as functions of
parameters with physical meaning.
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We have performed a calculation of the strong decay widths of the mesons which
belong to charmed, charmed-strange, hidden charm and hidden bottom sectors. We
have used two different decay models, the 3P, model and a microscopic one, to deal
with this issue.

The 3Py, model has a free parameter, the strength v of the decay interaction, which
is fitted to the data. We propose a scale-dependent strength, ~, as a function of the
reduced mass of the ¢qq pair of the decaying meson to achieve a global description of
the meson strong decays. The dependence of v is logarithmically in the reduced mass.
The results predicted by the 3Py model with the suggested running of the v parameter
are in a global agreement with the experimental data, being remarkable in most of the
studied cases.

The development of a microscopic model that describes the meson strong decays
through the same interquark Hamiltonian which determines the spectrum has been one
of the main objectives in the study of strong decays. In general, the total widths are
lower in the microscopic model than in the 3Py model without improving the agreement
with the experimental data. The comparison with other microscopic decay models has
been done. Despite of the difficulty of comparing our results with those of other
similar calculations, we discuss about the Lorentz structure of the confinement, mainly
responsible of the meson decays. We can conclude that a pure scalar linear confining
interaction, which is generally accepted, predicts large widths. A static vector linear
confining interaction predicts reasonable widths. Using a mixture of scalar-vector linear
screened confining interaction, we also obtain the correct order of magnitude.

The QCD multipole expansion appears as a feasible approach to determine hadronic
transition rates in the c¢ and bb systems. This has been used to calculate spin-nonflip
transitions between vector charmonium and bottomonium states with two pions in the
final state. QCD multipole expansion requires a model for hybrid mesons and so we
have proposed one coming from our constituent quark model. The model assumes that
the heavy quark and antiquark are connected by a string and they are situated at the
ends of the string. We allow that the string vibrates and calculate the vibrational energy
of the string as a function of the distance between the quark and the antiquark. This is
then treated as an effective potential inserted into the bound state equation. The width
calculated through QCD multipole expansion is sensible to the position in the spectrum
of the hybrid meson with respect to the decaying meson. We have predicted hybrid
mesons, which participate in the decay amplitude, close to the X (4360) and X (4660)
mesons. This explains why we are able to describe well established hadronic transitions
and, at the same time, to have large widths for the processes X (4360) — 77~ (25)
and X (4660) — 77 1(29).

The B-factories have become a fundamental tool to investigate experimentally
heavy hadrons in the last years. They have led to the discovery of many new states
in the open-charm and charmonium sectors. The experimental data concerning these
new states are usually accompanied by information about weak decays of b-hadrons.
The theoretical study of semileptonic and nonleptonic decays of B mesons has allowed
us to implement the usually approaches used in this field.

We have performed a calculation of the branching fractions for the semileptonic

decays of B and B, mesons into final states containing orbitally excited charmed
and charmed-strange mesons, respectively. Our results for B semileptonic decays into
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D§(2400), D;(2420) and D3;(2460) are in good agreement with the latest experimental
measurements. In the case of the D;(2430) meson, the prediction lies a factor of 2
below BaBar data although the disagreement between BaBar and Belle data for the
neutral case is evident. In the case of B semileptonic decays, our prediction for the
B(B? — D (2536)"utv,)B(Dg(2536)~ — D*~K°) product of branching fractions
is in agreement with the experimental data. This, together with the strong decay
properties studied for the D;(2536) meson, is to us evidence of a dominant ¢g structure
for the D4(2536) meson. We have given also predictions for decays into other DI*
mesons which can be useful to test the gg nature of these states.

Since the nonleptonic B meson decays into D®) D, ; provide valuable information
about the structure of the D¥,(2317), D4 (2460) and Ds;(2536) mesons, an analysis
of these decays is also included. The strong disagreement found between the heavy
quark limit predictions and the experimental data has motivated the introduction
of the finite c-quark mass effects, which has been done easily in the context of the
constituent quark model. We have got results close to or within the experimental error
bars for the D%,(2317) meson, which is again an indication that this meson could be a
canonical ¢5 state. The description of the D,;(2536) meson as an almost 17, j, = 3/2 ¢s
state provides theoretical ratios in better agreement with experiment. The Dy (2460)
has a sizable non-gq component which contributes to the decays under study. This
contribution has not been calculated. We have computed the ratios considering only
the contribution coming from the ¢g structure of the D,;(2460) meson. The ratios are
a factor 2 below the experimental ones.

One striking feature of our model is the new assignment of the 1)(4415) as a D-wave
state leaving the 45 state for the X (4360). This agrees with the last measurements
of its leptonic and total decay widths. We test if our result is also compatible with
the measurement of the exclusive cross section for the processes ete™ — D°D~ 7" and
ete™ — D°D*~n*. Including both resonances our model is able to explain, despite
the theoretical uncertainties, the data within the experimental accuracy. We have also
explained the large value of I'(X(4360) — ¢ (2S)n"7~) using QCDME and assuming
our assignment 45 17~ ¢¢ state for the meson X (4360).

We have calculated the total strong decay widths of the heavy mesons using the
3Py model. The global fit to the experimental data has elucidated the dependence on
the scale of the 3P, free parameter v. It depends logarithmically on the reduced mass
of the gq pair of the decaying meson. Our results are in a global agreement with the
experimental data, being remarkable in most of the cases studied.

Finally, we have assumed the presence of non-qq degrees of freedom in the J¥ = 1+
charmed-strange meson sector to enhance the j, = 3/2 component of the D;(2536)
meson. Independently of the mechanism that produces this effect, it has become clear
that the description of the Dy (2536) meson as a j, = 3/2 c¢s state is necessary to get a
simultaneously explanation of its decay properties. We test this fact in both strong and
weak decay observables and in all of them an almost pure j, = 3/2 ¢s wave function
has led to the description of the experimental data.



Appendix A

Useful formulas within GEM

The complex-range Gaussian basis functions have been written as
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where n = 1,..., Npay, NGC and NG® are normalization constants, 1, = (1+ia)v, and

Nt = (1 — i)y, are the complex size parameters, and v, are in geometric progression.
These functions can be expressed as a linear combination of more simple functions
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Then, for any linear operator, O, the matrix elements in the complex-range
Gaussian basis functions can be written as a linear combination of matrix elements

in function of the more simple basis
NG,'C NGC
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Some examples of the matrix elements in the simple basis are
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Appendix B
Tables of light meson masses

We discuss the experimental situation and remark the most important aspects of our
theoretical results as we go along the light meson spectrum. The tables are organized
in the following form: we separate the I = 0 and I = 1 sectors. In both sectors
there is a first table that shows the well established states in the Particle Data Group
(PDG) [78] up to the lower limit (1.9 GeV) of the experiment performed by the Crystal
Barrel Collaboration. The successive tables show the states that appear in Ref. [77]
which is a summary of the data analysis.

In Ref. [77] resonances have a “star rating” up to 4*. The highest class requires
observation of 3 or more strong, unmistakable peaks and a good mass determination
(with error 0M < 40 MeV). Such states are equivalent to those in the summary table
of the Particle Data Group. The 3* resonances are reasonable well established, usually
in two strong channels with error for masses < 40 MeV; some are established in 3
channels but with M in the range 40 — 70 MeV. The 2* resonances need confirmation
elsewhere, they are observed either in one strong channel with 6M < 40 MeV or in 2
channels with sizable error in the mass. Finally, 1* states are tentative, weak channels
and poor mass determination.

Most resonances from the Crystal Barrel in-flight analysis are listed by the Particle
Data Group in a section called “Other Light Unflavored Mesons”. The reason is that
the Particle Data Group requires confirmation from a separate experiment, rather than
from different channels of data in one experiment. There is very little other coverage
of this mass range from other experiments and Ref. [77] is the only one that gives an
idea about the status of the different resonances. That is why we follow the procedure
described above.

B.1 Lower energy region of the / = (0 meson spectrum

Table B.1 shows the well established resonances in the PDG [78] up to the lower limit
(1.9 GeV) of the experiment performed by the Crystal Barrel Collaboration.

Our constituent quark model gives a theoretical mass of 547 MeV for n that is in
good agreement with the experimental data. The n is 100 MeV below the experimental
mass. However, 7’ could have a structure more complex than a naive ¢q. It may have
a gluonic component or be a hybrid meson that explains our lower result. We only
obtain one 0~ state in the 1.5 GeV energy region although PDG gives three states
n(1290), n(1405) and 7(1475). The first one decays exclusively into agm, the second
one into agm® and K*K and the last one exclusively into K*K. The theoretical mass
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Jre State The. (MeV)  Exp. (MeV) [78]

(s n 547 547.853 4 0.024
(U n 862 957.78 & 0.06
0~ n(1295) - 1294 +4

_ n(1405) 1409.8 £ 2.5
0 [77(1475)] 1493 [ 1476 4 4 ]
0~ n(1760) 1668 1756 £ 9
0t £o(600) 720 400 — 1200
0t £o(980) - 980 + 10
0t fo(1370) 1325 1200 — 1500
0t fo(1500) 1616 1505 + 6
0tt  fo(1710) - 1720 £ 6
1= hy(1170) 1292 1170 + 20
I h1(1380) 1517 1386 + 19
17~ Ry (1595) 1826 1594 + 15150
17— w(782) 569 782.65 4 0.12
== ¢(1020) 985 1019.455 £ 0.020
17 w(1420) 1484 1400 — 1450
17 w(1650) 1619 1670 + 30
17 $(1680) 1750 1680 + 20
1+ f1(1285) 1338 1281.8 4+ 0.6

f1(1420) 1426.4 +0.9

O [f1(1510)} 1525 [ 1518 +5 ]
27+ ny(1645) 1685 1617 +5
27T f5(1270) 1306 1275.1 £ 1.2
2T+ £5(1430) - ~ 1430
2T+ f5(1525) 1552 1525 + 5
27t f5(1565) - 1562 + 13
2T+ £5(1640) - 1639 + 6
2T+ £5(1810) 1832 1815 4 12
37 w3 1696 1667 4 4

Table B.1. I = 0 light meson spectrum, in MeV. We show the states below the lower limit of the experiment
performed by the Crystal Barrel Collaboration (1.9 GeV).

is 1493 MeV and so its assignment would be for 1(1475). However, the predominant

channel nn makes difficult to explain its decay into K*K.

The isoscalar scalar mesons deserve a special mention because the quark model does
not implement structures more complex than a ¢g one. It is known that tetraquarks
may have a great influence in this sector [52], hence it is reasonable that the theoretical
results differ from the experimental data.

There is a discrepancy between the experimental and predicted mass for the w(782).
The model was originally developed for the description of the NN sector being the
pseudoscalar interaction a basic piece. When transformed to the quark-antiquark
sector, the additional sign given by G-parity is the responsible for the decreasing
in energy of the w mass with respect to its isospin spin partner, the p meson. The
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w — p splitting was solved in Ref. [263] where the authors realized that the model do
not implement the full octet of the scalar mesons, only the o-exchange, loosing an
isospin-dependent scalar interaction which is important in the study of baryon-baryon
interaction. Looking at the excitations of the w meson, we get a good agreement with
the experimental data indicating also that maybe the pseudoscalar interaction is not
described correctly at short distances but it is adequate at large distances.

The two lowest states with quantum numbers JF¢ = 37~ are the w3(1670) and
¢3(1850) resonances with dominant flavor content nn and ss, respectively. The model
prediction is 1696 MeV for the first particle and 1908 MeV for the last one, in very
good agreement with the experimental data.

There are three states with quantum numbers J¢ = 1** around 1.3 GeV, the
f1(1285), f1(1420) and f1(1510) states. However, there are many experiments, as
those of the Refs. [264] and [265], that have been developed to measure the axial vector
particle and they distinguish only two states, f;(1285) and f;(1420), although the mass
splitting between f;(1420) and f;(1510) is sufficiently large respect the resolution of
the experiments. All these observations express skepticism regarding the existence of
the f1(1510) [266]. Our model gives two states with masses 1338 MeV and 1525 MeV
and dominant flavor component nn and ss, respectively.

The first two states predicted by our model with quantum numbers J©¢ = 17~ are
hy(1170) = 1292 MeV and h4(1380) = 1517 MeV. The first state is predominantly nn
but the second one is ss. Although the prediction of our model for the second state
is higher than the experimental data, the more recent measurement for this state is
1440 + 60 MeV [267], rather close to the theoretical result.

Experimentally there is a proliferation of isoscalar 2** states in an energy region
that has been suggested as coexisting with 27+ glueballs. Our model prediction
confirms f»(1270), f5(1525) and f»(1810) as naive ¢g states but have not results for
f2(1430), f2(1565) and f2(1640) of which structure seems more complex than ¢q.

Finally, our model gives a good global description of the lowest part of the spectrum
with I = 0 in spite of the discrepancies or comments that we have done above.

B.2 Higher energy region of the I = (0 meson spectrum

Higher excited light states with I = 0, C = +1 and [ = 0, C' = —1 are shown in
Tables B.2 and B.3, respectively.

The OGE potential has a Coulomb-like term at short distances which is the result
of the computation of QCD at its perturbative regime, ultraviolet momenta. However,
in QCD, self-interactions generate a momentum-dependent mass for the gluon, which
is large at infrared momenta but vanishes in the ultraviolet [270]. This means that the
Coulomb contribution at large distances is not reliable and should be modified. Our
constituent quark model has a Coulomb-like contribution with infinite range and thus
there is an infinite number of bound states before the continuum. These states have not
physical meaning and are not considered. The typical bounding energy of these states
in the light sector is % pa® ~ 20 MeV and their typical radius is a = hc/ap = 2.5 fm.

We give the results of the I = 0, C' = +1 states above 1.9 GeV in Table B.2. The
resonances with J7¢ = 0**, 2% and 4** are observed in two-body channels, where
the polarization data are available, and therefore the significance of these resonances is
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JPC  State  The. (MeV) Exp. (MeV) [268]

0 F n 1953 201013 2
0" n 2131 - -
0~ n 2206 2285 + 20 3*
0+ fo 1919 2020 + 38 3*
0+t fo 2035 2102 + 13 4
0+t  fo(2200) 2229 2189+ 13  [78]
0+t fo - 2337 + 14 3*
1+ f 1851 1971 £ 15 3*
1+ fi - 2310 + 60 2*
2= o 1895 1870 + 16 4*
2= o 2050 2030 + 16 3*
2= o 2253 2267 + 14 4*
2+ fo 1975 1934 4+ 20 4%
2001 + 10 4
2 f2 2063 [2010 + 25] [3]
2t £5(2150) 2133 2157+ 12 [78]
2+ £;(2220) 2189 2231.1 £3.5 [78]
o+t fo 2210 2240 + 15 4*
2+ fa 2288 2293 + 13 4*
3+t f3 2002 2048 + 8 4*
3+t f3 - 2303 + 15 4*
4=+ N4 - 2328 + 38 2*
4t+ f4 2024 2018 + 6 4*
gt fa 2228 2283 4+ 17 4*

Table B.2. I =0, C = +1 light meson spectrum, in MeV, above 1.9 GeV. The data are taken from Ref. [268]
which has a summary in this sector of the data analysis performed by the Crystal Barrel Collaboration.

higher. Resonances with J¥¢ = 0~*, 17+, 2=+ 3*% and 4=* appear only in three-body
channels but the statistics for nm%7% is very high.

There is a good agreement between the theoretical prediction and the experimental
data. This is of a great importance because the resonances measured with quantum
numbers I = 0 and C' = +1 are the best established experimentally due to the available
polarization data.

The resonances f4(2050) and f4(2300) are two of them within the highest mass
range. Our prediction agrees reasonably well.

It is necessary to discuss separately 27 states at 1645, 1870 and 2030 MeV (the
12(2267) is clearly seen in the analysis of the data). They appear in nr’77" data in
the production reaction pp — 7 (nmm). The lower one was initially observed decaying
purely to as(1320)7 at 1645 MeV. This fits nicely as the expected partner of the well
known I = 1 m3(1670). However, the same data contained a second strong signal in
the f»(1270)n final state at 1870 MeV. The second signal could not be explained as
the high mass tail of 75(1645) decaying to fon. Both resonances were subsequently
confirmed by the WA102 Collaboration. They observed the 75(1645) in decays to nrm
and 1,(1870) in decays to both nam and KKm. The 1,(1645) and 1(2030) can be
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JPC  State The. (MeV) Exp. (MeV) [269]

1 w/¢ 1860 1854 + 7 [78]
1= w/é 1943 1960 + 25 3*
1= w/¢ 2012 - -
1 w/¢ ;;gg 2205 =+ 30 1*
1 2041 1965 + 45 2%
= 3;22 2915 4 40 2%
277wy 1711 - -
__ (1901 | .
2 Wo 2065] 1975 + 20 3
277wy 2259 2195 =+ 30 2%
377wy 1908 1945 + 20 3*
377wy 2057 - -
- 2250 .
3 w3 [2257] 2255 +£15  2/3
377wy 2290 2285 + 60  2/3*
3t= ks 1985 2025 + 20 2%
3t~ hy B;ﬂ 2275 + 25 3*
4= wy - 2250 =+ 30 1*

Table B.3. I =0, C = —1 light meson spectrum, in MeV, above 1.9 GeV. The data are taken from Ref. [269]
which has a summary in this sector of the data analysis performed by the Crystal Barrel Collaboration.

explained as ¢q states in other quark models, whilst the absent of the 1,(1870) state is
generally related to the possibility that this meson could be a hybrid. There are in the
literature references as [271] that predict light hybrid mesons around 1.8 —1.9 GeV. We
predict all the states of the 7, meson, even the 1,(2267) state. In particular, our result
for the 75(1870) state indicates that it is almost a s§ state with quantum numbers 27,
which explains its observation in the final decay channel K K.

The highest states in Table B.2 are not predicted theoretically due to these states
are above the string breaking threshold for us. With respect the remaining resonances,
there are predictions given by the model for all of them. We conclude that a good
description has been reached of the higher states for I =0, C' = +1 sector.

The analysis of the I = 0, C' = —1 high excited states of light meson spectrum is
more involved and thus the resonances of this sector are the worse established. The
reasons, among others, are that the statistics for the wn channel is low and there
are uncertainties in parameterizing the broad 7w S-wave amplitude above 1 GeV that
introduce possible systematic errors into the physics background.

One can see in Table B.3 that the disagreement is more notable for these resonances.
However, the experimental status of them is less promising. We obtain predictions in
good agreement for all resonances whose status is at least 3*. We have a reasonable
agreement for the states whose status is 2/3*. The 3* refers to their existence, but the
2* refers to the imprecise identification of masses.
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JPC¢  State  The. (MeV) Exp. (MeV) [78]
0+ T 138 138.03899 + 0.00045
0~  7(1300) 1341 1300 + 100

00—+t  w(1800) 1865 1816 + 14

0t ag(980) 1145 980 + 20

0t+  ag(1450) 1755 1474 + 19

17 b1(1235) 1264 1229.5 + 3.2
1= p(770) 772 775.49 4+ 0.34
17~ p(1450) - 1465 + 25

17— p(1570) 1555 1570 + 36 + 62
1= p(1700) 1647 1720 + 20

1=~ p(1900) 1977 1909 + 17 + 25
1t a1(1260) 1270 1230 =+ 40

1T ay(1640) 1816 1647 + 22

27+ my(1670) 1685 1672.4 + 3.2
27+ ay(1320) 1341 1318.3 £ 0.6
2T+ ay(1700) 1853 1732 + 16

377 p3(1690) 1705 1686 + 4

Table B.4. I =1 light meson spectrum, in MeV. We show the states below the lower limit of the experiment
performed by the Crystal Barrel Collaboration (1.9 GeV).

The assignment of the two lowest states of the w3 resonance is in good agreement
with the experimental data. The subsequent theoretical states agree again with those
measured experimentally, except for the 2057 MeV state predicted by the model.
Therefore, it is possible that there is a new resonance about 2.1 GeV.

B.3 Lower energy region of the / =1 meson spectrum

Table B.4 shows a good agreement between theoretical results and the experimental
data for the lower states of I = 1 mesons. The 7, and a, model parameters were fitted
in Ref. [52] to reproduce the splitting between the a;(1260) and a(1320) mesons. With
the fine tune of the model parameters, the theoretical result for these states is 1270 MeV
and 1341 MeV, respectively.

We cannot predict simultaneously the p(1450) and p(1570) states. While the
p(1450) was discovered earlier, the p(1570) has been reported in 2008 by Aubert et
al. in Ref. [272]. The scene seems to be complicated due to the uncertainty in the
measured mass and because the widths are enough large to disentangle experimentally

both resonances. We can only say that our first excitation of the p(770) meson has a
mass of 1555 MeV.

The greatest discrepancy between theory and experiment is the prediction for ag
states. These states are isovector scalar mesons and, of course, they suffer from the
same speculations about the fy meson. Our model does not implement exotic structures
and the discrepancy for this particle is reasonable.
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JPC  State The. (MeV) Exp. (MeV) [273]

0tt  ag 2092 2025 +30 2
ot 2152 2070 £35  2*
ot 7 2295 2360 £25 2
g 2124 1930 ?
g 2284 2270150 2
27t m . 1880 4
27t m 2049 2005 +15 3
27t m 2252 2245 £60 2
1950 ?
2 e 1982 {2030 + 30} [2}
2tt a4y 2145 2175 +40  2*
2tt 4y 2213 2255 +20 2
3T as 1988 2031 £+ 12 3*
3t a 2219 2275435 2
e . 2250 £15 3%
4T+ ay 1988 2005123 2
4t gy 2220 2255 £40 3"

Table B.5. I =1, C = +1 light meson spectrum, in MeV, above 1.9 GeV. The data are taken from Ref. [273]
which has a summary in this sector of the data analysis performed by the Crystal Barrel Collaboration.

JPC  State The. (MeV) Exp. (MeV) [274]

1=~ p 2027 2000 + 30 3*
1 ) 2210 2110 + 35 3*
1=~ p 2240 2265 + 40 2%
1= 1807 1960 + 35 3*
1= B;;ﬂ 2240 + 35 2%
277 po 2049 1940 + 40 2%
277 py 2252 2225 + 35 3*
377 p3 2062 1982 + 14 4*
377 p3 2252 2260 + 20 4*
3t b3 1987 2032 + 12 4*
3T by 2218 2245 + 50 3*
4= py - 2230 + 25 4*

Table B.6. I =1, C = —1 light meson spectrum, in MeV, above 1.9 GeV. The data are taken from Ref. [274]
which has a summary in this sector of the data analysis performed by the Crystal Barrel Collaboration.

B.4 Higher energy region of the I = 1 meson spectrum

Higher excited states of light mesons with I = 1, ¢ = 41 and I = 1, C' = —1 are
shown in Tables B.5 and B.6, respectively.

In the case of I = 1, C' = +1 the channels available are 7%, 7%/, 37° and nnn°.
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Statistics is very high for 37° data but do not define the partial waves cleanly. One
expects the spectrum of I =1, C' = +1 mesons to be close to that for I =0, C' = +1.
Although results are indeed similar, they are much less accurate.

Table B.5 shows our predictions and the comparison with the experimental data. In
general, there is a good agreement for all resonances. The most striking feature is that
our model predicts all states of my resonance except the most experimental determined

Data for the family I = 1, C' = —1 are available from 7~ 7%, wn® and wnr final
states. The measured masses of the different resonances together with their status and
our prediction is shown in Table B.6.

A particular feature at low momenta is the very strong p3(1980) signal, our model
predicts a state around this energy range but slightly higher. The p3(2260) also appears
as a well established resonance and our prediction is 2252 MeV.

Concerning the 17~ state at 2000 MeV, the best mass of this state comes from 7~ 7+
final channel and our prediction is within the error bars.

The upper 27~ state at 2225 MeV has not a 4* status due to the correlations with
377 and 17~ partial waves. Our prediction is 2252 MeV. The lower 27~ state at
1940 MeV is one of the two most weakly established states. Our model predicts a state
which is 100 MeV higher in mass.

In conclusion, we have done a fine tune of the model of Ref. [52] to describe the
degeneracy pattern observed at high energies in the light meson spectrum. Without
degrading the description of the low energy spectrum, we obtain a reasonable results
for all higher excited states of light mesons which have been established recently. One
can find that the theoretical results are better in the I = 1 than in the I = 0 sector.
This is because the I = 0 sector is more involved due to the mixing between the nn
and ss components and the presence of exotic structures as glueballs and multiquark
states.



Appendix C
Electromagnetic transitions

For quarkonium states below open-flavor threshold, electromagnetic (EM) transitions
are often significant decay modes, giving a large contribution to their total decay width.
In fact, the first charmonium states not directly produced in e*e™ collisions, the y.;
states, were discovered in photon transitions of the ¢’ resonance [275]. Even today,
such transitions continue to be used to observe new quarkonium states and to test
internal structure.

The theory of EM transitions between these quarkonium states is familiar for
physicists because much of the terminology and techniques come from the study of
EM transitions in atomic and nuclear systems.

Within a Q1Q, quarkonium system, the electromagnetic transition amplitude is
determined by the matrix element of the EM current, (f[j*,|i), between an initial
quarkonium state, ¢, and a final state, f. Including the emission of a photon of
momentum k and polarization €., the general form of the transition amplitude is the
sum of two terms

M(@i— f)=[MYG— )+ MDG— )] e k), (C.1)

where in the term M® the photon is emitted off the quark @, with mass m; and
charge e;, and in the corresponding term M ® the photon is emitted off the antiquark
Q> with mass ms and charge —e,.

Within nonrelativistic potential models, a quarkonium state is characterized by
n?5*1L; in spectroscopic notation. In the nonrelativistic limit the spin dependence
of the quarkonium wave function decouples from the spatial dependence. The spatial
part of the wave function can be expressed in terms of a radial wave function and the
spherical harmonics. The spatial dependence of the EM transition amplitudes reduces
to expectation values of various functions of quark position and momentum between
the initial and final state wave functions.

C.1 Electric transitions

Electric transition does not change the quark spin and at its lowest nonrelativistic order
is given by the electric dipole (E1) transition. The E1 transition has selection rules
AL = 4+1 and AS = 0. The spin-averaged electric transition rate between an initial
state i = n?*1L; and a final state f =n' 2511/, (L = L' +1) is [13]

2
T(i=n2tL, 2 f=p/2HL),) = 40‘%(2] +1) 5k3|5if|2%, (C.2)
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where eg = (e1mg — eamy)/(my +my), E¢/M,; is a relativistic correction among others
as using the eigenfunctions and eigenvalues of the Breit-Fermi Hamiltonian (Siegert’s
theorem). The momentum of the final photon is

(M} — MF)

k=
2M; '

(C.3)

and the overlap integral &y for m; = my and e; = —ey = eg is given by

=2 [ Ra) |5 (5) =i (5)] sty e

where j, () are spherical Bessel functions. Finally, the statistical factor Sj; = S} is

NPAEErAL
Sgc:max(L,L){L, g L}' (C.5)

Note that at leading order in the multipole expansion the electric overlap integral
&ir reduces to

gif:/ Ry (7)1 Ry, (1) rdr. (C.6)
0

C.2 Magnetic transitions

Magnetic transitions flip the quark spin. Transitions that do not change the
orbital angular momentum are called magnetic dipole (M1) transitions. The spin-
flip transition decay rate between an initial state i = n?*!L; and a final state
f=n'?5"*t1L; can be written as [13]

, dove? FE
Ti=n>TL0, M =2 HL,) = mf (2.0 + 1)k3sg‘f|/\/1if|2ﬁf, (C.7)
Q 7

where e is the electrical charge of the quark, mg = m; = my is the mass of the quark
or antiquark. The overlap integral is given by

My = (1+ rg) /0 T R () o <%) Ry (7) r2dr. (C.8)

The anomalous magnetic moment of a quarkonium is kg and the statistical factor
S}f = S% is

sy—ses+nesen{y 1 {), ¥ K ©

At leading order in the multipole expansion, the overlap integral reduces to
M = 6. Transitions for which n = n' are called allowed M1 transitions, transitions
for which n # n’ are called hindered transitions.
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C.3 Annihilation into electron-positron

The dominant contribution to the decay of quarkonium states into lepton pairs proceed
via a single virtual photon, as long as the mass of the initial meson state is sufficiently
small so that the contribution of a virtual Z can be ignored.

The leptonic width of n®S; quarkonium including radiative QCD corrections is given

by [276]
4&2622|Rn5(0)|2 - 160,

M2 3m )’
where eg is the quark charge in units of the charge of the electron, a and «; are the
fine structure and the strong coupling constants, respectively. The mass of the meson
is M,s and R,s(0) is the radial wave function of the meson evaluated at the origin.
Similarly for 17~ D-wave quarkonium states, the leading order decay width into ete™
is given by [44]

[(n®S; —ete) =

(C.10)

25a%e
24Mﬂ b (O (C.11)
nD

Momentum-dependent effects could reveal significant corrections to the theoretical
leptonic width. The expression for e*e™ decay width of S-wave states in the center-of-
mass frame of the meson and taking into account those effects can be written as [277]

I'(n*D; — ete”) =

=/ 3 + — m2 |E| 2 712
[(n®S; — ete™) =160’ 4 (BEZ — |k|7)x
M E.
(C.12)
{/ﬁi@@XH—ﬁi—ﬁwwﬂ2
o mq Eg 3(Eqg +mq)? ’
where the quark and lepton energies are respectively
1/2
(C.13)

1/2
E. = (W + mg) .
The static limit of Eq. (C.12) may be obtained by considering the nonrelativistic
limit L
7]
— < 1, (C.14)
mq
and in this case the integral in Eq. (C.12) reduces to

— [ wtmira (C.15)

Recalling the Fourier transform
1

(f’)<)

and evaluating at the origin, we have

o1 =0) = s [virip= 2 [T

o [ e (C.16)

I, (C.17)
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so the integral above, Eq. (C.15), becomes

It 1/2 .
2 [T utaniprap = B o= 0) (.18)
meq meq
With the kinematic relationships, the static limit of Eq. (C.12) is
. 16ma’e? 4a’e
T 3 + .- — Q 2 _ 2 1
s = GRD)

which is the well-known van Royen-Weisskopf formula, Eq. (C.10).

C.4 Annihilation into 27y and 3v

States with even C-parity can annihilate into two photons [44, 278]. The amplitude of
the two-photon annihilation of the P-wave states, J¢ = 0** and 2+, is proportional
to the first derivative of the radial wave function at the origin. The decay of J¥¢ = 1++
into two photons is forbidden. The specific expressions [278] with the first short-
distance QCD correction [279] are given by

27 2
eﬁR(W@+%@%"%]
mQ 3T 3

36e4a? 160y,
SRR (1- ).
mQ 3

For the n'Sy states the amplitude is proportional to the wave function at the origin.
Including also the first short distance QCD correction [280] for the 2 decay, one can
write

F(TL?’PO —y) =

(C.20)

F(”3P2 —77y) =

3ega’ a, (20 — 72
I(nt =29 RO |1 - = . C.21
' = 7) = S s |1 - 2 (25 )] (©21)
The rate of the decay n'D, is given as [44]
3eha?
L(n'Dy — 77) = 77? | Rup(0)]*. (C.22)
Q

Finally, the annihilation of n3S; into photons is given by the process n3S; — 3v due
to the C-parity conservation. These decays have very small rates proportional to o

4(m? — 9)aed 12.6cx
3 _ Q 2 . s
I'(n°Sy — 3y) = i 2@ |R,s(0)] (1 - ) , (C.23)

where the lowest-order result is similar to the corresponding orthopositronium decay
formula [107] and the first QCD correction has been obtained [281] from the result for
the one-loop QED correction to the orthopositronium decay rate [282].



Appendix D

General aspects of the
renormalization approach

D.1 Renormalization conditions and error estimates

The boundary condition allows to connect the bound state to the excited states by the
matching condition. We provide here an a priori and qualitative determination on the
short-distance cutoff error of a excited state, E,(r.), when the ground state is fixed to
a given value Fy for any value of the cutoff r..

We start with the ground state energy, Ey, which is fixed throughout and compute
the logarithmic derivative of the ground state wave function at r. which is matched to
the corresponding quantity of the excited state. Then, we perform a calculation of the
bound state energy, F,(r.), which obviously depends on the cutoff radius. It is this r.
dependence the one we want to determine. Let us denote by w,(r,7.) the excited wave
function where the dependence on 7. is explicitly displayed. Under an infinitesimal
change, r. — r. + Ar. we get

— Au + UAu,, = AE,u, + E,Au,, (D.1)
Note that the variation is defined for a fixed value of r,
Ay (ryre) = Up(r, 70 + ATe) — Up (1, 70), (D.2)
and hence
AU (ryre) = ul (ryre + Are) —ul (r,re), (D.3)

where here, the prime denotes derivative with respect to the r variable. Therefore, if
we use the boundary condition

u;('rm 'rc) = Ln(rc>un<rm Tc)a (D4>
we get
ou’ .
)| = Aarurer)) - 2 A D)
r=Te Te T=Tc
From here we obtain
ou! ou

L' + L% — E =——"24r—" D.

( n+ n U+ n)un 87“6 + narca ( 6)
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and multiplying this equation by wu, and subtracting the original equation multiplied
by Au, we get

— Auluy, 4 ull Au, = AE U2, (D.7)

which integrating from 7. and infinity and using that for a bound state w,(r,r.) — 0
at large distances we get

— Aujuy, + u,Au, = AEn/ uz. (D.8)

On the other hand, since the ground state energy is fixed, AE, = 0, we get
— Augug + ugAug = 0, (D.9)

and taking into account

AE, = (L, +[2 ~ U+ E,) u"m) , (D.10)
f Uy (7)2dr
so that using L, = Ly we arrive at
un(rc)2
A(E, — Ey) = (E, — Ey)—sc———Ar.. D.11
( 0) = ( 0) f wn(r)2dr T ( )
Actually, integrating we get
[E,(r.) — o) / dr u, (r)?* = const. (D.12)
For a normalized state we have for small r.
En(re) — By = (E, — Eo) [1+ reun(re)® + ... . (D.13)

Therefore for a regular potential with a non-trivial boundary condition u,(0) # 0
the error is at least linear. For a singular and attractive potential, 1/r", the error

is O(Ty"/ 2) up to some oscillations. As we see, the convergence is from above and
proportional to the energy difference as well. This means that the effect of putting a
finite cutoff fixing the ground state energy is repulsive and increases with the excitation
energy.

D.2 Short-distance analysis of wave functions

In the renormalization scheme, the singular structure of the problem at short distances
requires a specific analysis of the uncoupled and coupled equations. We summarize in
this section a few interesting facts concerning the short distance behaviour of the wave
functions.
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D.2.1 Single channel case

In the case of nS states, an attractive OGE Coulomb-like behaviour holds, so that at
short distances the reduced potential reads

1
Ulr)=2uV(r) - —— D.14
(r) = 20V (r) = — =, (D.14)
where R represents the relevant length scale in the reduced potential. Thus we have
short-distance behaviour

3rr r
a(r) = Au 1= = = Zlog (%) | + Bar, D.15
) = A 1= 55 = ios ()] + Bar (D.15)
which is a linear combination of the regular wave function and the irregular one. On
the other hand, the orthogonality condition, Eq. (3.23), implies A, /B,, = Ay/By so
that
un(re)  An
—
uo(re) Ao

which shows that the ratio between wave functions becomes finite as the cutoff is
removed, as can be seen at the left panel in Fig. 3.9.

For a power-like short-distance singular potential we may keep the strongest
singularity

(D.16)

o p—— (D.17)

Tn
The solution of the Schrodinger equation requires the reduced potential

U(r) = 2uV(r) — —% (?)n (D.18)

where for convenience the variable R = (2uC,)"* with length scale dimensions has
been introduced. At short distances the reduced de Broglie wavelength is given by

1 T\ 2
ANr)=E ——=R(—=) , D.19
"= ==~ *(%) (D.19)
which fulfills NG -
r n/r\s-
=—(= 1 D.2
dr 2 (R) <4 (D-20)

for r < R. In such a case the WKB method can be applied [283] yielding

A
u(r) = uwkp(r) = O sin {/ dr+/—=U(r) + cp} , (D.21)
where A and ¢ are undetermined amplitude and phase which may be obtained by

matching to the exact solution in the region r ~ R. In the case of the singular
potential given by Eq. (D.17) we have for the m-state

T\1 . 2 R\
U (1) = A, (E) sin | o— | — + ©m

(D.22)
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However, the orthogonality condition, Eq. (3.23), imply ¢,, = ¢o. Thus we obtain

onlrs) A
up(re) Ay’

For n = 3 this is seen in the left panel in Fig. 3.9.

(D.23)

D.2.2 Coupled channel case

Now we undertake the short-distance analysis of the spin-orbit and tensor interactions.
At short distances one may neglect all terms and just keep the 1/r3 singular
contribution yielding

(o) 2 (% %) (10) -0 -

This system can be diagonalized by going to the rotated basis

() = (e, sme) (), .

where the new functions satisfy

R
)+ (r) = 0,
]7;, (D.26)
() = Zur) =0,
and the R; and — R, are the corresponding eigenvalues
10
R: :R(—§+2\/§) >0,
10 (D.27)
~Ry=R (—? —2\/5) <0,
and the mixing angle is o = 1.1°, a rather small value. At short distances the

solutions of Eq. (D.26) could be analyzed via the WKB method as we have done
in the previous section, but for this case we can undertake the analysis in terms of
Bessel functions, whose short distance is analytically known. Actually, the solutions of

—y"(z) —y(x)/a® = 0 are
() =2 (%) o
n(3) - o5 2)
-

whereas the solutions of —y”(x)

(D.28)
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All this amounts to write the solutions in the suitable form

vi(r) — (%)4 [C’lRe”ﬁ—i-CgReQ er],

1

w(r) = Ca (Rﬁz)ism <2\/§+¢> . (D.29)

The four constants appearing here, Cir, Cor, Ca and ¢ reflect that the total order of
the system is four. The last equation also shows that generally solutions will diverge

as 2V at the origin, hence preventing the bound state normalization condition,
unless C1g = 0. In such a case the normalizable solution may be written as

' / :
u(r) = —sinaCy (RLQ) sin (2 % + ¢> + cosa Csp (RLI) o2 %’
3 7 s
1 3 -
w(r) = +cosaCy <R;2) sin (2\/72-1-90) +sina Cyp (}%) Es

The three independent constants appearing here for the regular solution C4, Csg
and ¢ correspond to fix the energy M, the asymptotic D/S ratio n, and the
normalization condition. Note that when integrating from large distances to short
distances with a given bound state energy and an arbitrary n we would always have
a contribution from the exponentially diverging solution since Ci1z # 0. Thus, the
condition C1g = 0 predicts n from the bound state energy. The foregoing analysis
shows that for the 1/73 singularity appearing here the solution is ambiguous and the
bound state energy for a given state has to be treated as an input. Of course, the
orthogonality requirement between different states implies that if one state, (u,,w,),
has a short-distance phase ¢, and another state, (u,,, w,,), has a short-distance phase
©m, one has

(D.30)

0 = QN(Mn—Mm)/ dr (Up U, + Wpwy,)
0

(e o]
!/ / /! /
= [upum — upul, + w,w, — ww,,]
1

= ﬁC’A,nC’Avm sin(@, — ©m) (D.31)
2

whence ¢,, = ¢,, is obtained. This shows that all states are linked through the spin-
dependent splitting provided the ground state energy is given.






Appendix E
Matrix elements of strong decays

E.1 Nonrelativistic reduction of Dirac bilinears

The Dirac-Pauli and Majorana representations are the most famous ways of writing
the v* Dirac matrices. We use the Dirac-Pauli representation of the v* Dirac matrices.
The reason is that this representation has a simple nonrelativistic limit, and thus it is
more suitable for us because we calculate the nonrelativistic reduction of the matrix
elements. In terms of the Pauli 2 x 2 spin matrices

I T s PP (A R

the Dirac matrices can be written in this representation as

I 0 0 o 0 I
0 _ k __ k 5 _

A complete set of plane wave states is now easily constructed. The solutions of the
Dirac equation with energy-momentum vectors p = (£Ey, p') are given by

- Eﬁ‘ + m Xr
ur(p) = \/ " PG ’
2m Eﬁ_,_er

o

o Es+m 5.5
Ur(p) = p2m (X;r« ) _XI E'ngm) 5
. (E.3)
=\ Eﬁ+m Equer
Ur(p) - 2 / 9
m X

o Ez;+m 5.5

Uy (p) = P2m (X;‘T EIjer ) _X;"Jr> )
where 4,.(p) = ul(p)y° and v.(p) = vi(p)y°. The two-component nonrelativistic

spinors are defined as

X1 = X5 = <(1)) , X2 =X) = <(1]) : (E.4)

In our evaluation of decay matrix elements in JK.J models, we also require spin
matrix elements, which involve the nonrelativistic O(p/m) matrix elements of Dirac
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bilinears with I' = I, 7°, 4 and Pauli spin matrix elements. These are

. 1 N N o 1 D — Do 11
i 640730 T )] = 5 (=) - i) = v |91 (B2 o (33 )1

my

1 . N N 1 N N 11
i 0,70 5)] = o (B4 ) (o) = 5=V e (53) 1]0,
lim [uu<pu> ’7“11(171/)] = <,U|5|V> )
v/c—0
(E.5)
and
lim [, (pp) I u,(py)] = 6,
v/c—0
N 0 N o
v}lcrgo[uu(pu) ¥ U (P)] = Oy (E.6)
o N o 1 I P I
lim [uu<pu) 7“V(pV>] = [(pu +pu)5;w -1 <M|J|V> X (pu - pu)] )
v/c—0 2m,,
where we have used the relation
5 11
Vi (3) = —V3 [ ® (@], = V6 {YI © (55) 1} | (E7)
0

E.2 Spin-space overlap integral of sK's decay model

We begin from the Eq. (4.40) and using the expressions below one can decouple the
spin and angular momentum terms

Ly Sa Ja

[(LaSa)Jl[( Z¢ (2L + 1 25+1)(2JA+1){ 1 1 0 } | [(La1)L][(Sa1)S] Ja)
L S Ja

(_l)LA+S+JA+1

_ Lz; V(2L +1)(28 +1)(2Ja +1) 3(2Ja + 1)

{SLA La Jf} (La1)L] [(Sa1)S) T}

(LS sl (LeSc) e Jocl = > v/(2Lpe +1)(28 + 1)(2J5 + 1)(2Jc + 1)

Lpc,S

Lg Sy Jg
Lo Se Jo p (((LsLc)Lpe] [(SeSc)S] Isel,
Lge S Jpe

((LpcS)Tacl 1] Jrl =Y v/ (2Jpc + 1)(2L + 1) (—1)5 1+ 7ec+E

{f Lz Jic} (L)L) S) Jrl,
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([(5a50) 58] [(s,58)Sc] S| [(sasp)Sal [(susy)1] S) =
1/2 1/2 Sp (E.8)
= (—1)""%e /(2S5 + 1)(2Sc +1)(2S4 + 1)3K 1/2 1/2 Sc p,
Sy 1 S
to write
-1
A = V257 J(A— BC)E(A— BC), E.9
spin—space m 2my LB; ; ) ( ) ( )
with J(A — BC') equal to Eq. (4.19) and
E(A— BQC) :/d3KBd3ch3 od’pd’p, dp, dps
5(3)([? _ [}0)5(3)(]33 _ ﬁB)5(3)(KC _ ﬁc)(g(?’)(fi‘)L;]%) (E.10)
09 (s — (P — By — P)) K (1P +51)
o o Pu — Dy
(on(Fa)oc(e)] LueYith)] L oatind (P52 )11).
If we integrate in d®p; using the J-function, we obtain
E(A 5 BC) = / P K o dpadpsd'p,d'p, K (15, + 7))
DR _ RSO (R — B (n — Brs® (5, Sk = ko)
0K — Ko)o" (Kp — Pp)d*” (K¢ — Po)d (PA)T (E.11)
Py — Dv
([68(m)0cic)] Lac¥i(b) Ll oay: (252 )1 1).
It is easier to consider the involved masses in function of a reference one
Ma
Wo = —,
m (E.12)

Wap = Wq + Wg,

such that the masses of quarks, antiquarks and mesons are dimensionless. We try to
write £(A — BC') in function of the total and relative momenta of meson A, created

pair (uv) and system BC'

> — g — Wﬁa—waﬁ
PA:pa_'_pﬁu pA:u7

P:ﬁ,u"_ﬁm ﬁ:

K=Kg+ Ko, k= ,

(E.13)
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such that the different momenta in function of those above can be expressed as follow

pa - ﬁA + —aPA7
Wap
= B B
Pg = —pa+ —6PA7
i, =i+ L P
pu _p 2 )
D, 5+ L5
Pv = —p ot
- . wp =
Kp=Fk+—2K,
wBC
Re——ki+ wo e (E.14)
wWRBC
— 5 a = 1 —
Pgp=pa+—Ps—p— 3P,
af 2
— vV - aWy Wa - 2wu+wo¢ =
PB = DA Py D— ( ) ;
Way WarWaps Wav 2wcw
N ., wa - L 1=
Po=—pa+—LPy+p+ =P,
Wap 2
., w, w,wa = wg ,  wg =
fo=-tpy— 2L Py Py PP
Wus WupWagp Wus' 2Wup

Once we have integrated in some variables with the help of the d-functions, the
expression of £(A — BC) is

S(k — ko)
k (E.15)

~

([[¢8(PB)dc(Pc)] LecYi(K)] L] [pa(pa) 1 (P)] L),

SM%BQZ/EMM%KM%

where

— ¢ — ]‘_)

A:k?‘|“p+§P,
w — 1—»

= l/k > —P

p=k+i—3P, (E.16)
W, - 1=

o = ——k+p+ -P.
wﬂg 2

Now the wave functions can be decomposed in the following way

a(Pa) = fa(pa) Ve (Pa),
oB(PB) = f8(PB) VL, (PB), (E.17)
bc(pe) = fo(pe)Vee(Pe),
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where fa(pa), fe(pp) and fc(pc) are expanded in terms of Gaussian basis functions
= Z d;* exp (—%pi) :
=Y dZexp (—%pé) : (E.18)
J
1St (G

arriving to

E(A— BC) =Y _dldPdf€;i(Ai — B;Cy). (E.19)

i3,k

We make an abuse of notation for simplicity and consider éfl-jk(Ai — B;Cy) as
£(A — BC) with

. 5(k —k 1
E(A— BO) = / d%kd*pd*P K (P) % exp {—§(Ap?4 + Bp} + Cp)

(Vi (08) Ve o)y, . Yk, Ve, BB,

(E.20)

To continue in the calculation of & (A — BC(), it is necessary another change of variable

—

qg=p—xP, (E.21)

which will help us to simplify the calculation of the exponential in the equation above.
We arrive at

5(1{: - ko) 1 2 2 2
R —§(APA + Bpg + Cpe) (F.22)

Vs (78) Ve (5o, Vi(R)], Wi, BV ()],

E(A— BC) = / d%dd®P K (P)

with
. -  , 2r+1-=
pA:k+ + 9 P7
w, » , 2x—1->
ﬁB: k+ + P7
Waws , 2 ) (E.23)
. w . r+1 >
Po=—"k+q+ P,
wug 2
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Now we need the following expressions

1 2 2 2 2 2 2 DQ_RQ 2
® cXp —5 (ApA+BpB+CpC) :(471') exp —Fk —Dq — T P

GR ~ -
S (i iGhain |1 (5 - $7) ke | Bl Pt [P @] | |
210

l1,l2,l3

o [yLA<ﬁA)y1<ﬁ>]L = Z <_1)1+LA+I57l17l3HLA,LA7l1,1,l4,l5,l(sCllllAClIQIA_hCllgBllf,lg

l1,l2,13,l4,l5,l6

20+ 1\ o tatitstote [La—1 =1y 1y La—1
Bllf)‘A_ll_l%l_l3 ( 2 ) xlgPl +l3 lq1+LA l1—la—I3 l(;{ l51 2 1_2[3 l6 1
liw La—l La . B
ls 1—-1s 1 {%(P) [ylz(k)yle((f)] } :
l4 l5 L lL
o |Deale)VicEol e W) = D (O bttt

l1,l2,..5l9,l10

L ~Lp—l1 ~Lc ~Lc—l3 npls l7 ls
s 16,1607 15,10,110 Cy Oy O CLE B By, B

l10
l1,l377 12,14 LB—l1—12,Lc—13—l4Bl7,l

l l l l
20 =1\ (1w, \7 (20417 Y ' Pl1+l3—l5kl+l2+l4—l10qLB+Lc—11—l2—l3—l4—l8
2 Waw 2 Wyp

le Is Lpc| Jlz s 1 h Lp—hL Lg ly Lp—=UlL =1y Lp—1
{I(j l5 lg }{l; l8 l160} l3 LC—ZB LC l4 Lc—lg—l4 Lc—lg

l5 l6 LBC l? l8 l6

(P PrE@] |

’ (E.24)

where we have chosen x to make zero the coefficient of the term ¢ - ]3, thus we get

D:%(A+B+C),

G=A+-2pt e
Wap  Wyp
Lo
2D’
1 \? 2 (E.25)
F=:-|A <°" ) B+<ﬂ) ol
2 Waw Wyp
1
R=_(A-B+0),
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and we have used the next useful formulas

e = 4 3 (=i) Gy (iGhm) Lk RV,

=0

l E.26
ylm(afl + bfZ) = Z Cll1allbl_l1[yl1 (fl)yl_ll (52)]17717 ( )

11=0
Vi (B) Vi (B)]im = B, 1,2 T2 Vi (D),
with
M, =v2l+1,

ol (20 + 1)!
S\ @D 1)+ 1) (E.27)

QL+ D)L +1) (1, I, I
Bll1,l2 :<_1>l\/ - AT 2 01 5 0/

After some algebra manipulation our final expression is

D2_R2 >P2

E(A— BC) = (47)? / dkdgdP 5(k — ko) K (P)e P~ (%50

Z (_1)1+LA+l4+l5+l14+115+l16+118—l1—l3—111 (_Z')ln-i-lls]‘ll? ('in?Q)jllg |:Z (S _ @) ]{;P:|

2D
l1,l2...118,l19
20 + 1 1 27 — 1 l7 20 + 1 lg lg l1o
T I3 X X Wy Wy La~La—l1 1 L ~Lp—l7 ~Lo
) et (S - Clagkahol obe sl
Wav Wpp
Lo—lg nly le l11 l13 l14 lis Rlio la l2 le
Clm Bl1,l3BLA—11—1271—13Bl7719Bl&lmBLB—17—l87Lc—19—l10Bl13,lBl17l18Bl18,l11Bl197lleBl177114

HLLA JLa—l1,Lp,Lp—l7,Lo,Le—lg,Lpc;l2,la,la,ls,ls,l6,l6,011,012,012,013,014,015,015,116,019
P2+l1+l3 +l7+1y k1+l2 +ls+lo q3+LA +Lp+Lc—l1—la—l3—l7—lg—lo—l10

La—li—=1ly lo  La—Uh)| Jha Ly Lol Jls ha li ls 1y L
5 =13 ls Lol s ) s U bhef ln bs bis
li La—1Ui La lz. Lp—1r Lp ls Lp—lz—1Is Lp—1I7] [l L7 bs
ls 1—13 1 ly Le—1ly Le Lo Le—lg—lio Le—1lypQle lia lisp,
ly ls L I l12 Lpc l3 l14 L2 la ls s
(E.28)
and for the radial integrals one has

D2_R2

/ dkdgdP3(k — ko) K (P)e 27 (P

2, .. . . GR
>P (_Z)ll7+l18jl17 (ZGkQ)jhs [Z <S - ﬁ) kP:| X

X P2+l1+l3+l7+l9k1+l2+l8+l10 3+La+Lp+Lo—l1—la—1l3—1l7—Ilg—lg—l10 —

q
— ké+l2+18+l10€Fk%/ dq q3+LA+LB+chl17[27[37l77l87l97l10ill7(Gk0q>€fDq2X
0
) 2 g2
x / dPK (P)P>+itlstislo;, Ks - %) ko P} o (Z) P
0

(E.29)
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E.3 Spin-space overlap integral of j'K ;" decay model

We begin from Eq. (4.41) and decouple the spin and angular momentum terms following
Eq. (E.8) to write

i ! LN J(A = BC)E(A — BC E.30
spinspace = AT 5= LBCZ’L’S ( )E( ), (E.30)

with J(A — BC) equal to Eq. (4.19) and

£(A — BC) = / PK pdPK o dpadpsdp,dp, dps

§O(K — Ko)0® (Kp — Pp)d® (K¢ — %)W(ﬂ)@ (E.31)

5(3)<ﬁ5 - (ﬁa _ﬁu - ﬁu>>K<|ﬁu "‘ﬁu‘)

([[¢5(PE)¢c(Pe)] LcYi(k)] L] [pa(Da) V1 (Dl + 1u)] L) -
We proceed in the same way as in the case of the sK's decay model, the only difference

is that the term ), (ﬁ 2 ”) is changed by ) (py, + pi). Therefore we have

2
. k—k 1
E(A — BCO) = / d*kd*dP K (P) % exp l—a(Api + Bp + C’pQC)]

[Vin(05) Voo By, Vi) Ve, Ga)Vi(P),

where the only new term is

(E.32)

5 5 - _ 20+ 1\" -
yLA<pA)y1<P)]L = Z <_1)1+l1 ISHLAJSCZLIACII;A llBllil ( 5 ) P1+l1 I3

l1,l2,l3
ll LA - ll LA = ¢
{L 1 13 } |:yls<P) [yb(k)yLA*ll*lQ((T)} LA11:|L’
(E.33)

reaching the final expression

£(A — BC) = (47)° / dkdqdPs(k — ko) I (P)e " P (75m) P S (mp)thhthe sl

l1,...,l16

GR 20+ 1\" (22 = 1\" (22 + 1\* [ w, \" [ w, \"
_Nhatls ; ; ) - — - —
( Z) Jlya (ZGkQ)jlw |:Z <S 2D) kjp} ( 2 ) ( 2 ) < 2 ) (ch) (Wuﬁ)

Lo La—li ~Lp ~Lp—ly ~Le ~Lo—ls pls ls l10 l11 lis pRlis La—li—l2 pl2 I3
Cll Cl2 Cl4 Cls ClG Cl? BlllelélylGBl57l7BLB_14_157LC_ZG_l7Bll()7lBll47115Bll47111 Bl16,l138l15,ls

HLA JLa—li,La—li—l2,Lp,Lp—l4, Lo, Lo—ls,Lpc,l2,l3,03,ls,l9,l9,l10,11,l12,l12,013,l16
P3+l1 +la+lg k1+12+l5+l7q2+LA+LB+LC*l1 —lo—ly—l5—le—17

i, Ly—1li Lal Jlo ls Lpe| Jlio L1 o Ly—10 I3 L
L 1 l3 L 1 Lig 1 i3 ls Lig U5

l4 LB - l4 LB l5 LB - l4 - l5 LB - l4 l16 l14 l15
le Lc—1ls Lc lz7 Le—=lg—1l; Lo—1s lis I lia ,
I lg Lpc Lo I ly lo Ly—UL -1l Lxa—1

(E.34)
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and for the radial integrals one has

[ dndaapse k()P it (iGha)in, { <S - %) w } :
w P Lot 24 La+Lp+Lo—li—l—li—ls—lo—lr
= fol ol o~ FRE
y /dq q2+LA+LB+LC—l1—l2—l4—l5—l6—l7l~ll4(Gkoq)e—DqQ
x / AP K(P) p¥h+iatle;, KS - %) ko p} o (P )P
(E.35)

E.4 Spin-space overlap integral of ;7 Kj7 decay model

We begin from Eq. (4.42) which has two terms if one considers the transversal
components of the virtual massless particle.

E.4.1 Term in 0;;

We have
=T =T 1
T e == > (JseMpclm|JrMy) (JpMpJoMc|Jsc Mpc)
’ ’ 1+ 5BC m,Mpc,Mp,Mc
BK o d3K ~d3sd® .d%. d®. d3p..d> 3)( 1 % Ylm(k?)
pd"Kcdpsd’p,d’p,d’p,d’padps 0" (K — Ko)o(k — ko) ’
8O (Kp — Pp)o® (Ke — Po)d® (Pa)ds(pr)bc(Be)da(Pa)
K(|p+ 5 )6 (55 — (Fa — D — 1)) 8,0 (5, — Pis)
5y [P+ P5) dsa — 1 (010} > (B5 — Pa)] - (1] |0} -
(E.36)
such that this in turn has two terms.
First term
=T =T 1
T e =———— > (JpeMpclm|JrMz) (JpMpJeMc|JpcMpe)
’ ’ 1+ 5BC m,Mpc,Mp,Mc
BK o d3K ~d3sd® .d%. . d3p..d> 3) [ 1 % Ylm(k?)
B caps ppdpud vd adpﬁ o (K - K0)5(k7 - ko) 2

5(3)(133 - ]33)5(3)(130 - ﬁ0)5(3)(ﬁA)¢B(ﬁB)¢C(ﬁC)¢A<ﬁA)
K(|p, + 9 )0® (D5 — (P — Dy — 54))0,50 (B, — F5)
]_ — — —
I 05 (Pa + D5) - (uv|a[0),
(E.37)
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that rewriting

=T =T ]_
T = V23 / IPK pd’K cdpadpsdp,dp, d’
spin—space I+ 5BC 2ma B C ppapy Ds
5(3)([( _ K0)5(3 (KB _ PB)5(3)(KC _ Pc)5(3)(PA)@

5D (55 — (B — B — B K (70 + ) (E.38)
([[628) (505,)S] i [Bc(Fe) (5u55) Sc] Je] TucYilh)| Jr
| [[0a(Pa)(5a58)Sa) Ja V1 (Do + Ds) (5u5,)1] 0] Ja ),

and decoupling the spin and angular momentum terms following Eq. (E.8) we arrive

to
IJTK]T 51 1 V2371 Z j A — BC)S(A — BC), (E39)

spin—space 1_'_ 5BC Qma ; 7
BC

with J(A — BC) equal to Eq. (4.19) and

£(A = BC) = / PK 5K o dpad’psd’p,dp, d'ps
L L. L L ok —k
5O (K — Ey)d® (R — P)i® (Ko — Py ) g )

3O By = (Ba — B — ) K (B + Bi])
([[¢5(DB)dc (o)) LecYi(k) L] [pa@a) V1 (Pa + 55)] L) -

We proceed in the same way as in the case of the sK's decay model, the only difference

is that the term ) (p up ”) is changed by Y (pu + ps). Therefore we have

N 0(k — ko) 1
_ 37,13 13 a2 2 2
E(A — BC) —/dkdquK(P) T OXp Q(ApA+BpB+CpC) (B41)
[Ves(P8)Vic(B0)] 1 0 Vitk)], Wes(Fa) 1 (204 = P,
where the only new term is

yLA(ﬁA)yl(QﬁA_p)} —2 Z Hl Loa,La—ly,1—13,l5 l6‘l7180[1ACLA lchSCl I3

.....

Bs gl gl 2x+1 ng
l1,l37 1ol " La—l1—l2,1-13—14 9

lh La—1y Ly
Pll+13—l5 k12+l4—l7q1+LA—l1—12—13—l4_l8 l3 1 _ l3 1
L 1, L

lg LA—ll—lg LA_ll
o d-bol Lk [P PRE@)], | |

l? l8 16 L
(E.42)
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reaching the final expression

£(A = BC) = 2(47)? / dkdgdPs(k — ko) K (P)e =P =(P55) P

Z (_1)l5+116+117+l18+120*113(—i)l19+l20j119 (inQ)leO [Z <S B %) kP:|

2r + 1 ll:clg 20— 1\" ((w, \" (20 +1\" ot llQCLACLAfth
2 2 W 2 Wyp h "l ls

1-l3 ~Lp ~Lp—lo ~Lc ~Lo—l11 pls l7 lg l13 l15 l16
C114 Clg Clm Clu Cllz Bll,lsBlQ7l4BLA711712,1*13*l4Blg,luBlm,lmBLB
BlllslBlzl
15,

B B B
l19,l20

120,013 121,118 1197116H17LA7LA_ll7LByLB_197LCyLC_l117LBC71_l37157157l67167l77l77187l8
P2+ll+l3+l9+luk1+12+l4+110+112 3+La+Lp+Lo—li—la—l3—la—lg—l10—l11—l12

—lo—lio,Lo—l11—l12

HllS,ll4,l14,l157116711771177118,l21 q
li, La—1l L ly La—1li—1s Ly—1
ha hs Lpo\| fhs he ha\ fle s LY )t 7400 A0)7 4002 24
j ] ] I L o] I3 1—13 1 ly 1—=1l3—1 1—13
17 17 18 13 17 20 l5 l6 L l7 l8 l6
19 LB - l9 LB llO LB - l9 - llO LB - l9 l21 l19 l20
lll LC - lll LC l12 LC - lll - 112 LC - lll 118 l16 ll7 )
lis liy Lpc lis lie l14 lz lg s

(E.43)

and for the radial integrals one has

Q/%@w%@—%ﬂ«ma””mk“ﬁfV?ﬂ%ﬁm%menmP(S‘gg)“ﬂX

% P2+l1+l3+19+111 k1+l2+l4+110+l12 q3+LA+LB+Lc—l1—12—13—l4—l9—110—l11—112

— k(1]+12+l4+110+112 e*Fk‘g %

3+La+Lp+Lc—li—la—I3—la—lg—l1o—l11—l12; —Dg?
X/dqq At+LptLoc—li—t2—l3—ta—lg—tio—l11 12Z119<G/{70q)€

x / dPK (P)p2thtistloting, Ks @) kOP] o (ZFm)P,

2D
(E.44)
Second term
A ;Sge e (JpeMpolm|JrMr) (JpMpJoMe|JpeMpe)
’ ’ 1+ 5BC m,MB;wByMC
Yin (k)

/ PPK pdPK o dpsd®p,d*p,d’p, dpadps 6 (K — Ko)d(k — ko)
5(3)([?13 — ]33)5(3)(130 — ﬁ0)5(3)(ﬁA)¢B(ﬁB)¢C(ﬁC)¢A<ﬁA)
K(|p, + 9 )0® (D5 — (P — Dy — 54))0,50 (B, — F5)

L i (6110) x (s — )] - (u|510)

k

a

(E.45)
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which is the same that

P 271
I KITe2 TaeMaelm|Jp Mp) (JgMpJeMe| Jge M
spin—space QOa 3 mMBCZMB Mc< BCiV1BC ‘ T T>< BiVIBJC C| BC BC>

Vi (k)
k

/ PR pdPK o dpsd®p,d*p,dp, d*padips 6@ (K — Ko)d(k — ko)

09 (Kp — Pp)d® (Ke — Po)s®) (Pa)dn(ip) bc(Be)da(pia)
K(|5, + 50 (05 — (Foe = P — 58,56 (7, — 5)
Ji-

[S1(80) @ Sy (p)]1 - V1 (P — ),
(E.46)

and decoupling the spin and angular momentum terms following Eq. (E.8) and

(L) Jr| [$1(80) @ Si(uw)] - V1o = B5)I(LaSa) )

L Ly 1 L 3v/3
—dppn(cpters { o DG = 1) T s, s 50s(-1)5
LSy SUfE oSe N Ji7 s
—1)* A 2 A3 I 1
;( 1) H:B,:B{SC SB SU}{SC % l’} :2[ i ‘S;[B )
(E.47)
with
. . 3v3
(Sms [$150) @ 1) 1Sams,) = 2N, 5, 50.5(-1) 50 (—1)7 s
L1 E4
S 1 S84 . 1S, S\ (L s, 1]z 3 7 (E.48)
> (1)1, AT S IR SN
—mg ¢ mg, T1Se Sp oz Sc 5 = i i 1

we arrive to

T T 27
T inpoce = m%n V5 X J(A-BOEMA=BO),  (E49)

Lpc,L,S
where
33
J(A — BC) =5JTJAT( 1) At batSet oot LY o LperLiL.S4,55.50,5.5
L S J
L Li 1)[S Lge Jpe LB SB JB
Sy S Ja(Yl Jr L ¢ o Ue
Lge S Jge
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and

E(A— BC) = / PR pdPK oo d®psdp,dp, dps

SR — o) (R — Bo)o® (Ko — Be)a® () 1) g )
5(3)(ﬁ6 - (ﬁa _ﬁu - _’u)) (|ﬁu +ﬁ1/|)
([[05(FB)dc(Be)) LecYi(k)] L] [@a(Ba) V1 (o — B5)] L) -

If one integrates in d%; the expression of £(A — B(C) is the same as in the case of
jYK 39 decay model.

E.4.2 Term in %%

QQ

We have

7 2 -1
7" Ki".Q E (JpcMpolm|JrMy) (JpMpJcMc|JpeMpe)
Spln SpaCe /
1+ 5BC m,Mpc,Mp,Mc

Vi (k)
k

/ K pd°K o dpsd’p,d*p,d’p, dpad’ps 6 (K (k — ko)

Ko)o
03 (Kp — Pp)d® (Kc — Po)d® (Pa)én(p)dc (o) dalpa)
— Dp

K (|5, + 58P (55 — (P — By — 9))0,80™ (5, — Ps)
1
2mg,

[(ﬁa - ﬁé) ' <MV|6|0>] [(ﬁa +ﬁ6) ’ (ﬁa _ﬁé)] 56047
(E.52)

that rewriting

2773
7K \/ /d3[( EPKodpsd®p, dp, dpod?
spin—space ~ /71 5BC 9 N B capsap,, 2]

3K — Ko)d® (Kp — Pp)d® (K — PC)5<3>(13A)@

L KP4+ 1))
T RE
(|[[6B(PB)(Sas,)SB] JB [pc(Pe)(su88)Sc] Je] JpcYi(k )] Jr

[yl (ﬁa +ﬁ5) ® M1 (ﬁu +p1/)]0 | [[¢A(pA)(5a36)SA] Ja [yl (pu + ﬁl/) (SMSV)l] O] JA> )
(E.53)

5(3) (ﬁ& - (ﬁa - ﬁu -

and decoupling the spin and angular momentum terms following Eq. (E.8) we arrive
to

T T o /277r3
Jt Kj*,Q
Ispmfspace = g 5BC 2ma E j A— BC’)E’(A — BC) (E.54)

Lgc,L,S
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with J(A — BC) equal to Eq. (4.19) and

E(A— BC) = / PR d°K o d*podpsdp, dp, s

SO — Bo)6® (Kp — Pg)o® (Ko — ﬁ0)5(3)<@1)w
D D, 2y g K(|ﬁ +ﬁu|)

8NPy = (Do — Py — D)) ==
(75 — ( u ) RS AE

~

([[oB(PB)Oc(De)) LecYi(k)] L] (V1 (Pa + P5) V1 (P + 0v)] O [pa(Pa) V1 (D + 90)] L) -

(E.55)

We proceed in the same way as in the case of the sK's decay model. However, the
terms [[ V1 (Do + P5) V1 (P + 1) 0] and Y (P, + p,) appear in this case. Therefore we
have

A

E(A— BQC) :/d3kd3qd3p K(P) 6(k — ko)

1
P o P {—§(Ap,24 + Bp} + Cp?‘;)]

V00 08) V10 (50)] o DR)] | [1(250 = POV(P)| [VaG0N(P)]

(E.56
where the only new term is
. _ L i . -
[yl(QﬁA - P)yl(P)} = 21120;0111052113;171’1331113% [yl_h(P) [ylg(k)yl_h_b(cf)] 1-11] -
(E.57)

reaching the final expression

D2_R2 >P2

E(A — BC) = 2(4)? / dkdgdPS(k — ko) K (P)e~ " =Pr = (55

2D

20+ 1\" 20 —1\" [(w, \7 (20 +1\" o
T+ l‘l4 x w T+ Wy ClLlA CliAfh 0114011544 ClﬁB Cll;B*l(i Cngc
2 2 Way 2 WMB

Clgc—ls Bllf 1Bl—l4 Blm Bl12 Blls Blw Blls Blm Bl21 Bl22 Blm Bl21

ly,1 Fle,ls " l7,lg~ Lp—ls—l7,Lo—ls—lo " l12,l " l16,l17 17,110 l1s,l15 " lie,l13 ™~ 1—=la,l3 5,12
P2+11 +la+ls+ls k,l—l—lg +l5+l7+l9q3+LA+LB+Lc—l1—12—14—l5—l6—l7—18—l9

Z (_1)LA+L+113+l14+115+l17—13—l4—l10(_,L')l16+l17jl16 ('in?Q)jl17 [Z <S _ @) kP:|

31%14715,LA41712
HLA7LA_ll7LB7LB_l67LC7LC‘_18,LBC,l3711071117111,l12,l13,l14,l14711571187119,l19,l20,l207l21712171227122
i La—1l La| Jliu Lo Lpe| Jha hs | floo L L l2o lig L
L 1 I3 L 1 l14 liy U g5 lio Ly U7 I3 La—1 1—14
le Lp—1Ils Lg l Lp—Ils—1l; Lp—1Is g lis hr ls 1—=li—1s 1-1
lsg Lc—1s Lc¢ lo Lo—Ils—1ly Lo —Ig lis liz lig lo La—1li—1ly La—1

llO lll LBC l12 l13 lll l21 l22 l20 l21 l22 l20
(E.58)

9
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and for the radial integrals one has

_Fi2_Dg?— ( D2=R2 GR

/ dkdqdP5(k — k) K (P)e” ™2 (505) 7 (Lpyuottn . (iGkg) i, [ <S B E) kp} s
% P2+l1+l4+le+ls k1+l2+l5+l7+19 q3+LA+LB+Lc—11—l2—l4—l5 —lg—l7—lg—lg
— k(1]+12+l5+l7+19€*Fk8X

X /dq q3+LA+LB+chl17l27l47l57l57l77187l9,l'l (Gkoq)eiDqQ

16
2_p2\ o
x / dPK (P)P>+i+iatls+ls; Ks _ g—ﬁ) kOP] o (Z) P
(E.59)

E.5 Charge conjugation

The meson state is given by

P12 M; LS fi f2) = Z (LMpSMg|JM) R(p12)Yrm, (Dr2) |s152; SMg) a}l (151)5}2 (p2) 0},
MpMg
(E.60)
where p1y is the relative momentum between p; and ps, the momentum of the quark
and antiquark, respectively. The C-parity transformation is given by

C ‘PwJM; L5f1f2> = Z (LMpSMs|JM) R(p12)Yrar, (P12) [s152; S M) ijl (151)@}2 (p2) 10) .

M, Mg

(E.61)
We can change the order of the particles so
Yiar, (Pr2) = Yiu, (=pa1) = (=1)" Yo, (1),
|s180; SMg) = (—1) 751752 |s55,; SM) , (E.62)
bl (91)al, () 0) = —al, ()b}, (1) [0) ,

and arrive to

C |p1aJ M; LS f1 fo) =(—1)"FH571752 N " (LM SMg|.TM) x

Mp Mg

X R(p21)Yrar, (P21) |s2515 S Msg) b}g (ﬁg)a;ﬂl () |0) (E.63)
=|pa JM; LS fa f1) -
If the two flavors are the same f; = fo = f then
C|pIM; LSFT) = (—1)5+5 |pJM; LS ), (E.64)

since 2s — 1 1s even.
The two meson state can be written as follow

|AB; JrMrJapl) = Y (miJapMap|JrMy) (JaMaJsMp|JapMap) X
Ma,Mp,Mag,m

X Rap(p1234) Yim, (Pr234) [pr2JaMa; LaSafifz) ® |psaJsMp; LS f3fa) |
(E.65)
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where piags = %(pl + p2 — p3 — p4). So C-Parity gives

C|AB; JpMyrJapl) = Z (ImyJapMap|Jr Mz) (JaMsJpMp|JapMag) X

Ma,Mp,Map,my
X Rap (p1234)Y2ml (ﬁ1234) X
x (C|pr2JaMa; LaSafifo)) ® (C|psateMp; LeSgf3f1))
= > (ImuJapMap|JrMr) (JaMaJpMp|JapMag)

M, Mp,Map,my
X (—1)fatoatletSe g, p (P1234) Yim, (D1234) X
X |parJaMa; LaSafafi) ® |pasJsMp; LpSpfifs) -
(E.66)

We can exchange the meson states without an additional phase since we need four
fermion exchanges, so

CIAB; JrMrJapl) = Y (myJapMap|JrMz) (JaMaJsMp|JapMag) x

M, Mp,Map,my

X (=1)fatSatlotSsp, g (p1234) Yim, (D1234) ¥

X |pasJeMp; LSpfifs) © [parJaMa; LaSafafi),

(E.67)
and now
Rap(p1234)Yim, (Pr1231) = (—1)' Rpa(pazor) Yim, (Paz21), (E.68)
(JaMAJpMp|JapMag) = (—=1)742774778 (JgMpJaMa|JpaMpa)
where Rap = Rpa, Jap = Jpa and Mg = Mpa, and so
C|AB; JrMpJapl) = > {(muJpaMpalJrMz) (J5MpJaMa|JpaMpa) X

Ma,Mp,Map,m;

X (—1)LA+SA+LB+SB+JAB_JA_JBHRBA(p4321)Ylml (Pagar1) X

X |pasJeMp; LpSpfifs) ® [parJaMa; LaSafafi)
:(_1)LA+SA+LB+SB+JAB—JA—JB+I |BA; JTMTJBAZ> )
(E.69)

Notice that in PDG mesons are ¢g but anti-mesons are gq, so D(cii) and D(cn).
In this convention the phase does not include (—1)F4a*Sa+Ls+55  Therefore, for D and
D*in [ = 0 we have
1 _ _ 1 _ _
C| —=(D(cn)D*(n¢) — D*(c¢n)D(nc)) | = +—= (D(cn)D*(né) — D*(cn)D(ne)) ,
(\/5(()() ()())) \/5(()() (en)D(nc))
1 _ _ _ _
C (E(D(cn)D*(cn) + D*(cn)D(cn))) = ———= (D(cn)D*(en) + D*(cn)D(cn)) .



Appendix F
Matrix elements of weak decays

F.1 Semileptonic decays: B — D"y,

We are going to study the semileptonic decays of the B (B or B,) meson into orbitally
excited charmed mesons. In the decay we have a b — ¢ transition at the quark level
and we need to evaluate the hadronic matrix elements of the weak current

Jp(0) = 1(0)7u(I = 75)e(0). (F.1)

Following Ref. [240], the hadronic matrix elements can be parametrized in terms of
form factors as

(D(0), Ppl 1 (0)| B(07), Pg) = PuFi(a%) + 4uF-(¢),

. _ —1 o
be — Ux e’
<D(1+), )\PD|Ju (O)|B(O ),PB> - MEMVCYBG()\)(PD)P qﬁA(QQ)
. . 3 Pty (Pp)
~i {<mB = m)eln (Po)Vole’) = ——E52 [RVi(e?) + 4,V (¢°)] } (12

(D), APy |J2%(0)| BO) P) = €uunseld) (Po) PP Tile?)
— i s (Po) PPTL(a?) + P Pocly5(Po) [PuTo(a?) + auT5(a)] }-

In the expressions above, P = Pg+ Pp and ¢ = Pg — Pp, Pg and Pp being the meson
four-momenta. The meson masses are mpg and mp, A is the spin proyection in the
meson center-of-mass, €% is the fully antisymmetric tensor, for which the convention
"2 = +1 s taken, and €(y),(P) and €\, (P) are the polarizations of vector and tensor
mesons, respectively. The meson states in the Lorentz decompositions of Eq. (F.2) are

normalized such that
(M, NP'|M,\P) = 0y 5(27)*2Ep (P)8(P' — P), (F.3)

where Ejy(P) is the energy of the M meson with three-momentum P.

The form factors will be evaluated in the center of mass of the 0~ meson, taking
g in the z-direction, so that Pg = 0 and Pp = —7 = —\(T\E, with & representing the
unit vector in the z-direction. We have taken the phases of the states such that all
form factors are real. F,, F_ A, Vi, V., V_ and T} are dimensionless, whereas T5, T3

203
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and T have dimension of E~2. Defining the vector V}(|7|) and axial A5(|¢|) matrix
elements such that

V(TN = (Mg, A = |q|E[Jy"(0)| M, 0),

o gna 3 (F.4)
AA(‘QD = <MF7)\ - |‘JV€UA <O>|MI70>7

we have for a 0~ — 0T decay, that the form factors are given in terms of vector and
axial matrix elements as

Fla?) = g [ 4000+ 0 En(-) ~ mn)
’ (1 (F.5)
Fa?) = g |00+ U Ep(-) + )]

In the case of a 0~ — 17 transition, the corresponding expressions for the form factors
are

t mp+mp

A 2 - - - = - 7 )
(Q) \/5 mB|Q| A= 1(|Q|)
mp+mp mp .y M — Ep(—=q) .
V(%) =+ — {VO — V2
(@) 7 VAol T Vika(l)
Ep(=q) - m}
V2 MBEDYT byl (qp b
‘Q|mD A 1(| |)
(F.6)
mp+mp Mmp . mp+ Ep(—q) .
V. (®)=—i - { A8 - A8
(q ) 2mB ‘q‘mB )\70<‘ |) |q‘ >\70<‘Q|>
mpF q)+m .
v meEn(=d) Dv1_1<|q\>},
|Q‘mD
Vo(q®) = +iv2 Vi (17

Finally, the form factors for a 0~ — 2" transition are given by the relations

2mD 1

Ti(q°) = —imflmzﬂﬂﬂ),

1) = + #{ (1)~ [ ()~ e A7)
#2302 (1 - BB Z ) Amlq(ﬂ)},

7] ]

|7]?
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1 3m? . 3m? . .
1) =+ i d = 2 A (171 2B (Ep(=) + m) A1)
B 21q] 21q|

2m
2m Ep(—q@)(Ep(—q) +m .
i _’D <1_ D( )( 2(2 ) B))A%FA-H(MD ’
[ 7|
. m N
T4(q2) =+ |lz»|2VT)\ +1(|q |)

(F.7)

The CQM evaluation of the vector and axial matrix elements, V{'(|¢]) and AY(|q]),
can be found in the next Section.

For a B meson at rest and neglecting the neutrino mass, we have the double
differential decay width [240]

PT Gh O Vee2 M2 mE,my) ¢ _mer

o8P, P LQB v ), F.8
d?dz;  64m2 873 g e s(Ps, Pp)L* (p1,p.) (F.8)

where z; is the cosine of the angle between the final meson momentum and the
momentum of the final charged lepton measured in the lepton-neutrino center-of-mass
frame (CMF). G = 1.16637(1) x 107°GeV~? is the Fermi constant [78], m; is the
charged lepton mass, A(a,b,c) = (a + b — ¢)* — 4ab and V. is the bc element of the
CKM matrix for which we use V,. = 0.0413. H,p and L% represent the hadron and
lepton tensors. Pg, Pp, p; and p, are the meson and lepton momenta.

The quantity Hag(Pg, Pp)L (p1,p,) is a scalar and to evaluate it we have chosen
Pp along the negative z-axis. This implies also that the CMF of the final leptons
moves in the positive z-direction. Furthermore we follow Ref. [241] and introduce
helicity components for the hadron and lepton tensors. For that purpose we rewrite

Hozﬁ(PBa PD)Laﬁ(plapu) - Hap(PBa PD)gaagPB‘Caﬁ(plapu)a (Fg)
and use
Z gT‘TE(T)M<q)E>(kr)y<Q)7 Ju = 17 9+1,0 = _17 (FlO)
r=t,+1,0

with e‘é)(q) = ¢"/q* and where the €()(¢), 7 = £1,0 are the polarization vectors for
an on-shell vector particle with four-momentum ¢ and helicity r. Defining helicity
components for the hadron and lepton tensors as

HTS<PBu PD) - €>(kr)g<Q)Hop(PB7 PD)€(s)p<q>7

y / (F.11)
Lys(pis pv) = €yal@) L (p1; pu)€(5)5(q),

we have that

Hozﬁ(PBa PD)‘C B plapl/ — Z Z grrgss rs PBa PD)Lrs(plapu) (F12)

r=t,+1,0 s=t,4+1,0
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The only helicity components of the lepton tensor that we need are the following

mi(q* — m})

Ett(pbpu) =4 q2 )
m2(a? — m?2
£t0(pl>pu) = £0t(pz,,’0u) = —4!701%,
2 2 2 C]2 - m12
Lonlpnn) = @ =) (10200 —20 )T g
2 _ 2
Loy 1(pipy) = (¢ —mj) (4(1 F o) —2(1 —a?)? 7 l ) :

2 2
q* —m
Loo(pi, pv) = 4(972 - le) (1 - xIQ e : ) )

where F signs correspond, respectively, to decays into [~ 7; and [Tv;. As for the nonzero
helicity components, H,,, of the hadron tensor

1. Case 0~ —= 0F

2 2
mp —MmMp

V&

Hio(Pp, Pp) =Ho(Pg, Pp) = )\1/2(q2’m23’m%) [

Fi(@®)+ V@ F(d)] .

Hu(Pp, Pp) = [

2 2
mp — Mp

eI ) + F+<q2>F_<q2>} |

Aq?, mE, mp)

Hoo(Pp, Pp) = e FHq®).
(F.14)
2. Case 0~ — 1T
Ag? ¥, m) ¢’ i
Hu(Pp, Pp) = 4m§q2 22 | (mp —mp)(Vo(¢?) = Vi(¢?)) — mvf(‘f) :
HtO(PBa PD) :H0t<PB7 PD)
)‘1/2(‘12 WQB m%) [ 2 2 ¢ 2 ]
_ M —mp)(Vo(@®) — Vi(@d) — —L v
S (mp —mp)(Vo(q”) — Vil(q7)) e——— (¢°)

2 2 2
mp—q —mp

2mp \/C?

A(@) + (m —mD>vo<q2>} |

Mg, myp,mb) V()

Vo(q®) —
ol7’) 2mpy\/q> Mmp+mp
2

X [(mB —mp)

[A2(¢?, m, m)

Hi141(Ps, Pp) = R—

H—l—l(PBa PD) = |~

N2 i i)

MBI A+ s = mo ()]

HOO(PBa PD) = (mB - mD)

2 2 2
mp —q —Mmp

2mp \/6172

Ag*,my,mp) Vi(g®)
2mpy/q*> Mp+mp
(F.15)

Volq®) —
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3. Case 0- — 27T

N*(q*, mi, mp) 2

(Th(q*) + (m — mb)Ta(d®) + ¢°Ts(¢%)] ",

N2(q?, mp, md)

24m%,q?

Htt<PBupD> =

24m%,q?

Hiw (P, Pp) =Ho(Ps, Pp) =

x [(mi — ¢ = mp)Ti(q") + Aq*, mp, mp) Ta(q”)]

A(g?, m, mp) 2

[Ta(q%) = N2(¢%, mi, mp)Tu(¢?)]

Hy141(Pp, Pp) =
8m?

g2, m%, m?2 2
Hora(P, Po) =B (7 g2y 4 22 i ) T(e?)]
D
A%, m%,m?2 2
Pon(Pa, Po) =B (113 g2 T3 () + Mg, iy, m) Tl )]
24miq
(F.16)
We can now define the combinations [241]
Hy =Hiip1 +Hoao,
Hy, = Hoo,
Hp=Hyp —H 1,
HS = 3Htt7 (F17)
HSL - Hth

2
i, = Qm—ngJ with J = U, L, S, SL.

with U, L, P, S and SL representing, respectively, unpolarized-transverse, longitudinal,
parity-odd, scalar and scalar-longitudinal interference.

Finally, the double differential decay width is written in terms of the above defined
combinations as

T G% (? — m?)2 \V2 (g%, m%,m2) [3 3
— Vc 2 l ) 'By YD 21 2 H (1 - 2 H
dq?dz, el 12m%q? 2mp 8< o) Hy + 5 (1= 2i) Hy (F18)
3 3 ~ 3 5~ 1 - ~ )
ﬂ:ZZL‘lHP + Z(l — :L‘IQ)HU + §$12HL + §HS + 31‘lHSL} .

Note that for antiparticle decay Hp has the opposite sign to the case of particle decay
while all other hadron tensor helicity component combinations defined in Eq. (F.17)
do not change. The sign change of Hp compensates the extra sign coming from the
lepton tensor. This means that in fact the double differential decay width is the same
for I7; and [Ty, After integration on x; we have that

AU Gy, (@ = mi)> X2 (g%, mG, md)
d¢?> 873 12m%q? 2mp

Vie|? (Hy + H, + Hy + H, + Hg), (F.19)

and integrating over ¢2, we obtain the total decay width that can be written as

=Iy+4+0;+0y+0;+T, (F.20)

[T3(¢%) + (mB — mB)Ta(q”) + ¢*Ts(¢”)]
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with T'; and ', partial helicity widths defined as

G2 (¢ — m?)? A\V2 (g%, m%, m%)
_ 2YF Vi 2 l y 1oy 11D
Lr= /dq 87T3| el 12m%q? 2mp Hy, (F-21)

and similarly for f‘J in terms of I;TJ.

F.1.1 Form factor decomposition of hadronic matrix elements

Here we give general expressions valid for transitions between a pseudoscalar meson M,
at rest with quark content gy ¢, and a final My meson with total angular momentum
and parity J¥ = 07, 1%, 2%, three-momentum —|¢|k, and quark content qrqf,- The
transition changes the antiquark flavour. Following Ref. [240] we evaluate V'(|¢]) and
AR(]7]) in the CQM through the relations

V(7)) = vV2mi2Ep(—q) ne(Mp, A —|€7|E|J\b/cu(0)|M1,5>NR

i _ I . (F.22)
AN = V2mi2Ep(=q) ne{Mp, A = |7 [K[J47(0)| M1, 0) ng
For the different cases under study we have the following
Case 0~ — 07
—V2mEe(=7) [ d'pp= (S0 05D) o (- — gk
i) [ dp s (60107 150) 0 (- TR )

—— | (=gl -7) |7k — P
X _ + _ |
1B, By, 7, 7

A7) =v/2m2Er(—7) / &p

(M(01)) (1> )*A<M<o->> s__ Mp F
= () o mf,+mf2q )

— M aE ) _
) [1_< -1 (o)

4Ey Ey, EyEy,

1 mpy . my. .
+ = - 7] — P —L2—|qlk-§
BB mp My, mg +my,

+( i) )[p( U p)H
my —|—me my +my, ’

where Ep and FEy, are shorthand notations for Ep (—m ey 7|k — ﬁ) and
n 2

X

(F.23)

Ey (mf;nffnh \(ﬂ/; — ﬁ) respectively and Ef = E¢ 4+ my.
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Case 0~ — 1t

Here we have to distinguish two different cases that depend on the total spin S of the
quark-antiquark system.

1. Case S =0

E /E 1 . ‘e .

V(1+S 0)0 = —iV32m2Ep(—7) | &p M_( (M (1+,5=0)) )
Z\/_ " F 4Ef{Efl 4mp ¢f17f2 <p>
o mf{ — _’_ N ) my, . _)_ .
X ¢ (| mg, |_»|E|) 14 ( mf{+mf2|q|k p) (mf{+mf2|q|k’ p)
e VA LAV 2 /)
11, f2 my; +my, Ef{Efl

E/E 1 N . *
1+,5=0)1 /| - by 5=
MEE ) = VB [ o G (55 )
1

fi 47p

M,

X SR R AN - —
¢f1,f2 (i mf{+mf2|Q| |)px<Ef1 Eﬁ)

E 1 R _ *
(1+s 03711\ 3 et ittt ( (Mp(11,5=0)) )
I7]) = —iV3v/2m2Ep(— /d 4Ef/E Dot b (p)

f1 47Tp

P= mﬁmf 17|+ p-
By

1

me — mf/+mf2|q|

>< - s
SO (1~ my + my, By

EqE 1 A + g *
40 5= o] JW/ Py 1l _( (Mr(1%.5=0)) )
N1 mr F 4Ef{Ef1 47Tp ¢f17f2 (p)

Pl q]
7]k )=
my +my, E Ef'

e (F.24)

X ¢f1,f2 (|

2. Case S =1

ExE: 1 /. _ .
1+s 1)0 i W/ d3 fih _( (Mp(11,5=1)) )

Mi(0- my 7|(pz — p?)
X ¢§‘17}2( (17 Ty +my, +2mf 171k ]) TR
1 2 i

)
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+ 9= 5 ~ +,S: *
Vi g)) = —l—\/ 2m2Er(— /d3 4Ef’Ef ¢%J2(1 1))(17))

47Tp

1 2
my, py+pz+pz|q\mlf{+mlf2 _py+pz pz\qlmf,+mf2

- 27|k -
My +my, Ey,

1

X (5 (‘ ~
fl f2 E
fl

E /E 1 ~ _ *
1+S 1)3 7 W d3 f1h _( (Mp(1F,5=1)) )

me

N _ - 1 1
My (0 — —
X ¢§q,}2( ))(|p— mmk“ (PiJFPZ) (Ef — Ef/> ;
1 1 1

+ = — \/g —
AT = i V2me2Ep(=q)

E Ef 1 ~ + g— * A — 5 m 7
< [ L (s ) ) g0 5 i)

4Ef/Ef1 47Tp My + My,
_ M I My S =
X 1 ( gt p) <mf/+mf2|Q|k p) My, — My pyl|q|
Y22 =
Ef{Efl m g +mf2 Ef’Efl
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Case 0~ — 2t

Here we have to distinguish between L =1 and L = 3.

1. Case L =1

+ Ef 1 ~ + 7= *
VEE 7 = o B [ 4Ef,E1 (655 )

1 47Tp
2 2 "
- z - z - z + z
OO _Ma Py =Pz~ el ) R IQImf,me
f1, f2 myg + Mg, Ef{ Ef1

+ = . ) = Ef{Ef 1 /- + L= *
AZI=(17)) = —%\/QmIQEF(_Q)/dgp i (cb%@@ " 1”(29))

4Ef/ Ef 47Tp

pa+ Dy — 2% — 2pz|q\m /+mf

me -
x L
¢f17f2 (‘ my, n my, | ‘ |) Ef{
P+ 1y = 202+ 2p:1q
- . e

Ef1

+ _ \/g = Ef{EAfl 1 ~ T *
AL =i 2m12EF(—q)/d3p Bifn 1 (¢§?{g<2 y’ 1>>(p)>

4Ep By Amp

k mfqy —*E_
me . ( mf/—i—mf |Q‘ p) <mf{+mf2|Q‘ P
X ¢f1,f2 (| _7|Q| |) P |1— =
(A EpEp
4 2 2 o M2 M
P0y = Pald o
+ — L ,
EnEy
E /E 1 A - %
2 L=1)3 it Mp(2t,L=1
Ag\ 0 = —Z\/_\/W/d?’ ﬁm (¢§‘{7£( ))(p)>
1 1
- k=p)- ||k —p
x GO (|5 = —E— | 71K ) p. |1 / .\
1,J2 mf{ +mf2 Ef{Efl

+(p + p}) (—pﬁ%lqﬂ)} } (F.26)
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2. Case L =3

EnE 1 A = *
V(2+L 3)1 \/W/dg J1+h ( (]/\/[(2 ,L=3)) )
A=-+1 mrslup 74Ef{Ef1 Arp’ ¢fl,f2 (p)
(- (G )
(p(py P /+mf2\Q|

m
T T LR TR
P PP f/+mf2\q| (pz —p, +02)

M0~ my
x g (1P 557¥?¥*QWD[E&
2 1

1 mf/
+ = pQ(—2p§+3pz(—7IICJI pz>>
Ef{ My +my,

myg - 2 2 2
—5pz(— 2p2p, + (— ——q| —pz>(pm —p +pz)> :
Y mg: +mf2 Y

EqFE 1 A o *
AL 3)0 fm/dg AR _( 12+ L=3) )
TA=0 mr F 4Ef{Ef1 47Tp ¢f17f2 (p)

2, .2 2, .2
M0~ my. S 5p? Py +p, Py +TD
< GO (5 - — ) ( —1) AN
m g +mf2 p Efl Ef{

- = <5pz — 3) mf’+mf 1= B mf/+mf 71+ p-
p \p’ By, By, ’
E /E 1 ~ _ *
AT = 5 VEmZER(-q) [ dp)| it ()
= — 148 p(—¢q e (P)
4Ep By Amp Jiof2
m mfl
2 |Q| - 2pz
(M(O ) me - pz mf/+mf
X GO (15 —————MWD(m+p)< —4)
J1.f2 mf{ +mf2 Y p EflEf{

P

2 2 (__ ™1 = |
) i = (il - 0.) (11~ )
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E.FE 1 A + 7 *
(2+L 31,/ - __W/dg 1 h _( (M(21,L=3)) )
Al 7]) = mrsbop 74Ef{Ef1 Amp ¢f{7f2 (p)

A(MO07)) )= mry
R ey |q|k|>[3pz
2

2 .2 [T o
i ( g 1] pz) <nw/+mfIQI )

EflEf{

2 2 P p; _pzz/ - <_mftnﬁnf2 7] — pz) (mf/erf 7] — )
+m»( y—i> 1+ 1

ﬁ+ﬁ p?

My =
2 | d — 2p. 22
—%ﬁ(zf 1) AR + 20222l
EflEf{ EflEf'p

(F.27)
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Figure F.1. Diagrammatic representation of B~ decay into D(*)OD;,.

F.2 Nonleptonic decays: B — D®D,;

Here we study the nonleptonic decays B — D™ D,; with D™ the D or D* mesons,
and Dy the mesons D7;(2317), Ds;(2460) and D (2536). These decay modes involve a
b — c transition at the quark level, governed by the effective Hamiltonian [240, 241, 284]

_Gr
V2
in which penguin operators have been neglected. In Eq. (F.28), C(x) and Cy(p) are

scale-dependent Wilson coefficients, being p ~ m,, the appropriate energy scale in this
case. The Q{ and QS are local four-quark operators given by

Heg {Vcb [01(M) Q" + Ca(p) gb] + h.c.} g (F.28)

QF = Vi [€e(0)7,(1 = 75)16(0)] [£05(0)7*(1 = 75)1(0)] ,
Q;b = V;; [@ES(O)’YM(I - 75)1/11;(0)} [’(ZJC(O)’)/M(I - 75)?/%(0)] :

We show in Fig. F'.1 the schematic representation of the B~ — D(*)ODS_J decay given
by the two local four-quark operators, diagram d; for Q$® and diagram d, for QY.
Factorization approximation is implicit in diagram d;, which amounts to evaluating
the hadron matrix element of the effective Hamiltonian as a product of quark-current
matrix elements. Fierz reordering of diagram ds leads to the same contribution but for
a color factor. The full transition amplitude can be evaluated with the Q¢* part of the
Hamiltonian but with an effective coupling given by

(F.29)

1
ai(n) = Col(p) + w7~ Cal), (¥.30)
c
with No = 3 the number of colors.
The decay width is given by
G

P = [V [Veu 03

1/2 2 2 2
A / (mBamD(*MmDSJ)

Heop(Pp, Pp) HYP(Pp,,), (F.31)

2mB

where Pp, Ppe and Pp_, are the meson momenta. Haz(Pg, Pp-)) is the hadron
tensor for the B~ — D™ transition and H*(Pp_,) is the hadron tensor for the
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vacuum — D_; transition. The latter is

PgsJPgsJ 13 D,y =0, 0"

Py Py —m% g*f)f3 Dy=17,1% (52
( Dsy DsJ mDng >stJ sJ = )

,#LQB(PDsJ) = {

with fp_, being the Dy; decay constant.

Similarly to the semileptonic case, the product Heas(Pp,, Ppe)H? (Pp,,) can be
easily written in terms of helicity amplitudes for the B~ — D™ transition, so that the
width is given as

I' =

a2 AY2(m2, m2 ) m2
F ‘/cb|2|‘/cs|2a% ( By D) DsJ)

9 2 4 BoD®, 2
167””%3 2mp Mp., st.ertt_) (mDsJ ), (F33)

for Dy a pseudoscalar or scalar meson, and

a2 AY2(m2 m2. m?
=9y e X e ) g
16mmg 2mp (F.34)

(MR i )+ HER )+ M )]

for Dy; a vector or axial-vector meson. The different H,, are defined above and
evaluated in this case at ¢> = m7j, .

We are ready to calculate the decay constants that we need to know in the above
expressions. In our model, and due to the normalization of our nonrelativistic meson
states, the decay constants are given by

2 " .
Jyo-) = —i (0] (0)[M(07),0),

M)
, 2 ~
Fartory = iy [ (O (0)M(07),0)
(F.35)
2 o
fary = =g (O O)1M (1), 00)
2 -
Farey = [ e (015" 1M (1), 00),

for pseudoscalar, scalar, vector and axial-vector mesons, respectively. The correspond-
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ing matrix elements are given by

o 00,0 =22 [ap |ﬁ|2e?>§f??}§”<|ﬁ|>\/ R v

B P
xll & >+mf1><Ef2<>+mf2>}

<0|J‘J;2Of1(0)|M(0+)’ 0) _Z£ d|j| |ﬁ|3q§§cll\/,1;20+))(|ﬁ|)\/<Ef1< P) +mp)(Ep(P) + my,)

4Ef1< )Ef2<ﬁ>

[Efa( )1+mfz Ey (= 1)+mfj’

(0]J (0)[M(17,L =0),00) = — *f dlp| 15165 = (1p))
(B, (— >+mf1><Ef2<ﬁ>+mf2> Ik
X\/ 4Ef1< )Ef2<ﬁ) (1+3<Ef1< )+mf1><Ef2< )_'_mfz))
(O] (0)[M(17, L =2,0)0 :——\f/dwﬁ S (/71))
. \/<Ef2< P) +mp)(By (=) +my) 7!
4Ef1< )Ef2<ﬁ) (Ef2< )_'_mfz)(Efl( )_'_mfl)
(0]J(0)| M (1%, 8 = 0),00) = /dm BN 5= (15)
X\/<Efl< >+mf1><Ef2<ﬁ>+mf2>[ ! ! }
4Ef1< )Ef2<ﬁ) Ef1<_ﬁ)+mf1 Efz( )+mf2 ’
(0T (0)|M(1F, 8 =1),00) = *f dip| [P = (1))

X\/(Efx >+mf1><Ef2<ﬁ>+mf2>[ L, ]
4Ef1( )Ef2 (7) Ef1(_ﬁ) +mp Ef2( ') + my,
(F.36)

For 0~ and 0% we have only one possible contribution. In the case of the JZ = 1~
meson we have two contributions coming from the two possible values of the relative
angular momentum. For JP = 1% states and since C-parity is not well defined in
charmed and charmed-strange mesons the wave function is a mixture of 'P; and P,
partial waves and thus there are also two contributions.
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