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Chapter 1

Introduction

Quantum Chromodynamics (QCD) is widely accepted as the theory of the strong
interaction. QCD is a gauge theory for the strong interaction of quarks and gluons
based on the SU(3) color group. Quarks have been with us since the 60’s when the
first three flavors, up (u), down (d) and strange (s), were proposed as members
of the fundamental representation for the approximate SU(3) flavor symmetry
observed in the hadron spectra. In the simplest picture baryons are made up of
three quarks, while most mesons can be explained as made up of a quark and an
antiquark. Deep inelastic scattering (DIS) on the proton confirmed this picture of
hadrons as bound states of more fundamental particles. The data supported the
idea of charged spin-1/2 components or partons inside the nucleon. Those partons
were identified with the quarks.

Quarks carry a new quantum number that was named color. The color quan-
tum number can take on three different values and was introduced to solve the
statistics problem associated with ground state baryons with three equal quarks.
Experimental evidence for the color quantum number comes from the analysis of
the o(ete™ — hadrons)/o(ete™ — ptp™) cross sections ratio or the 70 — ~y
decay width. The absence of color will render the theoretical predictions a factor
of 3 and 9 respectively below experimental data. Hadrons do not carry the color
quantum number, and thus quarks have to combine in such a way that hadrons
are “colorless” or color singlets.

Quarks have never been observed as free particles and the consensus is that
they are confined in the physical colorless hadrons. While confinement has never
been proven in a rigorous way in QCD, there are hints, obtained in Monte Carlo
simulations performed in a discretized space-time (see, for example Ref. [1]), that
QCD leads to confinement.

In the 70’s 't Hooft, Politzer [2], Gross and Wilczek [3, 4] found that in non-
abelian gauge theories the effective coupling constant decreases at large momen-
tum transfers or short distances while it increases at low momentum transfers or
large distances. Both features, called asymptotic freedom and infrared slavery
respectively, are necessary to describe quark dynamics. While DIS data, where
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8 CHAPTER 1. INTRODUCTION

large momentum transfers are involved, shows the existence of almost free par-
tons inside the nucleon, the absence of free quarks suggests confinement at large
distances. Fritzsch and Gell-Mann [5, 6] proposed that quark dynamics was de-
scribed by a nonabelian gauge theory based on the color quantum number, QCD.
The appropriate gauge group was color SU(3). SU(3) has a fundamental repre-
sentation of dimension 3 that can accommodate the three values for the quark
color quantum number. This representation is complex and the antiquark color
states belong to the complex conjugate of the fundamental representation. The
combination of three quarks or of a quark and an antiquark can give rise to color
states which are SU(3) color singlets.

The QCD gauge boson is called gluon. The gluon appears in 8 different color
states corresponding to the adjoint representation of color SU(3). Gluons are not
observed as free particles and as in the quark case, we think they are bound in
the physical hadrons. Evidence for gluons comes from DIS data both from the
observation of three jets events, and from the fact that only half of the proton
momentum is carried by charged partons. The rest must be attributed to non
charged partons, the gluons.

Another important feature of QCD with three quark flavors, and which is
essential to understand its low energy spectrum, is chiral symmetry. Chiral sym-
metry is an approximate symmetry (it is explicitly broken by the quark masses)
of the QCD Lagrangian. This symmetry is not shared by the ground state and
one talks of a spontaneously broken symmetry. This property manifest itself in
the existence of an octet of almost-massless pseudoscalar Goldstone bosons.

With only three quark flavors, the theory of electroweak interactions involving
quarks leads to the existence of weak neutral currents with AS = 1. Those pro-
cesses were not observed experimentally. The easiest way to avoid this unwanted
feature is through the GIM mechanism (from Glashow, Illiopoulos and Maiani [7] )
that required a new quark flavor, the charm (c)!. This new flavor implied the exis-
tence of new types of hadrons containing the charm quark or antiquark. The J/¥
meson discovered in 1974 [9, 10] was interpreted as a bound state of the charm
quark and its antiquark. Two years later came the first observation of mesons
with open charm [11, 12]. Two more quark flavors, later named bottom (b) and
top (t), were predicted in 1973 by Kobayashi and Maskawa [13] in order to get
a realistic model of CP violation in weak theories. The discovery of the 7 lepton
in 1974-1977 led further theoretical support to the existence of the bottom and
top quarks as the cancellation of the triangle anomaly in the electroweak theory
required as many quarks as there were leptons (also that the former appeared in
three colors). The T meson discovered in 1977 [14] was interpreted as being a bb
state. Top discovery had to await for another 17 years when it was finally seen in
proton-antiproton collisions [15].

In the large energy regime QCD can be treated perturbatively and predictions
of the theory have shown a remarkable agreement with experiment. On the other

'References on earlier works on charm can be found in [8].



hand at low energies QCD becomes nonperturbative and it is not known how
to solve it exactly. In this low energy regime there are approaches which make
approximations to the exact solutions like QCD sum rules and Lattice QCD.
Another approach to QCD in the low energy regime is the use of phenomenolog-
ical models which are not directly derived from QCD but include some of its basic
properties. Constituent quark models (CQM) are among these. In CQM models
hadrons are simply modeled, as bound states of three valence quarks (baryons)
or a quark and an antiquark (mesons). Those quarks are quasiparticle degrees
of freedom with the same quantum numbers as QCD quarks, differing from the
latter in their masses and in the fact that they could have an internal structure.
Among CQM, nonrelativistic quark models (NRQM) have shown to be phe-
nomenologically very successful. In these models constituent quarks are treated
nonrelativistically and they interact through potentials that mimic QCD asymp-
totic freedom and confinement. In fact it was this simple nonrelativistic picture
that led to the necessity for the color quantum number. The vast literature on
NRQM calculations forbids to quote here but a few works. An early success of
NRQM calculations was the satisfactory account of the magnetic moments of the
octet baryons [16]. Baryon spectra was studied within the NRQM by Isgur and
Karl in a series of papers [17-22] where it was shown that a model with non-
relativistic point-like quarks moving in a flavor independent confining potential,
perturbed by color hyperfine interactions, was able to explain the main features
of the spectra. Meson spectra was equally well described within the NRQM [23].
Color hyperfine interactions among quarks are generated through the one gluon
exchange potential first introduced in [8]. The spin-spin part of this potential ex-
plains in a simple way the difference in mass between octet and decuplet baryons
and between pseudoscalar and vector mesons. The NRQM was extended to the
two nucleon system in the 80’s being able to explain, in a more fundamental pic-
ture, the short range nucleon-nucleon repulsion in S-wave scattering as due to one
gluon exchange between quarks with a simultaneous quark exchange between the
two three-quark clusters [24-26]. Chiral symmetry and its spontaneously breaking
was also incorporated into the NRQM [27] and inter-quark potentials coming from
one-Goldstone boson exchanges naturally appeared [28-30]. In a linear realization
of chiral symmetry with two quark flavors not only the Golstone bosons (pions)
but also their chiral partner (sigma) was considered. The inclusion of the lat-
ter improved the theoretical prediction of NN phase shifts [31, 32] and deuteron
properties [33]. Some authors advocated that the one-gluon exchange part of the
potential be discarded altogether in favor of only Goldstone boson exchanges [34].
This exclusive view had big problems and was heavily critizied [35]. Most ver-
sions of the NRQM use a mixture of both one-gluon and one-Golstone boson
exchanges. More recently the study of dibaryons [36-38], tribaryons [38, 39] and
tetraquarks [40—42] systems have also been addressed in the NRQM. For a recent
review on few baryon systems studies see [43]. Electromagnetic [44-51] and weak
[52-56] form factors have also been analyzed in the NRQM and exchange current
contributions to these observables have been studied with detail [46-50, 54, 56].
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In this thesis our interest is in the analysis, within the framework of a NRQM,
of static and dynamic properties, the latter related to weak decays, of hadrons
with one and two heavy quarks ¢ and/or b. In systems with a heavy quark with
mass much larger than the QCD scale (Agcp) a new symmetry known as heavy
quark symmetry (HQS) arises [57-62]. HQS is an approximate SU(Ng) symme-
try of QCD, being Ng the number of heavy flavors (c, b,...), that appears in
systems containing heavy quarks with masses much larger than the typical quan-
tities (AQcp, Mu, M4, M, ... ) which set up the energy scale of the dynamics of
the remaining degrees of freedom. In that limit the dynamics of the light quark
degrees of freedom becomes independent of the heavy quark flavor and spin. This
is similar to what happens in atomic physics where the electron properties are ap-
proximately independent of the spin and mass of the nucleus (for a fixed nuclear
charge). HQS can be cast into the language of an effective theory (HQET)[63]
that allows a systematic, order by order, evaluation of corrections to the infinite
mass limit in inverse powers of the heavy quark masses. HQS and HQET have
proved very useful tools to understand bottom and charm physics and they have
been extensively used to describe the dynamics of systems containing a heavy c
or b quark [64, 65]. For instance, all lattice QCD simulations rely on HQS to de-
scribe bottom systems [66—70]. In the case of systems with two heavy quarks one
can not directly apply HQS. It is known that the kinetic energy term, needed in
those systems to regulate infrared divergences, breaks heavy flavor symmetry [71].
Still, there is a symmetry that survives: heavy quark spin symmetry (HQSS) [72].
This symmetry amounts to the decoupling of the two heavy quark spins since the
spin—spin interaction vanishes for infinite heavy quark masses.

The constraints imposed by HQS and HQSS have not been systematically
employed in the context of nonrelativistic quark models. We intend to study
hadrons with one and two heavy ¢ and/or b quarks in a NRQM making full use
of those constraints. For instance, those constraints will simplify notably the
resolution of the three-body problem in baryons allowing for the use of a simple
variational ansatz. A NRQM treatment of those systems will comply with the
model independent predictions of HQS and HQSS in the infinite heavy quark
mass limit, as in that limit all spin-spin interactions terms involving heavy quarks
vanish. Another question is to what extend the deviations from the infinite heavy
quark mass limit in a NRQM calculation agree with the predictions of HQET.

This thesis is organized as follows. In chapter 2 we briefly introduce the quark-
quark potentials that have been used throughout this work.

In chapter 3 we study leptonic decays of pseudoscalars B, D and vector B*, D*
mesons, and B — D and B — D* semileptonic decays. In the latter case full form
factors are computed and used to get differential and total decay widths. When
possible these form factors are improved using corrections from HQET. We make
a prediction for the value of the |V,| Cabbibo-Kobayashi-Maskawa (CKM) matrix
element which compares well with experimental determinations.

Also in this chapter we will use partial conservation of the axial current (PCAC)
to relate axial current matrix elements with the pion emission amplitude and in
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this way make a prediction for the strong coupling constants ggp+, and gpp+x-

Exclusive semileptonic and nonleptonic two-meson decays of the B, meson
have been analyzed in chapter 4, where a fairly exhaustive study of these decays
is done. In semileptonic decays we have excluded processes that involve a b — u
transition at the quark level where the NRQM fails due to the large recoil momenta
and the ignorance of resonance exchanges. Similarly in nonleptonic two-meson
decays we shall only consider channels with at least a c¢ or B final meson.

In chapter 5 we study baryons with two heavy quarks. A procedure to solve the
three-body problem in an approximate way using a variational ansatz is presented.
We obtain the spectrum and wave functions that are further used to compute dif-
ferent static properties. The infinite heavy quark mass limit of the wave functions
is studied and as expected they comply with HQSS model independent predictions.

In chapter 6 we use the wave functions computed in the previous chapter
to study semileptonic decays of doubly heavy baryons. Full form factors, decay
widths, and angular asymmetries are studied.

Finally chapter 7 is devoted to the study of the strong one pion decay of
baryons with a heavy quark. As in chapter 3 PCAC is used to relate weak axial
current matrix elements with the pion emission amplitude.






Chapter 2

Quark quark potentials used in
this work

2.1 Introduction

In this chapter we give a brief account of the quark-quark potentials that we use in
this work to get the hadron wave functions. We shall use five different two-body
phenomenological potentials. One of these potentials (BHAD) has been taken
from Ref. [73] and four others (AL1, AL2, AP1, AP2) from Refs. [74, 75]. The
use of different potentials will allow us to check the sensitivity of our results to
the inter-quark interaction.

All these potentials share a common structure that includes a confining term
plus Coulomb and hyperfine terms coming from the one-gluon exchange potential.
They differ in the form factor used in the hyperfine and 1/r terms and/or in the
power chosen for the confining term. All of them neglect the tensor and spin-orbit
pieces also present in the one-gluon exchange potential [8] on the account that
they are not essential to describe the global features of hadron spectroscopy. As
a consequence both the total orbital angular momentum L and the total spin S
are separately good quantum numbers. Chiral symmetry is not incorporated in
these potentials and thus no terms generated by Goldstone boson exchange are
included. Explicit expressions appear in what follows.

2.2 BHAD, AL1, AL2, AP1 and AP2 potentials

For the qq case they can be given in the general form

- K (1 — e_’”/’"”)
ng(r) = ———+ NP A
—r/T0 2 —r? /22
+ < ap re 5+ T (1 - e_r/rc) 637 7i0'; (2.1)
mym; rry  3mgmg m2xd

13



14 CHAPTER 2. QUARK QUARK POTENTIALS USED IN THIS WORK

where i,j = (I(u.d), s,c,b), & are the spin Pauli matrices, m; the quark masses
and

M) - (2.2)

mi +m;

zo(mi,mj) = A <
Parameters for the different potentials are summarized in Table 2.1. Note that

BHAD ALl AL2 AP1 AP2

K 0.52 0.5069 0.5871 0.4242 0.5743
r.[GeV~!] 0. 0. 0.1844 0. 0.3466
p 1 1 1 2/3 2/3
A [GeVUH+P)] 10186  0.1653 0.1673 0.3898 0.3978
A [GeV] 0.9135 0.8321 0.8182 1.1313 1.1146
ao 1 0 0 0 0
ro [GeV 1] 2.305 — — — —
K 0 1.8609 1.8475 1.8025 1.8993

my, =mg [GeV] | 0.337 0315 0320 0.277  0.280
ms [GeV] 0.600 0.577 0.587 0.553  0.569

me [GeV] 1.870  1.836 1.851 1.819  1.840
my, [GeV] 5259 5227 5231 5206 5.213
B — 02204 02132 0.3263 0.3478

A [GeVE] —  1.6553 1.6560 1.5206 1.5321

Table 2.1: Parameters for the BHAD, AL1, AL2, AP1 and AP2 potentials taken
from Refs. [73, 75]

the ag and k' terms are mutually exclusive. The power p chosen for the confining
term is p = 1 for the BHAD, AL1, AL2 potentials. This linear confinement is
suggested by lattice results [76]. The AP1 and AP2 potentials use instead p = %
which is needed, in a nonrelativistic approach, to get the correct asymptotic Regge
trajectories for large angular momentum mesons [77]. The hyperfine term comes
from the one-gluon exchange potential and the original () dependence has been
smeared out in order that nonperturbative calculations are possible. The BHAD
potential uses a Yukawa form factor, while AL1, AL2, AP1 and AP2 potentials use
a gaussian form factor. In these latter cases the depth and width of the gaussian
depends on the constituent quark masses allowing for a better reproduction of the
hyperfine splitting of heavy mesons. The phenomenological formula in Eq. (2.2),
originally proposed in [78], seems to be well suited for that purpose [79]. The
AL2 and AP2 potentials include a further form factor in the 1/r and hyperfine
terms with a shape given by (1 — exp(—7/r.)). This factor simulates asymptotic
freedom and its inclusion seems to be more important for heavy mesons than for
light ones. Finally note that the x and s’ parameters in the AL1, AL2, AP1 and
AP2 potentials would be the same if one simply replaced the original §(7) function
in the hyperfine term by the gaussian form factor. The fact that they are different
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allows for a great improvement in the results [79]. This is also true for the BHAD
potential where the strength for the hyperfine term, where the 6(7) function has
been replaced by a Yukawa form factor, is six times larger than the one used in
the 1/r term. This, in effect, is allowing for sources of hyperfine interaction other
than the one-gluon exchange.

All free parameters in the potentials were adjusted in the original works to
reproduce the light and heavy-light meson spectra (AL1,AL2,AP1,AP2), or to fit
the low-lying levels of charmonium (BHAD). In this latter case m; and mg were
adjusted to reproduce the ground state of the T and ¢ mesons respectively while
the light quark mass m; was chosen from magnetic moments considerations.

To obtain the quark-quark potential we shall use, as has been done in Refs. [73—
75], the prescription

Ve
949 __ vj
Vij% = 9 (2.3)

This relation assumes the potential has a global color dependence given by AFAT

where X¢ stands for the Gell-Mann matrices in the color space.






Chapter 3

Leptonic and semileptonic
decays of mesons with a heavy
quark

3.1 Introduction

This chapter is devoted to the calculation of different weak observables of pseu-
doscalar and vector mesons with a heavy quark. These weak observables are of
great interest since they help to probe the quark structure of the involved hadrons,
and also provide information to determinate the absolute value of elements of the
CKM matrix.

In Ref. [80], in which a similar model was used to study the A) — A I~ and
E) — = 7 reactions, it was shown that a direct nonrelativistic calculation does
not meet HQET constraints. This problem was solved imposing HQET relations
among form factors. That led to a determination of the |V,| CKM matrix element
in good agreement with experimental results.

One would expect this problem will also show up in this calculation, so that
constraints coming from HQET will be included at some point in the calculation
in order to improve the results.

In the case of mesons with a heavy quark, HQS leads to many model in-
dependent predictions. For instance in the HQS limit the masses of the lowest
lying (s-wave) pseudoscalar and vector mesons with a heavy quark are degener-
ate. Nonrelativistic quark models satisfy this constraint: the spin-spin terms, that
distinguishes vector from pseudoscalar, are zero if the mass of the heavy quark
goes to infinity. HQS also predicts that the masses and leptonic decay constants
of pseudoscalars and vector mesons are related via

= fymy
HQS

fpmp (3.1)

HQS
relation that is also satisfied in the quark model in the HQS limit. If one looks

17



18 CHAPTER 3. DECAYS OF B,D,B* AND D*

now at the form factors for the semileptonic B — D and B — D* decays HQS
predicts relations among different form factors that are also met by the quark
model in the HQS limit. The question is to what extent the deviations from the
HQS limit evaluated in the quark model agree with the constraints deduced from
HQET. In addition we will make use of these HQET constraints to improve the
quark model results and thus come up with reliable predictions.

Apart from lattice QCD and QCD sum rules (QCDSR) calculations with which
we shall compare our results, and that will be quoted in the following, the dif-
ferent observables analyzed in this work have been studied in the quark model
starting with the pioneering work of Ref. [81-83] within a non relativistic ver-
sion, to continue with different versions of the relativistic quark model applied
to the determination of decay constants [84-93], form factors and differential de-
cay widths [91, 93-102], Isgur-Wise functions [93, 103-110] or strong coupling
constants [91, 108, 111-114].

For calculations in this chapter we have used experimental meson masses taken
from Ref. [115].

3.2 DMeson states

For a meson M we use the following expression for the wave function in the Fock-
space representation.

praB) = [ Y )

1,02
1
(—1)3—%2 'qa”ﬁ__JﬂL_ﬁ_ﬁ>
3 — — ) -
(2m)2\/2Ey, (p1)2E, (p2) mp +mp,
_ N me — =
q, a2 p2 = P+p> (3.2)
‘ myg +my,

where P stands for the meson three momentum and \ represents the spin projec-
tion in the meson center of mass. 7 and s represent the quantum numbers of
spin (s), flavor (f) and color (c)

a=(s,f,c) (3.3)

of the quark and the antiquark, while E, (p1), p1 and Ey,(p2), pa are their respec-
tive energies and three-momenta. m is the mass of the quark or antiquark with
flavor f. The factor (—1)%_82 is included in order that the antiquark spin states

have the correct relative phase!. The normalization of the quark and antiquark

!Note that under charge conjugation (C) quark and antiquark creation operators are related
via Ccl(p)CT = (—1)%_S dl,(p). This means that the antiquark states with the correct spin
relative phase are not df,(7)[0) = |, a § ) but are instead given by (—1)%75 di(p)]0) =
(-2 |q aF).
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states is

(o 7'laF) =6, o (@2m) 2E:(0)0(5" —7) (3.4)

Furthermore, ng(éjl\f[&/;)(ﬁ ) is the momentum space wave function for the relative

motion of the quark-antiquark system. Its normalization is given by
[ 3 (6810(5) 68020(5) = b (35)
and, thus, the normalization of our meson states is
NR<M,)\’]3’|M,)\15>NR:<5X,A(27r)35(f”—]3) (3.6)

For the particular case of ground state pseudoscalar (P) and vector (V') mesons
we can assume the orbital angular momentum to be zero and then we will have

~ 1 ~
P — _ (P) o
¢o(r1,)a2(p) = =00 ¢(817f1)7(52»f2)(p)
3173270>
317527>\> (37)

~ S (P . -~ 11
busen (1) 8577, (1) Yon(7) (550

bl ()

a1, 2

A(V7)\) —
Ocr, ez ¢(sl,f1),(82,f2)(p)

S[REN[SE TP

(v . - 11
b,z (=1) 6, (1)) Yoo(F) (5,5,1

where (j1, jo, j3|m1, ma,m3) is a Clebsch-Gordan coefficient, Yoo = 1/v/4r is the
I = m = 0 spherical harmonic, and ¢ ;IM}Q (|2']) is the Fourier transform of the radial
coordinate space wave function. The phases are introduced for later convenience.

To evaluate the coordinate space wave function we shall use the potentials
presented in chapter 2. This will provide us with a spread of results that we will
consider, and quote, as a theoretical error to the averaged value that we will quote
as our central result. Another source of theoretical uncertainty, that we can not
account for, is the use of nonrelativistic kinematics in the evaluation of the orbital
wave functions and the construction of our states defined above. While this is a
very good approximation for mesons with two heavy quarks (as the B, that will
be studied in chapter 4), it is not that good for mesons with a light quark. That
notwithstanding note that any nonrelativistic quark model has free parameters
in the inter-quark interaction that are fitted to experimental data. In that sense
we think that at least part of the ignored relativistic effects are included in an
effective way in their fitted values.

3.3 Leptonic decay of pseudoscalar and vector B and
D mesons

In this section we will consider the purely leptonic decay of pseudoscalars (B, D)
and vector (B*, D*) mesons. The charged weak current operator for a specific
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pair of quark flavors f1 and fs reads

T 0) = L) T1 2 0) = Ser e Wy (0)7,(1=75)Way (0) (3.8)

(Clv 51)7 (027 52)

with U,, a quark field of a definite spin, flavor and color. The hadronic ma-
trix elements involved in the processes can be parametrized in terms of a unique
pseudoscalar fp or vector fi decay constant as

where the meson states are normalized such that

—

< M, N P'| M, )\]3> = Sy x (21)3 2B (P) (P’ — P) (3.10)
with Ej;(P) the energy of the meson.

In the first of Eqgs.(3.9) P, is the four-momentum of the meson, while in the
second my and E(A)(ﬁ ) are the mass and the polarization vector of the vector
meson. In both cases fi and fy are the flavors of the quark and the antiquark
that make up the meson. Expressions for the different polarization vectors used
in this memory are presented in appendix A.

Concerns about the experimental determination of the pseudoscalars decay
constants have been raised in Ref. [116]. There the effect of radiative decays was
analyzed concluding that for B mesons the decay constant determination could
be greatly affected by radiative corrections. In the vector sector, and as rightly
pointed out in Ref. [117], the vector decay constants are not relevant from a
phenomenological point of view since B* and D* will decay through the electro-
magnetic and/or strong interaction. They are nevertheless interesting as a mean
to test HQS relations.

For mesons at rest we will obtain

_ f1 f2 A
Jp = oo {0l T4 (0) | PO)
-1 .
fiv = o 0] A0 |V 00) (3.11)

with mp the mass of the pseudoscalar meson. In our model, and due to the
different normalization of our meson states, we shall evaluate the decay constants

as
fo = —iy] 2= (0] L2 (0) P.0)
mp A0 " /NR
__ 2% i fe ~
fi = =\ {0 H(0) ‘V, oo>NR (3.12)



3.4. SEMILEPTONIC DECAY OF B INTO Dlv AND D*lv 21

The corresponding matrix elements are given in appendix B.

The results that we obtain for the different decay constants appear in Tables 3.1
and 3.2. Starting with fp and fp, our results are larger that the ones obtained in
the lattice by the UKQCD Collaboration [118] or the ones evaluated using QCD
spectral sum rules (QSSR) [119, 120]. Not only the independent values are larger
but also the ratio fp,/fp is larger in our case. On the other hand our results are in
better agreement with other lattice determinations [121, 122]. They also compare
very well with the experimental measurements of fp and fp, in Refs. [123-128].
As for fp and fp,, we find a very good agreement in the case of fp, between our
results and the ones obtained in the lattice or with the use of QSSR. For fp our
result is smaller and then also our ratio fp,/fp is larger.

For the vector meson decay constants we obtain the values

fp- = 22373 MeV fpr = 326771 MeV
fpe = 151113 MeV fp: = 23611 MeV (3.13)

which are very much the same as the values obtained for the decay constants of
their pseudoscalar counterparts. This almost equality of pseudoscalar and vector
decay constants is expected in HQS in the limit where the heavy quark masses go
to infinity where one would have [61, 62]

fvmy = fpmp ; my = mp (3.14)

Our decay constants satisfy the above relation within 2%. On the other hand
UKQCD lattice data show deviations as large as 20% for D mesons [118].

In order to compare the values of the vector decay constants with lattice data
from Ref. [118] we give in Table 3.2 the quantity fv = my/fy. We find good

agreement for fp« and fpx but not so much for the other two. Also our ratios
fp+/fp: and fp«/fp: are larger than the ones favored by lattice calculations.
On the other hand the ratio

ToVinE _y jagro0n (3.15)
fpv/mp '

is in very good agreement with the expectation in Ref. [133] where they would get
1.05 ~ 1.20 for that ratio.

3.4 Semileptonic decay of B into DIy and D*lv

In this case the hadronic matrix elements are parametrized as

<D,13’|J;b(0)\3,13> B <D,13’

J;bu(o)‘ B, 13>
mpmp N mpmp
= (v+ v')“ hy(w) + (v — v')“ h_(w) (3.16)




22

CHAPTER 3. DECAYS OF B,D,B* AND D*

fD [MGV]

fp, [MeV]

fp./fp

This work

243771

34117

LA1T565

Experimental data

CLEO
ALEPH [125]
OPAL [126]
BEATRICE [127]
E653 [129]
BES [128]

222.6 + 16.772% [123]

3711175 £25

280 + 19 + 28 = 34 [124]

285 +19 £ 40
286 £ 44 + 41
323 +44+12+ 34
194 £35+20+14

Lattice data

UKQCD [118] 206(4) 17 229(3)*23 1.11(1)*1
Fermilab Lattice [121] 201+3+64+9+13 24943+ 7+11410 —
M. Wingate et al. [122] — 290 +204+29+29+6 —
QCD Spectral Sum Rules
S. Narison: [119, 120] 203 + 23 235 + 24 1.15 + 0.04
fB [MeV] fB. [MeV] fB./fB
This work 155115 23979 1.547009
Experimental data
BELLE [130] 229136 +31 — —
Lattice data
UKQCD [118] 195(6) 133 220(6)73 1.13(1) "}

M. Wingate et al. [122]
Lattice world averages

200 =+ 30 [131]

260+ 7+26+8+5
230 4+ 30 [132]

1.16 4 0.04 [131]

QCD Spectral Sum Rules

S. Narison [119, 120]

207 £ 21

240 £ 24

1.16 £ 0.04

Table 3.1: Pseudoscalar fp decay constants for B and D mesons
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fp- fD; fD*/fD;

This work 9.1109 6.570% 1417008
UKQCD [118] | 8.6(3)™5  83(2)f2 1.041)*3

fB+ [MeV]  fg: [MeV]  fp+/fp:

This work 35.6751  23.017% 155700
UKQCD [118] | 28(1)*3 25(1)72  1.10(2)*2

Table 3.2: fy = my / fy for B* and D* mesons

(D7, AP | J5(0)| B, P)
/M BMp*

= s (cty(P)) v hy(w)

i (20u(P))" (w+1) ha, (w)

+i (sm (P )) "0 (v hag (W) + 0, hag (w))
(3.17)

where v = P/mp and v’ = P’/mD7D* are the four velocities of the initial B and
final D, D* mesons, w = v -v' % and €uvag is the fully antisymmetric tensor with
0123 _
5 =+1.
In the limit of infinite heavy quark masses m., my — oo HQS reduces the
six form factors to a unique universal function £(w) known as the Isgur-Wise
function [61, 62]

B (w) = hay (1) = By (w) = hy () = €(w) (3.19)
ho(w) = hay(w) = (3.20)

Vector current conservation in the equal mass case implies the normalization

£1) =1 (3.21)

Away from the heavy quark limit those relations are modified by QCD corrections
so that one has

hj(w) = (g + Bj(w) +7;(w) + O(1/mZ,)) &(w) (3.22)

2w is related to the four momentum transferred square ¢* via

q2 = mQB—&—mQD,D*—?memD,D* (3.18)
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w By B Bv Ba, Ba,  Bas
1.0 26 —-54 119 -1.5 —-11.0 2.2
1.1 —-0.3 —-54 8.9 -3.8 =103 -0.2

1.2 —-3.1 =53 6.1 —-59 —-98 =25
1.3 -5.6 —5.3 35 =79 =93 —-46
14 —80 5.2 1.1 -97 —-88 —6.6

1.5 | =102 =52 -11 -—-115 -84 -85
1.59 | —12.1 5.1

Table 3.3: QCD corrections 3;(w) in % as evaluated in Ref. [135]

The «; are constants fixed by the behavior of the form factor in the heavy quark
limit

Op =0y, =ag, =oy =1
a_ =ay, =0 (3.23)

The different ; account for perturbative radiative corrections [134] while the v;
are non perturbative in nature and are proportional to the inverse of the heavy
quark masses [135]. At zero recoil (w = 1) Luke’s theorem [136] imposes the
restriction.

(1) = 74,(1) = 0 (3.24)

so that power corrections to h (1) and h 4, (1) are of order C’)(l/mib). In Tables 3.3
and 3.4 we collect the values for the different 3; and ~; in the full interval of w
values allowed in the two decays. These two tables have been taken from Ref. [135].

w T+ - v YAy VA YAs
1.0 0.0 —4.1 19.1 0.0 -—-231 —-4.1
1.1 27 —-41 207 29 =214 -0.7
1.2 6.2 —4.1 23.1 6.5 —19.8 3.4
1.3 | 106 —-42 263 107 —-18.3 8.0
14 | 153 —-44 30.0 154 -—-17.0 13.0
1.5 | 206 —-45 343 205 -—-158 185
1.59 | 2.7 —4.7

Table 3.4: Power corrections v;j(w) in % as evaluated in Ref. [135]
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3.41 B — Dlv decay

Let us start with the B — D1 D case. In the center of mass of the B meson and
taking P/ = —¢ = —|¢|k in the z direction® we will have for the form factors
hy(w) and h_ (w)*

3/ >
o) = g (V) + L (Epl-) o) )

3 —
h_(w) = \/ﬁ <V0(|(f|) + Y |2(’] D (Ep(—=q) + mD)> (3.25)

where Ep(—q) = y/m2 + ¢ and V*(||) (1= 0,3) is given by
vi(7) = (D, ~Id|k | (J§")"(0)| B, 0) (3.26)

In our model V#(|7]) is evaluated as

VG = V2ms2Ep(-) iy (D, ~l71F | ()0 | B, 0)

NR
(3.27)

which expression is given in appendix C.
In the case of equal masses my = m, vector current conservation demands that

he()=1 he(w) =0 (3.28)

In this limit we find that hy(1) = 1 so that our value for h, (1) complies with
vector current conservation. On the other hand h_(w) # 0 violating vector current
conservation.

In the top panel of Fig. 3.1 we show the values of hy(w) and h_(w) for the
B — D transition as obtained from Eqs. (3.25, 3.27) with the use of the ALl
interquark potential. The values for h_(w) are not reliable. Actual calculation
shows that they are of the same size as the deviations from zero that one computes
in the equal mass case. To improve on this what we shall do instead is to use the
form factor h4 (w) and Eq. (3.22) to extract {(w) (we shall call it £ (w) ) and from
there we can re-evaluate h_(w) with the use of Eq. (3.22). The results appear in
the middle panel of Fig. 3.1 where we also show the lattice results for £(w) obtained
by the UKQCD Collaboration in Ref. [137]. We find good agreement with lattice
data. Finally in the lower panel of Fig. 3.1 we show the different £ (w) obtained
with the use of the different interquark potentials. As we see from the figure all
&+ (w) are very much the same in the whole interval for w.

The slope at the origin of our Isgur-Wise function is given by

o 1 d&i(w) _
=) e |, =0 E00 (3.29)

3We use k for the unit vector in the z direction.
“In this case w is related to |7 via |§| = mp vw? — L.
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Figure 3.1: Top panel: hy(w) and h_(w) for the B — D transition as obtained
from Egs. (3.25, 3.27) using the AL1 interquark potential. Middle panel: h(w) as
before, {4 (w) obtained from the values of h (w) using Eq. (3.22), h_(w) obtained
from &4 (w) using Eq. (3.22). We also show the UKQCD lattice data by Bowler
et al. [137]. Lower panel: Different £ (w) obtained with the above procedure for
the different interquark interactions. Lattice data is also shown.
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small compared to the lattice value of p2 = 0.813{ extracted from a best fit to
data.

Differential decay width

Neglecting lepton masses the differential decay width for the process B — DI v is
given by [138]

dar G?
T = L Vot (w? — )Y mp 4+ mp)? F(w) (3:30)

where Gr = 1.16637(1) x 1075 GeV~2 [115] is the Fermi decay constant, V,, is

the CKM matrix element for the b — ¢ weak transition, and Fp(w) is given by
1—r
1+7r

Fp(w) = |hy (w) h_(w) (3.31)

with r =mp/mp.

In Fig. 3.2 we show our calculation for Fp(w) |V | obtained with the ALl
interquark potential and using three different values of |V| corresponding to the
central and extreme values of the range for |V| favored by the Particle Data Group
(PDG), V| = 0.039 ~ 0.044 [115]. We also show the experimental data for the
decays B~ — D°lv and B® — D* v obtained by the CLEO Collaboration [139],
a fit to CLEO data using the form factors of Boyd et al. [140], and the experimental
data for the decay B — D™ [ ¥ obtained by the BELLE Collaboration [141]. Our
results are larger than experimental data for w > 1.2. Our total integrated width
will thus be larger than the experimental one for any reasonable value of |V |.
From our data we extract the slope at w = 1 given by

1  dFp(w)
Fp(w) dw

= 0.38 £ 0.02 (3.32)

w=1

ph = —

which is small compared to the values extracted from the experimental data:
p2 = 0.76 £ 0.16 & 0.08 [139] and p% = 0.69 + 0.14 [141] obtained from a linear
fit to the data, or p%, = 1.30£0.2740.14 [139] and p2%, = 1.16£0.25 [141] obtained
using the form factors of Boyd et al. [140]. Thus, only our results close to w = 1
seem to be reliable. We can use our prediction for F'p(1) to extract the value of
|Vep| from the experimental determination of the quantity |Vi|Fp(1). Different
values of that quantity appear in Table 3.5.

Our result for Fp(1) is given by (we do not show the theoretical error which
is or the order of 107%)

Fp(1) = 1.04 (3.33)

which is in good agreement with other calculations Fp(1) = 0.98 £+ 0.07 [142],
Fp(1) =1.04 [83] or Fp(1) = 1.069 £ 0.008 £ 0.002 £ 0.025 [143]. From our value
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Figure 3.2: Fp(r,w) |Vg| obtained with the AL1 interquark potential. Solid line:
our results using |V;| = 0.0415. Dashed line: our results using |V| = 0.044.
Dotted line: our results using |Vi| = 0.039. Circles: experimental data by the
CLEO Collaboration [139]. Dashed-dotted line: fit to CLEO data using the form
factors of Boyd et al. [140]. Diamonds: experimental data the by BELLE Collab-
oration [141].

| |Ven| Fp(1)

CLEO Collaboration [139] | 0.0416 £ 0.0047 & 0.0037
BELLE Collaboration [141] | 0.0411 £ 0.0044 + 0.0052

Table 3.5: |V | Fp(1) values obtained by different experiments.

for Fp(1) and the experimental values for |V|Fp(1) we can obtain |Vy| in the
range

V| = 0.040 + 0.006 (3.34)

This result agrees with a recent determination based on the analysis of the A, — Al
reaction using the same model, from where |V;| = 0.040+0.005 was obtained [144].

3.4.2 B — D*lv decay

Working again in the center of mass of the B meson and taking P’ = —7=—|7| k
in the z direction we will have for the form factors hy (w), ha, (w), ha,(w) and
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ha,(w) the expressions

v, (7))

hy(w) = V2 =
mp |Q|
V2 1 ) (1~
hAl(w) - Zw+1 \/WA—I,].QQD
fmpe [ ASWTD Ep (- ATN(T)) AY 7D
hAQ(w) = 1 - S + g —\/imD*T
mp 7| 7| 7|
2 A% (17 5 Ep-(—q) A%
ey = e (LA | VE B coAT Ga))
v/ MBMp+ \q | mp= |q |

with Ep-(—q) = y/m%. + ¢2, and where V( )(| |) and A( .(|7]) are given by
VM) = (D7 A =71k | (1)) | B, )
40,00 = (D% x = 1g1E | (75),(0)] B, 5) (3.36)
In our model V)\(*g(\(j’ |) and Ag:t)u(‘(j |) are evaluated as

Via) = Vemp2Ep-(-d) yg (DA - 17|
0.00) = Vemp2Ep- (D) (DA —171E

ol
=
=
=
=
&
[en)]
~———
=
=

with expressions given in appendix D.

In the top panel of Fig. 3.3 we show our results for the hy (w), ha, (w), ha, (w)
and ha,(w) form factors, obtained with the AL1 interquark potential and the use
of Eq. (3.35). In the lower panel of the same figure we show the ratios

Ri(w) = » ((QZ)))
Ro(w) = hAs(wsz*(”;A?( w) (3.38)

where now r = mp«/mp. These ratios are expected to vary very weakly with w.
We find indeed that this is so in our case being our values of R;(w) and Ra(w)
within 4% of unity. In Table 3.6 we give now our results for R;(1) and R(1) and
compare them to different experimental® and theoretical determinations. We find
discrepancies of the order of 15 ~ 33 % for R;(1) and 13 ~ 46 % for Ra(1).

®The experimental results by the CLEO and BABAR Collaborations have been obtained with
the assumption that Ri(w) and Ra(w) are constants.
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Figure 3.3: Top panel: hy(w), ha, (w), ha,(w) and ha,(w) form factors obtained
using Eq. (3.35). Lower panel: Ri(w) and Ry(w) ratios. In both panels the AL1
interquark potential has been used.

One can understand these discrepancies by evaluating the different &(w) func-
tions obtained from the form factors with the use of Eq. (3.22) and the § and v
coefficients of Neubert given in Tables 3.3 and 3.4. The results appear in the top
panel of Fig. 3.4. One can infer from the figure that our results for h4,(w) are
not reliable. Also we somehow miss the correct normalization for hy (1). On the
other hand the values of {4, (w) and £4,(w) are equal within 4% and in reasonable
agreement with lattice data from Ref. [137].

To improve the nonrelativistic quark model prediction, and similarly to what
we did in subsection 3.4.1, we will take £ 4, (w) as our model determination of the
Isgur-Wise function {(w) and we will reevaluate the form factors with the use of
Eq. (3.22). What we obtain is now depicted in the middle panel of Fig. 3.4. In
the lower panel we give the different £ 4, (w) obtained with the different interquark
potentials. They do not show any significant difference.
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Rl(l) R2(1)
This work 1.01 £0.02 1.04 +0.01
CLEO [145] 1.18 £ 0.30 £ 0.12 0.71 +£0.22 + 0.07

BABAR (Preliminary) [146]

1.328 £ 0.055 £ 0.025 £+ 0.025

0.920 £ 0.044 £ 0.020 £ 0.013

Caprini et al. [147] 1.27 0.80
Grinstein et al. [148] 1.25 0.81
Close et al. [103] 1.15 0.91
Table 3.6: R1(1) and Ro(1)
The slope of the 4, (w) function at the origin is given by
p? = 0.55 + 0.02 (3.39)

to be compared to the lattice result p? = 0.93f§g [137]. In this case we are within

lattice errors, but one can not be very conclusive due to the large value of the
latter in this case.

Finally in Fig. 3.5 we give the ratio {;(w)/&4, (w) evaluated with the ALl
interquark potential. We see the differences between the two Isgur-Wise functions
are at the level of 3-7%.

Differential decay width

Neglecting lepton masses the differential decay width for the process B — D* v
is given by [149]

al _ G% 2 2.3 2 2
T = 180 [Vep|* (mp — mp=)*mp« /(w? — 1) (w+ 1)
dw 1 —2wr +1r? 9
1 Fp. A
X +w+1 e He(w)  (3.40)
where Fp+(w) is defined as

HE(w) + H? (w) + H? (w

FD*(ZU) :hAl(w) 0( ) +( ) ( ) (341)

4w 1—2wr+r2
L+ w+l  (1-7)2

The H;(w) are helicity form factors given in terms of the Ry (w) and Ra(w) ratios
as

Ho(w) = 1+%[1—R2(w)]
) = T U ) (3.42)
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Figure 3.4: Top panel: different {(w) functions obtained from the hy (w), ha, (w),
ha,(w) and h 4, (w) form factors using Eq. (3.22) and the AL1 interquark potential.
Lattice data by K. C. Bowler et al. from Ref. [137] are also shown. Middle
panel: form factors obtained from £ 4, (w) with the use of Eq. (3.22). Lower panel:
Different &4, (w) obtained with the different interquark potentials.
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Figure 3.5: Ratio of our two Isgur-Wise functions calculated with the ALl in-
terquark potential.

Similarly to Fig. 3.2, in Fig. 3.6 we show our results for the quantity Fp«(w) |Ve)
evaluated with the AL1 interquark potential and using the values of |V,| corre-
sponding to the central and extreme values of the range for |V| favored by the
PDG. We also show the experimental data by the CLEO Collaboration [145] for
the B~ — D*?[ ¥ reaction (squares), and for the BY — D** [ ¥ reaction (circles)
together with a best fit, and the experimental data by the BELLE Collabora-
tion [150] for the B® — D** [ ¥ reaction (diamonds). We find good agreement with
CLEO data for small w values. Disagreement starts already at around w = 1.1
where our results start to go above the experimental data. BELLE data are sys-
tematically below our results.

Also our slope at the origin

1 dFp(w)

2
.= = 0.31 £0.02 3.43

w=1

is smaller than the value obtained by the BELLE Collaboration pQD* =0.81+0.12
[150] using a linear fit to their data. All this means that our total width would
be larger than the experimental one for any reasonable value of V. On the
other hand experimentalists are able to extract the value of |V| Fp«(1). Different
experimental results for that quantity appear in Table 3.7.

Our result for Fp«(1) is given by

Fp-(1) = hy, (1) = 0.983 + 0.001 (3.44)



34 CHAPTER 3. DECAYS OF B,D,B* AND D*

0,05 I
0,04
)
O
Z 0,03
z
N— i i —
- 002} Th!swork us!ng [V 4,|=0.044
a) — Thiswork using |V |=0.0415
L . Thiswork using |V |=0.039
ool | ® Exp D**|"v (CLEOCall.)
' B Exp. D*°["v (CLEO Coll.)
-— Fitto CLEO data
& Exp. D*°I"v (BELLE Coll.)
I T ‘
07 12 1,4

w

Figure 3.6: Fp«(r,w) |Vg| obtained with the AL1 interquark potential. Solid line:
our results using |V,| = 0.0415. Dashed line: our results using |V,| = 0.044. Dot-
ted line: our results using |Vy| = 0.039. Circles and squares: experimental data
by the CLEO Collaboration [145]. Dashed-dotted line: fit to CLEO Collaboration
data. Diamonds: experimental data by the BELLE Collaboration [141].

[Veo| Fp= (1)
(CLEO COH.) [145] 0.0431 £ 0.0013 £ 0.0018
(DELPHI Coll.) [151] | 0.0392 + 0.0018 + 0.0023
(BELLE COH.) [150] 0.0354 4 0.0019 £+ 0.0018
(BABAR Coll.) [152] | 0.0355 - 0.0003 = 0.0016

Table 3.7: |V | Fp~(1) values obtained by different experiments.

Comparison with the experimental data for |V| Fp«(1) allows us to extract values
for |V| in the range
|Vep| = 0.0333 ~ 0.0461 (3.45)

One can not be more conclusive due to the dispersion in the experimental data
for |Vip| Fp+(1). From DELPHI data alone we would obtain |V;| = 0.040 £ 0.003
in perfect agreement with our determination using the B — D reaction data. We
should also say that our value for Fip«(1) is larger than the lattice determination
Fp+(1) = 0.91975052 by S. Hashimoto et al. [153] normally used by experimental-
ists to extract their |Vgp| values. A new unquenched lattice determination of this
quantity by the Fermilab Lattice Collaboration is in progress [132].
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3.5 Strong coupling constants gg:p

In this section we will evaluate the strong coupling constants gp+p, where H
stands for a B or D meson. To this end we shall make use of the partial conser-
vation of the axial current hypothesis (PCAC) which relates the divergence of the
axial current to the pion field as

oI5 (@) = frm @p(2) (3.46)

where fr = 130.7£0.1+0.36 MeV [115] is the pion decay constant, m, = 139.57 MeV
[115] is the pion mass, and ®,-(z) is the charged pion field that destroys a 7~
and creates a 7. Using the Lehmann-Symanzik-Zimmermann reduction formula
one can relate the matrix element of the divergence of the axial current to the
pion emission amplitude as

(H, P'| ﬂJd“(O)yH*Aﬁ——'fL%A(” (P, P) (3.47)

) q Ap 9 =1 7|'q2 _ 7,’,1‘72T H*Hm ’ :

where ¢ = P— P’ and A()‘z 1. (P, P) is the pion emission amplitude for the process
H* — Hr given by®

A (P P) = — g1 (¢?) (q e (P )) (3.48)

The matrix element on the left hand side of Eq.(3.47) has a pion pole contribution

that can be easily evaluated to be
B/ d 5 q2 \) /
<H7 P | qﬂ JAZ(O) ’ H*7 AP >pion—pole =—1 fwm AH*H#(P ,P)

s

(3.49)
so that we can extract a non-pole contribution
(H, P'|¢" J3%0) | H* AP nonpote = i fr A (P, P)
= i fa grrnn(a®) (" 00u(P))
(3.50)

which is the one we shall evaluate within the quark model. For the matrix element
on the left hand side of Eq.(3.50) we can use a parametrization similar to the one
used in Eq.(3.17)

—

<H, ﬁ'|q” JgZ(O) ’H*7)\P>non—pole =

qﬂ{ Ciepup(P) (w 1) by (w)

+i (E()\) (P)- Ul) (UL hay (w) + vy hay(w)) }\/W (3.51)

SCorresponding to the emission of a 7.
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with the result that

o) = ] 0+ D, (0 + 0 (D) = )

™M g *
+ ( mf; ha, (w) — hAQ(w)> }«/7mHmH* (3.52)
The evaluation of the form factors is done is a similar way as the one described in
subsection 3.4.2. The results that we get for ¢> = 0 are

gppr(0)=2214£04 . gpepe(0)=60.5+1.1 (3.53)

to be compared to the experimental determination gp«pr(m?2) = 17.940.3+1.9 by
the CLEO Collaboration [154], the lattice results gp«pr(m2) = 18.842.3135 [155]
and gp+pr(0) = 47 £ 5 + 8 [156], or a recent determination using QCDSR for
which gp«pr(m2) = 14.0 & 1.5 and gp«p.(0) = 42.5 + 2.6 [157]. Older QCDSR
results give smaller values for both coupling constants. For instance, the calcu-
lation within QCDSR on the light cone in Ref. [158] give gp«pn(m2) = 12.5+ 1
and gp+p,(0) =29+3 7. The latter are small compared to lattice data or the
experimental determination of gp+ Dw(m%) by the CLEO Collaboration.
From our results we obtain the ratio

_ 9B+Bx(0) fB+\/MD
9p*p=(0) fp- /mB

in good agreement with HQS that predicts a value of 1 with 1/m,j corrections
appearing in next to leading order [133] ®. Our result in Eq.(3.54) is also in
agreement with the one obtained combining lattice data for fp~ and fp+ from
Ref. [118], for gp=p~(0) from Ref. [155], and the experimental CLEO Collaboration
data for gp«pr(m2) from Ref. [154]. In this case one gets

= 1.105 4 0.005 (3.54)

R|Exp'_Latt. =1.26 +0.36 (3.55)

where we have added errors in quadratures. A calculation using light cone QCDSR
gives [158]

"Values for both coupling constants obtained prior to 1995 within different approaches can be
found in Ref. [158] and references therein.

8Note the strong coupling constant used in Ref. [133] is given in terms of ours as
(gu*m~ f=)/(2mpu~) with H = B, D.



Chapter 4

Semileptonic and non-leptonic
decays of the B, meson

4.1 Introduction

Since its discovery at Fermilab by the CDF Collaboration [159, 160] the B, meson
has drawn a lot of attention. Unlike other heavy mesons it is composed of two
heavy quarks of different flavor (b, ¢) and, being below the B—D threshold, it
can only decay through weak interactions making an ideal system to study weak
decays of heavy quarks.

Using HQSS Jenkins et al. [72] were able to obtain, in the infinite heavy quark
mass limit, relations between different form factors for semileptonic B, decays into
pseudoscalar and vector mesons. Contrary to the heavy-light meson case where
standard HQS applies, no determination of corrections in inverse powers of the
heavy quark masses has been worked out in this case. So one can only test any
model calculation against HQSS predictions in the infinite heavy quark mass limit.

With both quarks being heavy, a nonrelativistic treatment of the B. meson
should provide reliable results. Besides a nonrelativistic model will comply with
the constraints imposed by HQSS as the spin—spin interaction vanish in the infin-
ity heavy quark mass limit. In this chapter we will study, within the framework
of a nonrelativistic quark model, exclusive semileptonic and nonleptonic decays
of the B, meson driven by a b — ¢ or ¢ — d, 5 transitions at the quark level.
We will not consider semileptonic processes driven by the quark b — u transition.
Our experience with this kind of processes, like the analogous B — 7 semileptonic
decay [161], shows that the nonrelativistic model without any improvements un-
derestimates the decay width for two reasons: first at high ¢? transfers one might
need to include the exchange of a B* meson, and second the model underestimates
the form factors at low ¢ or high three-momentum transfers. We will concentrate
thus on semileptonic B, — c¢ and B, — B transitions. As for two-meson non-
leptonic decay we will only consider channels with a least a c¢ or B final meson.
In the first case we will include channels with final D mesons for which there is

37
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a contribution coming from an effective b — d, s transition. As later explained
this is not the main contribution to the decay amplitude and besides the momen-
tum transfer in those cases is neither too high nor too low so that the problems
mentioned above are avoided.

The observables studied here have been analyzed before in the context of dif-
ferent models like the relativistic constituent quark model [162-164], the quasi-
potential approach to the relativistic quark model [165, 166], the instantaneous
nonrelativistic approach to the Bethe-Salpeter equation [167-169], the Bethe—
Salpeter equation [170, 171], the three point sum rules of QCD and nonrelativistic
QCD [172-175], the QCD relativistic potential model [176], the relativistic con-
stituent quark model formulated on the light front [177], the relativistic quark—
meson model [178] or in models that use the Isgur, Scora, Grinstein and Wise wave
functions [82, 83] like the calculations in Refs. [179-181]. We will compare our
results with those obtained in these latter references whenever is possible. Besides,
we will perform an exhaustive study for exclusive semileptonic and nonleptonic
B decays, paying an special attention to the theoretical uncertainties affecting
our predictions and providing reliable estimates for all of them.

In the present calculation we shall use physical masses taken from Ref. [115].
For the B, meson mass and lifetime we shall use the central values of the recent
experimental determinations by the CDF Collaboration of mp, = 6285.7 5.3 £+
1.2MeV/c? [182] and 75, = (0.46370 062 +0.036) x 107'2s [183]. This new mass
value is very close to the one we obtain with the different quark-quark potentials
that we use in this memory from where we get mp, = 6291.61%3 MeV.

We shall also need CKM matrix elements and different meson decay constants.
For the former we shall use the ones quoted in Ref. [162] that we reproduce in
Table 4.1. All of them are within the ranges quoted by the Particle Data Group
(PDG) [115].

|Vud| ‘VuS‘ ‘Vcd| ‘VCS‘ ’Vcb‘

0.975 0.224 0.224 0.974 0.0413

Table 4.1: Values for Cabibbo-Kobayashi-Maskawa matrix elements used in this
work.

For the meson decay constants the values used in this work are compiled in
Table 4.2. They correspond to central values of experimental measurements or
lattice determinations. The results for f, and fx+ have been obtained by the
authors in Ref. [162] using 7 lepton decay data. Our own theoretical calcula-
tion, obtained with the model described chapter 3, give f, = 0.189 ~ 0.227 GeV,
fr+ = 0.180 ~ 0.220 GeV depending on the inter-quark interaction used, results
which agree with the determinations in Ref. [162]. We shall nevertheless use the
latter for our calculations. For f, we have been unable to find an experimental
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result or a lattice determination!. There are at least two theoretical determina-

tions that predict f;, = 0.484 GeV [162] and f,, = 0.42040.052 GeV [185]. Again
our own calculation gives values in the range f;, = 0.485 ~ 0.500 GeV depending
on the inter-quark interaction used. Here we will take f, = 0.490 GeV.

= S0 Jo o0 K- Ko Jre— K*0

0.1307 [115] 0.130 [115] 0.210 [162] 0.1598 [115] 0.217 [162]

Ine R

0.490  0.405 [186]

fD— fD*— fD— fD*—

0.2226 [123] 0.245 [187] 0.294 [188] 0.272 [187]

Table 4.2: Meson decay constants in GeV used in this work.

4.2 Meson states

The meson states were introduced earlier in chapter 3. Here we will need the
ground state wave function for scalar (01), pseudoscalar (07), vector (17), axial
vector (17), tensor (27) and pseudotensor (27) mesons. Assuming always the
lowest possible value for the orbital angular momentum we will have for a meson
M with scalar, pseudoscalar and vector quantum numbers:

!There is a determination by the CLEO Colaboration [184] using factorization aproximation
and thus model-dependent.
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+) = 1 -,
¢O(c(1),az(p) = %561762 ¢(817f1)7(327f2)(p)
1 ~
— ﬁéc:[,CQ { qbfl f2(| |)
11 o
Z <§)§)1 31752)_m> (17170|ma —m,O) Ylm(p)
N o ~ (0 o
0(4(1)70)12(])) = Oc1, e ¢((517}1)7(S2,f2)(p)

N 11
b,z (i) ¢f1,f2<| ) (5,5,0

)\

51,52, 0> }/00(5)

=N - .
(ﬁ,ag)(p) ey, e ¢ 327f2)(p)

S-S5l 5l

A (1 . 11
ez (—1) ¢>}},f’2<|p|> (5,5,1

81782,)\> Yoo(p')
(4.1)

For axial mesons we need orbital angular momentum L = 1. In this case two
values of the total quark-antiquark spin S, = 0, 1 are possible, giving rise to the
two states:

43=0), )/ - 47=0),A) [ ~
0(1(1];042 ) )(p) = 01702 gbs(ll,fl (52,)f2))(p)

S - . 1
Oer,co (-1 )¢f1,f2 =0 (| ) <_ Y 0

S1, 32)0> Yl)\(ﬁ)

2 ((1+7Sq§:1)7 >‘) ( ﬁ)

a1, 2

Sea=1),7); =
01702 ¢sl,f1 q%SQ,)fQ))(p)

Soa=1 R
= e (-1) 1S ()

11
XZ <§,§,1
m

- 5=~ 5l

=

51,32,)\—m> (L, L, 1 m,A=m,A) Y1 (p9)

(4.2)
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Finally for tensor and pseudotensor mesons we have the wave functions:

22N (o 1 (2%, A 5
a1, o (P) \/g Oct, e ¢(81 f1), 827f2)(p)
1 (2%)

= %501,02 ¢f1 fQ(’_’D

11
> (33!

m

31,32,)\—m> (1, 1,2lm,A=m,\) Yi(D)

Ty

1 —
Y _ 2= 5
a1,a2( ) = \/5 Ocs, 3 ¢(51 f1 (827f2)(p)
1

= e (1) )

11
2 <§’§’1

m

S1,82, A — m> (2,1,2|m,A—m,\) Yo, (p) (4.3)

All phases have been introduced for later convenience, and radial wave function
are computed using the potentials described in chapter 2. The use of different
inter-quark interactions will provide us with a spread in the results that we will
consider, and quote, as a theoretical error added to the value obtained with the
ALI1 potential, that we will use to get our central results.

4.3 Semileptonic B, — cc decays

In this section we will consider the semileptonic decay of the B, meson into
different cé states with 07, 07, 1%, 17, 27 and 2~ spin—parity quantum numbers.
Those decays correspond to a b — c¢ transition at the quark level which is governed
by the current

Ji0(0) = J5,(0) = J55,(0) = We(0)y. (I — 75) ¥s(0) (4.4)

with ¥ a quark field of a definite flavor f.
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4.3.1 Form factor decomposition of hadronic matrix elements

The hadronic matrix elements involved in these processes can be parametrized in
terms of a few form factors as

< cc(07), Ps

JNO0)| Bo Pa) = (ec(07), B | JEL(0)| B, Pa,)
Py Fi(q%) + 4, F-(°)
J;b(O)(BC, 1336> - <c5(1—),u3cE
-1

= s < (Pe) PUa® V(@)

i { (5. — ) €03y o Poe) Aol?)
Py (P
mp, + Mee

ng(O)( B., ﬁBc> - <c5(2+), AP,

<cé(1_), AP,

cc(27), APy
(

=  Euwap 5(11)\6)*(]3‘65)]35 PaqﬁT4(q2)

—1 { eln o Pec )P Ta(q?)

J,(0) = T54,(0) | Be, Py, )

(Pu A (q®) +au A-(4%)) }

JF40) = J5,(0) | Be, P,

+PVP6€>{)\)V5( Pe,) (PuTo(q®) + 4, T5(¢%)) }

In the above expressions P = Pp,+ Pz, ¢ = Pp,— Pz, being Pp, and P, the meson
four-momenta, mp, and m.z are the meson masses and €y),,( P) and e P)
are the polarization vector and tensor of vector and tensor mesons respectively.
The latter can be evaluated in terms of the former as

(P =>"(L1,2m A =m\) el (PIefy  (P) (4.6)

m

Besides the meson states in the Lorenz decompositions of Eq. (4.5) are nor-
malized such that

<M, NP M, )\]3> = Sy 2 (21)3 2 By (P)3(P' — P) (4.7)

Note the factor 2E) of difference with Eq. (3.6)

For the 07, 11 and 2~ cases the form factor decomposition is the same as for
the 07, 17 and 27 cases respectively, but with —JﬁZ(O) contributing where J‘C/L(O)
contributed before and vice versa.

2Note we have taken X to be the third component of the meson spin measured in the meson
center of mass.

(4.5)



4.3.  SEMILEPTONIC B_; — cc DECAYS 43

The different form factors in Eq.(4.5) are all relatively real thanks to time—
reversal invariance. F , F_, V, Ay, AL, A_ and T} are dimensionless, whereas
Ty, Ty and T4 have dimension of E~2. They can be easily evaluated working in
the center of mass of the B. meson and taking ¢ in the positive z direction, so
that Pz = —7 = —|7|k.

® B, —n.l” v, Xeol™ v decays

Let us start with the B, decays into pseudoscalar n. and scalar x.o cc mesons.
For B_ — n. transitions the form factors are given by:

3 —
Fo(@) = — (v°<|c7|>+v‘<ql‘,”> <Em<—q*>—ch>)

Zch
| v3(q))
F () =— [Vq) + —2L (E, (=) +m 4.8
@) = g (V207D + 0 (B (<) + ) (1)
whereas for B, — Y transitions we have:
. A%(7))
o0 0/~ 2y
File) = g (42021 + 0 (Br(-0) = s )
-1 L AT .
FL(g?) = <A°<|q|>+ (1) <EXCO<—q>+mBC>) (4.9)
2mp, 7]

with V#(|7]) and A*(|7]) (# = 0,3) calculated in our model as
vi(al) = (ne —Ia1k |5 "0)] B, 0)
— = cbu — 2
= \emp2E o) (e Ik |5 MO)| B2, T)
a7 = (xeo, —171E | J5 >1B-,o>

= 282 (-7) (X0 —I71F | IS HO) | B2 O (210)

which expressions are given in appendix E.

In Fig. 4.1 we show our results for the F.; and F_ form factors for the semilep-
tonic B — 7., Xco transitions. The minimum ¢? value depends on the actual
final lepton and it is given, neglecting neutrino masses, by the lepton mass as
Qoin, = ml The form factors have been evaluated using the AL1 potential. For
decays into 7., and for the sake of comparison, we also show the results obtained
using the BHAD potential. As seen in the figures the differences between the form
factors evaluated with the two inter-quark interactions are smaller than 10%.

In Table 4.3 we show F and F_ evaluated at ¢2, and g2, for a final light
lepton (I = e, ) and compare them to the ones obtained by Ivanov et al. in
Ref. [163], and, when available, by Ebert et al. in Ref. [165]. For the B, — 7.
transition we also show the corresponding values for the F{y form factor defined as

Fo(¢?) = Fy(¢®) + — s
Be Ne

F_(¢?) (4.11)
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q [ Gev’]

Figure 4.1: F, and F_ form factors for B, — n. and B — x.o semileptonic
decays evaluated with the AL1 potential. In the first case, and for comparison,
we also show with dotted lines the results obtained with the Bhaduri (BHAD)
potential.

Our results for the 7. case are in excellent agreement with the ones obtained by
Ebert et al.. Compared to the results by Ivanov et al. we find large discrepancies
for F_.

e BT — J/Vly, hcly, xcalv decays

Let us now see the form factors for the semileptonic B. decays into vector J/W¥
and axial vector h. (Sgq = 0) and xe1 (Sgg = 1) ¢€ mesons. For the decay into
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B; —nlw Thin Umax || Be = X0l Grmin Thax

Fy Fy

This work 0.497001  1.00_¢.01 This work 0.307001  0.64700;
[163] 0.61 1.14 [163] 0.40 0.65
[165] 0.47 1.07
F_ F_

This work | —0.11709]  —0.251003 This work ~0.627003  —1.3510.05
[163] —0.32 —0.61 [163] ~1.00 ~1.63
Fo

This work 0.4970-01  .91+0-01
[165] 0.47 0.92

Table 4.3: Fy and F_ evaluated at ¢, and ¢2,,, compared to the ones obtained
by Ivanov et al. [163] and Ebert et al. Ref. [165]. Our central values have been
obtained with the AL1 potential. For the 7. channel we also show Fj (see text for

definition). Here [ stands for [ = e, p.

J/W the form factors can be evaluated in terms of matrix elements as:

© Mmp,+Mmjw

V(g®) = B mpldl Vie_(I171)

Ay = o B L gy P D )

A(P) = i Qﬂ{A9:o<|q*|>+mBC+EJ/“‘® A1)
—ﬁchE‘ff;{'(;q;;m%” iz_luqn}

Aglg?) = iVl (7] (412)
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with V{*(|7]) and AY(|7]) calculated in our model as

vial

<J/\I/, A —|7|E ‘J;b“(o)‘ B, 6>

—

— \/2mBC2EJ/\p(—fT) . <J/\If, A — ,(ﬂg‘J‘c/b “(0)‘ B 0>NR
Aa) = (Jpw x gk |5 o) B2 0)

= \2ms2Bye(-0) | (J/0 A =171k | IS 0)| BDO)
(4.13)

which expressions are given in appendix E.

The form factors corresponding to transitions to the x. and h. axial vector
mesons are obtained from the expressions in Eq.(4.12) by just changing

VX (Ig1) «— —AX(7D) (4.14)

and using the appropriate mass for the final meson. Obviously in Eq. (4.13) J/U¥
has to be replaced by x., or hc.

In Table 4.4 we show the results for the different form factors evaluated at ¢2,

and g2, for the case where the final lepton is light (I = e, u). For the decay into
J/¥ we also show the combination of form factors?:

~ mp, —My/y q2
Ao(¢?) = T/\p/ (Ao(¢?) — A (%)) — e s F ) A_(¢*) (4.15)

Our results for the B, — J/U decay channel are in agreement with the ones
obtained by Ebert et al.. They also agree reasonably well, with the exception
of A_, with the ones obtained by Ivanov et al.. For the other two cases the
discrepancies are in general large.

All the form factors are depicted in Figs. 4.2 and 4.3

eB — W(3836)l 1, Xc2lv, decays

Finally let us see the form factors for the B, decays into tensor y.2 and pseudoten-
sor W(3836) 4 mesons. For the decay into .2 the form factors can be evaluated

3This combination is called A by the authors of Ref. [165].

*Note that while the W(3836) was still quoted in the particle listings of the former Review of
Particle Physics [115], it has been excluded from the more recent one [188]. We shall nevertheless
keep it in our study to illustrate the results to be expected for a ground state pseudotensor
particle.
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By — J/¥I D Timin Oimax By — hel”m inin Oimax
1% 1%

This work —0.61,003 —1.26+0'01 This work —0.04070‘003 —0.07870‘003
[163)] —0.83* —1.53* [163] —0.25 * —0.365*
[165) —0.49 —1.34
Ay Al

This work 0.56+0:03  1,13+0.01 This work —0.85T0%  —1.9010:06
[163] 0.54 0.97 [163] —1.08 —1.80
[165] 0.73 1.33
A A

This work —0.60_003 —1.24_¢01 This work 0.12+9-0% 0.36_0.06
[163] —0.95 —1.76 [163] 0.52 0.89

AO AO

This work 1.44+0-08 9 584000 This work 0.28+0-02 0.52+0-02
[163)] 1.64 2.50 [163)] 0.44 0.54
[165) 1.47 2.59

A

This work 0.4510:03 0.96_¢.01

[165) 0.40 1.06
B; — Xel liljl q?nin q12nax
1%

This work 0927055 1.86_0.12
[163)] 1.18* 1.81*

Ay

This work —0.44_g 3 —0.7810:04
[163)] —0.39 —0.50
A

This work 0967051 1.97_g13
[163)] 1.52 2.36

Ao

This work —0.50_0,02 —0.32_0_02

[163)] —0.064 0.46

Table 4.4: V., Ay, A_ and Ag form factors evaluated at qf]rlin and g2, compared
to the ones obtained by Ivanov et al. [163] and Ebert et al. Ref. [165]. Our central
values have been evaluated with the AL1 potential. For the J/¥ channel we also
show ﬁo (see text for definition). Here [ stands for [ = e, u. The asterisk to the
right of a number means we have changed its sign to account for the different
choice of £%123 in Ref. [163].
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Figure 4.2: V (solid line), A4 (dashed line), A_ (dotted line) and Ay (dashed-
dotted line) form factors for the B, — J/W semileptonic decays evaluated with
the AL1 potential.

in terms of matrix elements as:

2
L) = i3 Ab(d)
1 3 m?2 3m2
2 _ . Xc2 0 — Xc2 — 3 pod
Tr(q”) = i W { ~\3 172 Arro(lg]) — B} FE (Exea (=) —mp.) ATr—o(I7])

2m,,, Ey.,(—q " "
+ |3<| - (1 - x|ij|2 ) (Exe(=q) — mBC)> Ara_i1(1a |)}
1 3 m2 . 3m2, . .
T5(¢°) = i — { — \/;—|q_>f|22 Af—o(I7]) — \/;—|q}|32 (Eyoo (=) +mp.) Ay _o(17])
2m,, Ey.,(—q " "
2 (1= Bl (5 )+ mn) ) A

. My, .
Tu(¢*) = Z%{}PV%A:H(MI) (4.16)
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2 ! T
B - h
C C ////
1,5- .
T Al
—”/’ ' A
17 "”” —_—
- Ay
0,57 ALl ______________ —
o | |
O0 > r : |
2 2
q[Gev']
2 I

Figure 4.3: V (solid line), A, (dashed line), A_ (dotted line) and Ay (dashed-
dotted line) form factors for B, — h. and B, — x.1 semileptonic decays evalu-
ated with the AL1 potential.

with V£, (|7]) and A%, (|7]) calculated in our model as

VN7 = (e A —1d1R | 5" 0| B2, 0)

= \/2mB52EXc2 NR<XC2’ X =17k ‘JCb #” O)‘ B, 6>NR
A () = <xc2, A —|qyk(ng“(o) >

= \/2mB52EXc2 NR<XC2’ X171k ‘JCb *(0 )‘ B, 6>NR

(4.17)
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which expressions are given in appendix E.
The form factors corresponding to transitions to ¥(3836) are obtained from
the expressions in Eq.(4.16) by just changing

V(7)) «— A7, (17]) (4.18)

and using the appropriate mass for the final meson. Besides in Eq. (4.17) x., has
to be replaced by ¥(3836).
The results for the different form factors appear in Fig. 4.4. In Table 4.5 we

2 I T
15+ -
—T, 11
1 - T,[Gev] -
-2
- T,[GeV ]
05- —T,[Gev -
AL1 |
Op =g ey e kalviatal it C]
01 2 3 4 5 6 7
q[GeVv]
035 = - \1momp
+r B - w(3836) ]
0,3k B
0,25? _ Tl a
0,2 - B
|- T, IGev
015 T.[GeV?] ]
ol 5 [Ge AL1

Figure 4.4: Ty (bold solid line), Ty (dashed line), T3 (dotted line) and T (thin
solid line) form factors for B, — x.2 and B, — W(3836) semileptonic decays
evaluated with the AL1 potential.
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show T4, T5, T3 and T, evaluated at q,%“-n and ¢2,,, for the case of a final light
lepton, and compare them to the values obtained by Ivanov et al. [163]. For the
B. — Xc2 transition we find a reasonable agreement between the two calculations.
For B, — W(3836) there is also a reasonable agreement for the absolute values of
the form factors but we disagree for some of the signs.

B, — xe2l' i Toin T B — W(3836)1 1 Qoin G

T1 Tl

This work 0.97+9:98 1.95_0.06 This work 0.29_0.02 0.22_0.01
[163] 1.22 1.69 [163] 0.052 0.35

Ty [GeV ™2 Ty [GeV ™2

This work —0.012_¢.001 —0.02510-001 This work —0.01010:006  _,018+0-:001
[163] —0.011 —0.018 [163] 0.0071 0.0090

Ts [GeV ™3 Ts [GeV ™3

This work 0.01319991 " 0.030_0.001 This work 0.025_0.002  0.052_0.004
[163] 0.025 0.040 [163] —0.036 —0.052

Ty [GeV 2 Ty [GeV ™3

This work 0.013%%-%°L  0.030_0.001 This work 0.022_0.001  0.045_0.003
[163] 0.021* 0.033* [163] —0.026* —0.038*

Table 4.5: Values for T4, T, T3 and T, evaluated at qgﬁn and ¢2,, compared to
the ones obtained by Ivanov et al. [163]. Here [ stands for [ = e, p. Asterisk as in
Table 4.4.

4.3.2 Decay width

For a B, at rest the double differential decay width with respect to ¢? and z;, being
x; 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), is given by®

Gy Vool N2 (% mE s m) ¢ —m}

—my afB
o P 7Pc6 ﬁ y Pv

°r
dq?dr; 64m3, 83

(4.19)

where A(a,b,¢) = (a + b — c)? — 4ab, m; is the mass of the charged lepton, H, g
and £%P are the hadron and lepton tensors, and Pp,, P, pi, p, are the meson
and lepton four-momenta. The lepton tensor is®

L (p,p,) =8 (p?pﬁ + 0P — ¢p - py T is“ﬁ"”ngpup) (4.20)

5We shall neglect neutrino masses in the calculation.
5The F signs correspond respectively to decays into [~ 7 (for B, decays) and {7y, (for B
decays).
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As for the hadron tensor it is given by

Has(Pp., Pec) Z h(x) a(PB., Pee) By 5(PB,.» Pec) (4.21)

with

By o P, Pec) = (<2, A Bl JE(0)| Be, P, ) (4.22)
The quantity
Hap(Ps,, Pez) L7 (p1,py) (4.23)

is a scalar and to evaluate it we can choose P along the negative z-axis. This
implies also that the CMF of the final leptons moves in the positive z-direction.
Furthermore we shall follow Ref. [163] and introduce helicity components for the
hadron and lepton tensors. For that purpose we rewrite

Haﬁ(PBca Pcé) ['aﬂ(plapu) = ng(PBc7 PCE) Joa 9pB [’aﬁ(plapu) (424)

and use [189]

G = Z grr €@ ey (@ 5 gn=1,9+10=—1 (4.25)
r=t,£1,0

with E(t)( q) = ¢"/¢* and where the £(,y(¢), r = 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(PBC)PCE) - 6?7’)0'((]) HUP(PBc)PCE) 6(s)p(q)
Lrslppy) = €0yal@) L7 (p1p0) €l () (4.26)

we have that

Haﬁ(PBca-PcE) [' plapu - Z Z Grr Gss rs(PBca-Pcc) ['rs(plapu)
r=t,+1,0 s=t,4+1,0

(4.27)

Let us start with the lepton tensor. We can take advantage of the fact that the
Wigner rotation relating the original frame and the CMF of the final leptons is the
identity to evaluate the lepton tensor helicity components in this latter reference
System

Lrs(pr,py) = 5(r)a(q)[’aﬁ(plapu)ez(s)ﬁ(q):5(r)a(®£aﬂ(ﬁl’ﬁu)5>€5)ﬁ(®
(4.28)
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were the tilde stands for momenta measured in the final leptons CMF. For the
purpose of evaluation we can use’

i = (Epl)), —Ipi| /1 — 22,0, —[pi| 1)
oy = (il il /1 — 7,0, ] 1) (4.29)

with |p;| the modulus of the lepton three-momentum measured in the leptons
CMF.
The only helicity components that we shall need are the following.

m2(a% — m2
»Ctt(plapu) = 4%
m2(¢? — m?
Lio(pi,pv) = Lot(pi,pv) :—4‘@1%
2 2 2 s _ml2
Liiy(pnpy) = (@8 —mp) <4(1i$l)—2(1—$1)T>
2 2 2 ¢° —mj
Ly 1(ppy) = (¢ —mj) (4(1$$l)—2(1—$1)Tl>

2 _ 92
¢ —m
Loo(pi,pv) = 4(¢° —mj) <1 - $127q2 l >
(4.30)

As for the hadron tensor it is convenient to introduce helicity amplitudes defined
as

h()\)T(PBc’ PCE) = g?r)a(Q) h?)\) (PBcv PCE) ) r =1, :l:la 0 (431)
in terms of which
My s(Pp.s Pec) = Y hnyo(PB., Pec) iy o(PB., Pec) (4.32)
A

We now give the expressions for the helicity amplitudes evaluated in the original
frame.

e Case 0~ — 0—,0T.

m2 —m2
hi(Pp,, Pe) = —2=LF(*) + VP F-(¢*

Vi

)\1/2(q2,m2 m2 )

ho(Pp,, Pee) = B! <, (¢?)
/q2
hi1(Pp,,Pe) = h_1(Pp,,Pe)=0 (4.33)

"Note this is in accordance with the definition of z; and the fact that we have taken ﬁca in
the negative z direction. Furthermore there can be no dependence on the ¢; azimuthal angle so
that we can take p;, and then p,,, in the OX Z plane.
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e Case 07 — 17,11,

A2 (g%, m  m)

2mcé\/q72

hn (P Pec) = a0

2
q
(0, = ) (A0() = 44 — ()
. M2(2m3,  m%)
hixy+1(PB,; Pee) = —idy 1 ( —— 45;%6 (¢*) + (mp. — mee) Ao(q?)
N/2(g2, m3, m)
h Pp,,Ps) = —id - L Bel <y (4P — Mg 2
o -1(PB., Pee) 0 +1 ( e —— (¢°) + (mp. —mez) Ao(q7)

N . ~ . cc 2
h(A)O(PBuPcc) = Z(S)\O ((ch mcc) chf\/q? AO(Q)

)\(q27 m2B ) mgé) A+ (q2)
— < (4.34)
2meen/q%>  MB. + Mee

e Case 07 — 27,2%.

; 2 )\(qza 777,2 ,m2-)
h(A)t(PBmPcE) = _Z(S)\O\/j 2BC cc
3 4mcé q2

(Ta(a*) + (mp, — m&) Ta(a*) + ¢* T(*) )
1 NP mE, my)
hoy+1(Pes Pre) =ity 25—

(Ti(a®) = N2 mb, m2) Tu(a?) )

1 )‘1/2((]27 mQBcv ng)

h()‘)—l(PBuPcE) = iéAJrlﬁ 7
Ut i i
. 2 )\1/2(q2,m23 ,m2;)
h()\)O(PBuPCE) = —z5>\0\/; 4mgé\/q_2

((mp, — ¢ —mZ) Ti(q®) + A¢* mbp,,m%) Ta(q?))
(4.35)

We see that the helicity amplitudes, and thus the helicity components of the
hadron tensor, only depend on ¢?. The expressions for the latter are collected in
appendix F.
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We can now define the combinations [163]

Hy = Hygpi+H-1

Hrp = Hoo

Hp = Hyvi—Hoi

Hs = 3Hiy

Hsr, = Hio

H;y = 2ql H;y ; J=UL,SSL (4.36)

with U, L, P, S, SL representing respectively unpolarized—transverse, longitudi-
nal, parity—odd, scalar and scalar—longitudinal interference.

Finally the double differential decay width is written in terms of the above
defined combinations as

42T G2, : (¢% —m})? A2 (¢, m3, ,m?)

dq?dz; - 87T3| be 12m2ch2 2mp,

3 3 3

+Z(1 — x%)HU + gl’%HL + %HS + 3:IZ1HSL} (4.37)

Note that for antiparticle decay Hp has the opposite sign to the case of particle

decay while all other hadron tensor helicity components combinations defined in

Eq.(4.36) do not change (See appendix E.2 for details). 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 B_ or B decay.
Integrating over x; we obtain the differential decay width

ar Gt

2
a2 = ol

 p (@ = mD)? NP m
be

27) " " _
) Hy+ Hy+ Hy + Hy + H
12m%, ¢ 2mp, { L Hr At S}

(4.38)

from where, integrating over ¢2, we obtain the total decay width that we write,
following Ref. [163], as

I = FU+FL+fU+fL+fS (4.39)
with I'j and r J partial helicity widths defined as

(q —ml)2 A2 (g2 m%,  mZ)
;= [d Vie|? H 4.40
o= a2t S ) (4.40)

and similarly for r J in terms of H 7
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B — Ty Ty Iy Ty Cp T's Tsr

Ne e De 0 0 6.9510:31  (,13+0.01 19-5 0 0.4410:03 10—5 (.141+0.01 19-5
Ne ™ Ty, 0 0 6.8010:31  (.2810.02 1p—1 0 0.1010:01  ,31+0.01 1p—1
Ne T Ur 0 0 0.71+0.02 0.17+0:01 0 1.5810.04 0.29+0.01
Xc0 € Te 0 0 1557002 0.3710:05 19-6 0 0.11+0:01 10=5 (.37+0.05 19—6
Xe0 11~ 0 0 1517085 0.7510-09 19—2 0 0.2310:02 10— 0.7570.09 19—2
X0 T U7 0 0 0.8015:55 10~ 0.2379-97 101 0 0.8410:07 10—1 0.250.02 10—1
J/Ue e 11.510:6  0.32+0-02 10=6 104706  0.121001 10=5  _548_a4  0.3210:03 10=5 0.1170-01 105
J/V p" oy, 11.410:6 0.1310.01 10—1 10.2+0.7 0.281003 10-1 545 g4  0.6810:07 10—1 (.25%0.02 101
J/ o, 2.7875-10 0.59+0-02 1747807 0.3910:02 —1.10_0.03 0.3610-02 0.21+0-:01
Xel € Te 0.9070:0%  0.4375:0% 10-7 0.3510:03 10-1 0.28+003 10-8  —0.75150%  0.5710:07 108 0.2210:02 108
Xel 11~y 0.8970 55 0.18700] 1072 0.3510:03 10— 0.7710.08 1= 0757502 0.111001 10—3 (.49+0-05 10—¢
Xel T~ U 0.75%0-:02 10—1 0.21+0-01 10-1 (.4610-04 10—2 0.12+0-01 10=2 —0.64_¢.03 10~1 0.2310-02 10—3 (.28+0.02 103
hee™ Ve 0.16+0-02  57+0.07 10=8  9.93+0.12  .72+0.09 10=6 _0.26_¢ o3 10~ 0.23+0-03 10=5 0.74+0.09 10-6
he =y 0.1610-02  0.2410-03 103 2167021 0.1470-01 101 —0.26_¢.03 10~ 0.4570:0% 101 0.1410:02 10-1
heT Dy 0.23+0:02 10-1 0.6010-06 102 0.67+0:05 10~1 0.2070-01 10~1 —0.27_g.03 10~2 0.977555 10~ 0.2670-92 10-?
Xe2 € Te 0.7110:0% 0371503 1077 1.7E)0%  0.3170:07 1076 —0.3570:0)  0.8815:03 1076 0.300 07 1076
Xe2 11~y 0.71%0 5% 0151001 1072 1.14%05T 0.627005 1072 —0.3475 00 0.161092 10~ 0.5770:05 1072
Xe2 T~ 7r 0.4970:01 1071 0.15_0.01 1071 0.4370:03 101 0.13_g.01 107! —0.1810-01 10~1 0.12_¢.01 1071 0.7070:0% 10~2
W(3836) e~ e |0.58_0.07 1071 0.47_0.06 1078 0.3373:52 10-2 0.6875-94 1072 —0.48+0-95 10~ 0.1773-9t 10-8 0.601553 10-°
W(3836) ™7, |0.57—0.06 1071 0.19_0.02 1073 0.3270:07 1072 0.15_0.01 10~* —0.4810:06 101 0.28F70 07 10~* 0.11+0-01 10—*
U(3836) 7~ 77 |0.780.09 1073 0.28_0.03 1073 0.74_g.06 10™% 0.25_0.02 107 —0.6910-98 10=3 0.54_0.04 1075 0.65_9.05 10~°

Table 4.6: Partial helicity widths in units of 10715 GeV for B, decays. Central
values have been evaluated with the AL1 potential.

Another quantity of interest is the forward-backward asymmetry of the charged
lepton measured in the leptons CMF. This asymmetry is defined as®

F$l>0 - F$l<0

App = 4.41
F$l>0 + F$l<0 ( )
and it is given in terms or partial helicity widths as
3 +Tp +4T
p+4lsy (4.42)

ATy 4T, +Ty+T,+Tg

being the same for a negative charged lepton [~ (B. decay) than for a positive
charged one [T (B} decay), as I'p for antiparticle decay has the opposite sign as
for particle decay.

Finally for the decay channel B. — J/V li; with the J/¥ decaying into p~pu™
we can evaluate the differential cross section

8The forward direction is determined by the momentum of the final meson that we have chosen
in the negative z-direction.
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AU, =t (3/9) 17

dzx,,
1/1—4771/21/771‘27/\1, <PU+fU—2(FL+fL+f5)>
1+ — — R
(2-\/1-4mz/m?,y ) (Tv+Tv) +2(Tp + T +Ts)
r —u—pt 1 3 = =
X I 573 [—(PL-i-PL-i-PS)
PJ/\II 1+2mu/mj/‘1, 4
3 -
+3 (2— L~ dm2 /m? ) (FU+FU)] (4.43)

where z, is the cosine of the polar angle for the final ¢~ pt pair, relative to the
momentum of the decaying J/¥, measured in the u~pu™ CMF, T JJW—p—p+ 1s the
J/¥ decay width into the p~u* channel, and T’ J/w is the total J/W decay width.
The asymmetry parameter

(/1= 4mi/mg/@ <PU +fU —2(I'g +fL +f5)>

‘T (2— 1—4m3/m3/q,) (FU+fU) +2<PL+fL+fS) 44

governs the muons angular distribution in their CMF.

Results

In Table 4.6 we give our results for the partial helicity widths corresponding to
B decays. For B decay the “P” column changes sign while all others remain
the same. The central values have been evaluated with the AL1 potential and the
theoretical errors quoted reflect the dependence of the results on the inter-quark
potential.

In Table 4.7 we show the asymmetry parameters. Our values for a* compare
well with the results obtained in Ref. [163]. The same is true for the forward—
backward asymmetry with some exceptions: most notably we get opposite signs
for B, — xc1 and B, — ¥(3836).

In Fig. 4.5 we show the differential decay width dI"/dg? for the decay channels
nel~ 7, and X0l 7 for the case where the final lepton is a light one | = e, u?
or a heavy one [ = 7. We show the results obtained with the AL1 and BHAD
potentials, finding no significant difference for the 7 case, while for the light final
lepton case the differences are around 10% at low ¢2.

In Fig. 4.6 we show now the results for vector and tensor mesons. As before
only for the case where the final lepton is light we see up to 10% differences
between the calculation with the AL1 and the BHAD potentials.

9We show the distribution corresponding to a final electron. The distribution for a final muon

differs from the former only for ¢® around mi.
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N‘w‘h‘m‘mq\l
|

T H T
!

dridg® [V, 10" Gev]

OO
o1
=
o

N

=
[$)

o
[4)]

dridg” [V 10" Gev™]

OO
()
I
o
o)

o’ [Gev]

Figure 4.5: Differential decay width for the B, — n. 7, and B, — X0l 7
processes obtained with the AL1 potential. For comparison, we also show with
dotted lines the results obtained with the Bhaduri (BHAD) potential. The dis-
tribution for a final muon is not explicitly shown. It differs appreciably from the
corresponding to a final electron only for ¢ around mi
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Figure 4.6: Differential decay width for the B, — J/¥I~ v, B, — hl v, B —
Xc1l "7, B — X2l 1 and B, — ¥(3836)” 7 decay channels obtained with the
ALl potential (solid lines) and the Bhaduri (BHAD) potential (dotted lines) . The
distribution for a final muon is not explicitly shown. It differs appreciably from
the corresponding to a final electron only for ¢? around mi
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Arp(e) Arp(p) ArB(T) a*(e) a*(p)  a*(n)
B. — e
This work | 0.6010:01 10=6 (.13+0.01 191 0.35
[163] 0.953 106 0.36
B, — XcO
This work | 0.7210-02 10—6 0.15 1071 0.40
[163] 1.31 10~ 0.39
Be — J/¥
This work —0.19 —0.18_ 001 —0.351002 10-1 029 501 —0.29 —0.19
[163] —0.21 —0.48 1071 —0.34 —0.24
B, — Xcl
This work —0.60_0.01 —0.60_0.01 —0.46
[163] 0.19 0.34
Be — he
This work | —0.83_0.05 1072 0.9775-01 1072 0.35
[163] —3.6 10~2 0.31
Be. — Xc2
This work —0.14 —0.13 0.5510-02 10-1
[163] —0.16 0.44 10~1
B. — ¥(3836)
This work —0.59 —0.59 —0.42
[163] 0.21 0.41

Table 4.7: Asymmetry parameters in semileptonic B, — c¢ decays. Our central
values have been evaluated with the AL1 potential. We also show the results
obtained by Ivanov et al. [163].

Finally in Tables 4.8, 4.9 we give the total decay widths and corresponding
branching ratios for the different transitions. The branching ratios evaluated by
Ivanov et al. [162], where they have used the new B, mass determination by the
CDF Collaboration [182], are in reasonable agreement with our results. Discrep-
ancies are larger for the decay widths in Table 4.8 where they use the larger mass
value mp, = 6400 MeV quoted by the PDG [115].

4.3.3 Heavy quark spin symmetry

As mentioned in the introduction one can not apply HQS to systems with two
heavy quarks due to flavor symmetry breaking by the kinetic energy terms. The
symmetry that survives for such systems is HQSS amounting to the decoupling
of the two heavy quark spins. Using HQSS Jenkins et al. [72] obtained relations
between different form factors for semileptonic B. decays into ground state vector
and pseudoscalar mesons. Let us check the agreement of our calculations with their
results. For that purpose let us re-write the general form factor decompositions
in Eq. (4.5) introducing the four vectors v and k such that

Pp.=mp,v ; Pg=mgv+k (4.45)
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T [107° GeV]

This work  [163] [165] [167, 168] [170] [171] [172] [176] (177)  [179]
B —n.l" 1 6.95702  10.7 59 142 11.1 831 11+1 2.1 (6.9) 8.6 10
B = 0.7 br 2.4610-07 352 3.3+0.9
B — xeol™ 1.55%005 2,52 1.69
B — X0 T Uy 0.19%%-01 026 0.25
B — J/UI™ i 21.9712 28.2 17.7 344  30.2 20.3 28+5 21.6 (48.3) 172 42
By — J/U T b, 5.86702%  7.82 7T+2
B = xal™ oy 0.947505  1.40 2.21
B, — X1 T Ur 0.10 0.17 0.35
By — hl™ oy 24017028 4.42 2.51
By — heT” Ur 0.2170-0L .38 0.36
BI — xe2l " 1 1.89T0 08 2.92 2.73
BS — Xe2T U7 0.137390  0.20 0.42
B, — \11(3836) Iy 0.062_9.008 0.13
B; — U(3836) 7~ 7y |0.0012_0.0002 0.0031

Table 4.8: Decay widths in units of 1071° GeV for semileptonic B, — c¢ decays.
Our central values have been evaluated with the AL1 potential. Here [ stands for
l=ce, pu.

v is the four-velocity of the initial B, meson whereas k is a residual momentum.
In terms of those we have

P=Pp + Pz=(mp, + mez)v+k (4.46)
q=Pp, — Pz = (mp, —mez)v —k (4.47)

and we can write for the 7. (c¢ (07)) final state case

<7707 p;k

Jh0)| B, Py = (ne B | F50)| B Po)
= ((mp, +my) Fe(¢) + (mp, —my.) F-(¢%)) v,
(P4 (@) = F-(%) hu

= VEmpamy (S0 0+ 55 (@) k) (148)

where we have introduced the new form factors
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B.R. (%)
This work [162] [165] [167-169] [170] [173, 174] [176] [177] [178]

B —n.l" 0.4810-02 081 042 097 076 075  0.15 0.59 0.51

B = 0.7 br 0.17+0:01 0.22 0.23 0.20

B — xeol™ 7y 0.11+0:01 0.17 0.12

B — X0 T Ur 0.01310-001 0.013 0.017

B = J/UI™ i 1.54+0:06 2.07 123 235 201 1.9 1.47 120 1.44

B = J/UTt" o, 0.4170-02 0.49 0.48 0.34

B — X1l i 0.06610-003 0.092 0.15

B — Xe1 T Uy 0.007215:000%  0.0089 0.024

B — hel™ iy 0.1770-02 0.27 0.17

By — het Uy 0.01510-001 0.017 0.024

Bo — X2l 0.13%0-01 0.17 0.19

By — Xe2T ™ Uy 0.009370:000z  0.0082 0.029

B — U(3836)1" 7, | 0.0043_0.0005 0.0066

B — W(3836) 7~ 7, | 0.000083_0.000010 0.000099

Table 4.9: Branching ratios in % for semileptonic B, — ¢¢ decays. Our central
values have been evaluated with the AL1 potential. Here [ stands for [ = e, pu.
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Similarly for the J/W (c¢ (17)) final state case we have

<J/\If, )\ﬁ]/‘ll ‘Jﬁb(o)‘ B, ﬁBC> —
= <J/\If, )\ﬁj/qz ‘J‘C/Z(O) —JiZ(O)‘ By, JBBC>
2mp,

= TP o sl (P v kP V (g?
mp, +my g pvaf (,\)( J/\Il) (a°)

—i{ (mp, —m ) E?A)u(ﬁj/qf ) Ao(q?)

mp x (B A(q?)
+ ~k-e P ———— ((mp, + m v, +k
my/y ()‘)( J/\Ij)< mp, +my/y (( B 7/w) Vi “)
A-(¢%)

g (75— =h) )|
V¥ D o /(17
= —\/2ms2m s 65 (Pre) v kPSS (@)
iy < B 5@

* 5] it
+ (k- 2hy(Prya) 55 (@) v,

* D =1~
CENTA DT (450)
with
1), 2 1 2
Z = - — A
=(17), 2 1 mp, < oy , MB. —Mj/v 2 >
b)) = A + — A
> (%) Dris D g e +(a7) S (¢7)
—(1— 1 —2m
2,2(1 )(q2) — > > Be v 2
\V/2mB.2m gy MB, + M j/w
—(1— 1 mp, 1
5 () = 5 (A1(¢®) — A_(¢%) (451)

V2mp.2myy myy mp, +myy

2&0—) and 2&1—) are dimensionless, fgo_), Egl_), i;(l_) have dimensions of E~!,

and iél_) has dimensions of £~2.
We can take the infinite heavy quark mass limit m, > m. > Agcp with the
result that near zero recoil

E§0*) _ Zgr)
Y=zl =5 =0
=) =0 (4.52)
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Figure 4.7: Zgo_) (solid line) and fgo_) (dashed line) of the B, — 7., and Egl_)

(solid line), iél_) (dashed line), i;(l_) (dotted line) and iél_) (dashed—dotted
line) of the B, — J/¥ semileptonic decays evaluated with the AL1 potential.



4.3.  SEMILEPTONIC B_; — cc DECAYS 65

This agrees perfectly with the result obtained in Ref. [72] using HQSSC.
In Fig. 4.7 we give our results for the above quantities for the semileptonic
B, — n. and B, — J/¥ decays for the actual heavy quark masses. Even though

we are not in the infinite heavy quark mass limit we find that E](LO?) and Egli)
dominate over the whole ¢? interval. This dominant behavior would be more so
near the zero-recoil point where k£ =~ 0 and thus the contributions from the terms

in fgo_), fgl_), Z;(l_) and f?,l_) are even more suppressed. Thus, even for the
actual heavy quark masses we find that near zero recoil

<77¢, ]3,7c Jﬁb(O)‘ B_, ﬁBc> ~ \/2mp.2my, 250*)((]2)%

(/9 APy | J520) | B, Po.) =~ =iy [2mp2m ey, (Pra) S8 (@)
(4.53)

Besides, as seen in In Fig. 4.8, E](LO_) of the B, — 1., and 2&1—) of the B, — J/VU
semileptonic decays are very close to each other over the whole g2 interval. This
implies that the result obtained in Ref. [72] near zero recoil using HQSS seems
to be valid, to a very good approximation, outside the infinite heavy quark mass
limit.

lI——

o9 |— =@ B, ~n) -
-2, d) B, - IW) ’

0,8

0,7
0,6

0,5F

0,47 L | L | L | L | L |
q [GeV]]

Figure 4.8: Ego_) (solid line) of the B, — n,, and Egl_) (dashed line) of the
B; — J/¥ semileptonic decays evaluated with the AL1 potential.

%Note, however, the different global phases and notation used in Ref. [72].
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4.4 Nonleptonic B, — cc M  two—meson decays.

In this section we will evaluate decay widths for nonleptonic B, — cc M two—
meson decays where M is a pseudoscalar or vector meson. These decay modes
involve a b — c transition at the quark level and they are governed, neglecting
penguin operators, by the effective Hamiltonian [162, 165, 176]

Gr
2 Ve [ ) Q5 + 2(1) QF] + Hoc. (4:54)
V2
where ¢1, ¢y are scale-dependent Wilson coefficients, and Q‘fb, ng are local four—
quark operators given by

H.fp =

QF = We(0)yu(I —5)¥s(0) [ Vira Wa(0)7" (1 = 75) W (0) + Vi W (007" (1 = 75) W (0)

VT a0 (L — 5 Wa(0) + V2 Ty (O)y(I — wwc(m]

S = Ty(0)(l —5)04(0) [ V2 Tl 07 (I — ), 0) + V5 To(0)7H (I %)\Ifcm)]

LT (09 (T — 5)T(0) [v;; T (T — 5)Wa(0) + V5 Tl 07 (1 — mwc(m}
(4.55)

where the different V;;, are CKM matrix elements.

We shall work in the factorization approximation which amounts to evaluate
the hadron matrix elements of the effective Hamiltonian as a product of quark—
current matrix elements: one of these is the matrix element for the B transition
to one of the final mesons, while the other matrix element corresponds to the
transition from the vacuum to the other final meson. The latter is given by
the corresponding meson decay constant. This factorization approximation is
schematically represented in Fig. 4.9.

o
= 0 O™

Figure 4.9: Diagrammatic representation of B, two-meson decay in the factor-
ization approximation.

When writing the factorization amplitude one has to take into account the
Fierz reordered contribution so that the relevant coefficients are not ¢; and ¢y but
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the combinations

a1<u>=c1<u>+NiCc2<u> ; a2<u>=c2<u>+Nioc1<u> (4.56)

with No = 3 the number of colors. The energy scale p appropriate in this case is
p =~ my, and the values for a; and ay that we use are [162]

a1 =114 ; as=—-0.20 (4.57)

e Mp=n",p , K, K*”

This is the simplest case. The decay width is given by

G2 1/2 (m2 ) ng, ’I’)’L2 ) »
D= Tommz Vel Vel af =08 Hap (P, Pec) HO (Pr)
B ¢

(4.58)
with mp the mass of the M, final meson, and Vg = V,,4 or Vp = V,;; depending on
whether M, = 7=, p~ or M = K~, K*~. Ho3(Pp,, Pe) is the hadron tensor for
the B, — c€ transition and H*?(Pp) is the hadron tensor for the vacuum — M r
transition. The latter is

HP(Pp) = P Pg f2 Mg =0 case
HP(Pp) = (P& Pg —m% g*P) f2 Mg =1 case (4.59)
with fr being the M, decay constant.
Similarly to the semileptonic case, the product Hasz(Pg,, Pez) H(Pr) can

now be easily written in terms of helicity amplitudes for the B, — c¢ transition
so that the width is given as [162]

My =07 case
& A2 (i, mE, my) -z
T = F V. 2 V 2 CL2 c cc m2 2 ,)_(BC —cc m2
167Tm2BC| ol [Vr|® a1 oma, F fr My (mF)
My =17 case
— G%‘ |Vb|2 |VF|2 a2 )‘1/2(sz07 mg& m%‘) mg f2
16wm3, 1 omp, FIF

x (HEL0m) + HP % n%) + e 7 (m3)) (4.60)

with the different H,., evaluated at ¢2 = m% In Table 4.10 we show the decay
widths for a general value of the Wilson coefficient a1, whereas in Table 4.11 we
give the corresponding branching ratios evaluated with a; = 1.14. Our results
for a final 7. or J/1¢ are in good agreement with the ones obtained by Ebert et
al. [165], El-Hady et al. [170] and Anisimov et al. [177], but they are a factor 2
smaller than the results by Ivanov et al. [162] and Kiselev [174]. Large discrepan-
cies with Ivanov’s results show up for the other transitions.
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[ [1071° GeV]
By —mem 1027097 o7
B> —nep” 2.6010-16 (I2
By —n. K~ 0.08270-004 a%
B — . K*~ 0.151001 g3
By — J/Ur~ 0.837009 a2
By — J/Wp~ 2.6110-27 a2
By — JJ UK~ 0.06570-007 a2
Bc_ _ J/\I’ K* 0.1610-01 CL2
B, — X0 0.281003 a2
By = Xeo p~ 0.73+0.07 a2
By —xo0 K~ 0.02270-003 a%
B — xeo K*~ 0.04110:005 42
B, = X 0.0015+0-0002 a2
Bo — Xe1p~ 0.11+001 42
B — xa K~ 0.0001270-00001 42
By — Xet K*~ 0,080 907
B — hem™ 0.58 1007 47
B — hep™ 1.41+0-17 a2
B — h K~ 0.04510-006 a2
B — h K*~ 0.078+0-009 a2
B — xeam 0.241002 a2
By — Xezp” 0.71°007 o2
BC_ — Ye2 K- 0. 018+0 002 2
By = xea K™ 0011790
B, — W(3836) 7 | 0.00045 000005 ;2
B, — W(3836) p 0.0217 9005 a3
B, — W(3836) K~ | 0.00003410:000005 a3
B, — ¥(3836) K*~ 0.0015_0.0002 a7

Table 4.10: Decay widths in units of 10715 GeV, and for general values of the
Wilson coefficient a;, for exclusive nonleptonic decays of the B_ meson. Our
central values have been obtained with the AL1 potential.

=D, D", D;, D

In this subsection we shall evaluate the nonleptonic two-meson B, — n.D~,
n.D*=, J/¥D~, J/V D*" and B, — n.D;, n.Di~, J/YD_, J/¥ D}~ decay widths.
In these cases there are two different contributions in the factorization approxi-
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B.R. (%)
This work ~ [162]  [165] [167-169] [170] [174, 175] [176] [177] [180]
Be — nem— 0.09410006 19  0.083  0.18 0.14 0.20  0.025 0.13
B —nep” 0.241001 045  0.20 0.49 0.33 0.42  0.067 0.30
B —nc K~ 0.0075%0-0005 0015 0.006 0.014 0.011 0.013 0.002 0.013
Bs —ne K*~ 0.013+0-001 9025 0.011 0.025 0.018 0.020 0.004 0.021
B, — J/YUn~ 0.07610:008 017  0.060 0.18 0.11 0.13 0.13 0.073
Bs — J/Up~ 0.2410-02 049  0.16 0.53 0.31 0.40 0.37 0.21
B - J/U K~ 0.006010-0006 0,013  0.005 0.014 0.008 0.011  0.007 0.007
B — J/U K*~ 0.01410:002 0,028 0.010 0.029 0.018 0.022 0.020 0.016
BS — xeo T 0.02610-003 0 055 0.028 0.98
Bs — X0 p™ 0.06795%¢  0.13 0.072 3.29
B — xe0 K~ 0.002010-0002 g 0p42 0.00021
B; — xeo K*~ 0.0037+0-0005 0 0070 0.00039
B — X1~ 0.0001410-00001 0 0068 0.007 0.0089
B — Xe1p~ 0.01079:551  0.029 0.029 0.46
B — xeaa K~ 1.1+t0-110-5 51104 5.210-5
Bi — xe1 K*~ 0.0007373-05957  0.0018 0.00018
Bo — hem™ 0.05319:007 .11 0.05 1.60
B. — hep™ 0.1310-01 .25 0.12 5.33
B — he K~ 0.004110-0006 0083 0.00038
B. — he K*~ 0.007110-:0008 013 0.00068
B — Xe2T™ 0.02210-002 0 046 0.025 0.79 0.0076
Be — Xe2p™ 0.06519°505  0.12 0.051 3.20 0.023
Be — xe2 K~ 0.0017+0-0001 0 0034 0.00018 0.00056
B: — xe2 K*~ 0.0038F0:5%5%  0.0065 0.00031 0.0013
Bs — ¥(3836) 4.170-9310-5  0.0017 0.030
B — W(3836) p~ 0.0020_0.0003 0.0055 0.98
By — W(3836) K~ 317521075 0.00012
BZ — W¥(3836) K*~ | 0.00014_0.00002 0.00032

Table 4.11: Branching ratios in % for exclusive nonleptonic decays of the B
meson. Our central values have been obtained with the AL1 potential.

mation. Following the same steps that lead to Eq.(4.60) we shall get

where now Vp = V.4 for My
The quantity ‘H’H incorporates

G
16mm

2 )\1/2 2 m27 m2
_ 7]:'2 |Vcb‘2 ‘VF|2 ( gcv cc? F) ,H,H
Be mBpB.

= D7,D* and Vg = V. for Mp

all information on the hadron matrix elements and

(4.61)

= D7, D:.
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depends on the transition as [162]!

HHP D™ = oy b2 = (md Ymp- fo- + as b 7P (m2 ) my, fo. 2
HHBe D™ = —ay by T () mpe fpee +agihigs, T (my) ma, f, 2
HHBe /D = g hgc)_;J/‘ll(m%,) mp- fp- — az h(j)Bc_—}Di(mg/\I/) myje fJ/‘l"2

HHBe —I/vD Z ‘al hff)_:‘]/q’(m%*f)mp*— Ip-
r=+1,-1,0
+as hgfj_:D*i(m?j/\p)mJ/\I! T i (4.62)

and similarly for D7, Di~. Note that the helicity amplitudes corresponding to
B — D™, D*7, D_, D} have been evaluated from the matrix elements for the
effective current operators W4 s(0)y*(I —v5)¥,(0) in Eq. (4.55). While in practice
this is a b — d, s transition, the momentum transfer (m,: or m% /‘1,) is neither
too high, so that one has to include a B} resonance, nor too low, so as to have
too high three-momentum transfers'?. Besides the contribution is weighed by the
much smaller as Wilson coefficient. In Table 4.12 we give the decay widths for
general values of the Wilson coefficients a1 and as, and in Table 4.13 we show the
branching ratios. We are in reasonable agreement with the results by Ivanov et
al. [162], El-Hady et al. [170] and Kiselev [174]. For decays with a final D, D}~
the agreement is also reasonable with the results by Colangelo et al. [176] and
Anisimov et al. [177].

4.5 Semileptonic B, — FO, E*O, ES, EZO decays

In this section we shall study the semileptonic B, — EO, E*O, ES, E:O decays.
With obvious changes the calculations are done as before, with the only novel
thing that now it is the antiquark that suffers the transition (we have ¢ — d, 5 ),
and thus we have to take into account the changes in the form factors according
to the results in appendix E.2.

4.5.1 Form factors

In Fig. 4.10 we show the form factors for the above transitions evaluated with
the AL1 potential. For the B’ and ES cases we also show the results obtained
with the BHAD potential. Although they are less visible in the figures, the larger
differences, up to 25%, occur for the F_ form factor.

" Note the different phases used in Ref. [162].
120ur experience with the B — 7 decay [161], where we have a similar b — u quark transition,
shows that the naive nonrelativistic quark model gives reliable results for ¢* ~ 9 GeV?>.
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[ [1071° GeV]
B, —n.D" (0.43870010a; +0.2367 p5az)?
B — . D*~ (—0.390_0.009a1 — 0.136 050 a2)?
B — J/¥ D~ (—0.328_g.012a1 — 0.156 10015 as)?

B — J/UD* | (=0.195_g008a1 — 0.0661) 5% as)?
+(—0.390_g.018a1 — 0.20970019 ay)?
+(0.447_g g16a1 + 0.16715:035a0)?

B. —n.D; (2.5470-05q; + 1.9310-104,)2
B —n.D:~ (—1.84_gsa1 — 1177002 ay)?
B — J/V Dy (1851006 ar — 1.23_¢ 0saz)?
B — J/U D}~ (=1.01_g.04a1 — 0.60700%a)?

—I—(—2.00_0,06a1 — 1.711_8:(1)2612)2
+(2.17_0,08a1 + 1.421_8:(1%a2)2

Table 4.12: Decay widths in units of 10~ GeV, and for general values of the Wil-
son coefficients a; and as, for exclusive nonleptonic decays of the B, meson. Our
central values have been obtained with the AL1 potential. For vector—vector final
state we show the three different contributions corresponding to r = +1, —1, 0
(see Eq.(4.62)).

In Table 4.14 we show F,, F_ and F; (defined as in Eq. (4.11) changing
the mass of the final meson) of the B, — EO, P(S) transitions evaluated at ¢2,,,
and ¢2,,, and compare them with the results by Ivanov et al. [164] and Ebert et
al. [166]. Notice that, to favor comparison, we have changed the signs of the form
factors by Ebert et al. (they evaluate B decay) in accordance with the results
in appendix E.2. The agreement with the results by Ebert et al. is good. We
also agree with Ivanov et al. for F,, but get very different results for F_. As
fermion masses are very small the disagreement in the F_ form factor will have a
negligible effect on the decay width.

In Table 4.15 we show V', A, A, Ag and Ay (defined as in Eq. (4.15) changing
the mass of the final meson) of the B, — P*O, F:O evaluated at ¢2, and ¢2,,,
and compare them with the results by Ivanov et al. [164] and Ebert et al. [166].
With some exceptions the agreement with Ebert’s results is bad in this case. We
are also in clear disagreement with Ivanov’s results.

4.5.2 Decay width

In Tables 4.16, 4.17 we give respectively our results for the partial helicity widths
and forward-backward asymmetries.

In Fig. 4.11 we show the differential decay width for the B — Fol_ﬂl,
B, — Fgl_ﬂl, B — F*Ol_ﬂl and B, — Ezol_ﬂl transitions (I = e, p). In Ta-
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B.R. (%)
This work  [162]  [167] [170] [174] [176]  [177]
B, —n.D~ 0.0141900L 0,019 0.0012 0.014 0.015 0.005 0.010
B —n.D* 0.012+0001 0,019 0.0010 0.013 0.010 0.002 0.0055
B, — J/¥ D~ |0.008370-9095 0015 0.0009 0.009 0.009 0.013 0.0044
B — J/U D* | 0.0311%001 0,045 0.028 0.028 0.019 0.010
B —n.D; 0.4470:02 044 0054 0.26 028 050 0.35
B — n.D}~ 0.2470:02 0.37 0.044 0.24 027 0.038 0.36
B — J/¥ D 0.2470:02 034 0041 0.15 017 034 0.12
B — J/¥D:= | 0.6810-03 0.97 0.55 0.67 059  0.62

Table 4.13: Branching ratios in % for exclusive nonleptonic decays of the B
meson. Our central values have been obtained with the AL1 potential.

Bc_ - EO l_f/l qrznin q?nax Bc_ — ES l_Dl qrznin q12nax
Fy Fy
This work —0.39700%  —0.7070-09* This work —0.587005  —0.8670:01
[164] —0.58 —0.96 [164) —0.61 —0.92
[166] —0.39 —0.96 [166] ~0.50 ~0.99
F_ F.
This work —0.11700%2  —0.09130 This work —0.087005  —0.0570:03
[164] 2.14 2.98 [164] 1.83 2.35
F £
This work —0.391003  —0.71%0:05 This work —0.58 002 —0.867991
[166] —0.39 —0.80 [166] —0.50 —0.86

Table 4.14: F,, F_ and Fj evaluated at qfnin and q?nax compared to the ones
obtained by Ivanov et al. [164] and Ebert et al. [166]. Our central values have
been obtained with the AL1 potential. Here [ stands for [ = e, pu.

bles 4.18, 4.19 we give the total decay widths and branching ratios and compare
them with determinations by other groups. Our results are in better agreement
with the ones obtained by Ebert et al. [166], Colangelo et al. [176], Anisimov et
al. [177] and Lu et al. [181].

4.5.3 Heavy quark spin symmetry

In Fig. 4.12 we give E](LO?) and Egoi) of the B, — B’ and B — ES transitions,
and Zgr), igr), 212(1*) and iér) of the B, — B and B, — F:O transitions.
We can take the infinite heavy quark mass limit on our analytic expressions
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Figure 4.10: F} and F_ form factors (solid lines) for B, — B’ and B, — FS
semileptonic decay, and V (solid line), A4 (dashed line), A_ (dotted line) and

Ap (dashed—dotted line) form factors for B, — B and B — E:O semileptonic
decays evaluated with the AL1 potential. For the first two cases, and for compari-
son, we also show with dotted lines the results obtained with the Bhaduri (BHAD)
potential.

with the result that near zero recoil

R — w0
Egl_) _ ilz(l_):—igo_)

T = o (4.63)

When compared to the results of HQSS by Jenkins et al. [72] we see differences.
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- _ 70— 2 2 - . 7m0, 2 2
Bc —B Y 9min 9max Bc - Bs ! Y 9min 9max
1% 1%

This work —1.697085  —2.987047 This work —2.20700%  —3.327001
[164] —5.32* [164] —4.91*
[166] ~3.94 ~8.91 [166] —3.44 —6.25
Ay Ay

This work —0.8010 %3 —1.3010:02 This work —0.9870 8% —1.3515-03
[164] 0.49 [164] 0.21
[166] ~2.89 ~2.83 [166] ~2.19 ~2.62
A A

This work 377018 7.02_035 This work 478102 7art)s
[164] 18.0 [164] 15.9

AQ AO

This work —4.57T027 7341038 This work ~7.39703%  —10.107572
[164] ~5.07 [164] —6.60
[166] -5.08 —8.70 [166] —6.60 -10.23

Ao Ao

This work —0.34790%  —0.601505 This work 0511008 —0.747001

166] —0.20 ~1.06 [166] —0.35 —0.91

Table 4.15: V, A;, A_, Ay and ﬁo evaluated at qun and ¢2,,, compared to the
ones obtained by Ivanov et al. [164] and Ebert et al. [166]. Our central values have
been obtained with the AL1 potential. Here [ stands for [ = e, u. Asterisk as in

Table 4.4.
B — 'y Ty Iy rp I'p s Tst
?Z e~ e 0 0 0.657057  0.1475:92 10-5 0 0.47t8;857f 10-5  0.1573:9% 103
B p o 0 0 0.551096  0.1575-92 101 0 0.6415:38 10-1  0.1779:92 10!
Bl e ve 0 0 151797 0.4370-0% 10— 0 0.141001 103 0.4570-0% 10—¢
By, 0 0 12.4795 0.4010 52 0 1.6979:08 0.4710 52
B e p. | 083759 02670931076 076759  0.107392 10-% 0.367993 0.277302 10-%  0.967515 1076
B pu v, | 0797010 0.97t011 10-2 0687905 0141001 10-1 0347902 0287004 10-1  0.1119:92 10-1
H*0 +0.8 +0.04 —5 +1.1 +0.02 —4 +0.21 +0.08 —4 +0.03 —4
B, e 7 16.7_8'; 0.66_0'0% ;g 16.8_(1)‘3 0.33_0'0% ;g 6.11_8%g 0.88_0‘0% (1)2 0.30_0‘0% ;g

_ +0. +0. +1. +0. +0. +0. +0.
B pwmon | 156205 0-24¢ 701 14555 0-372¢ 02 5.66 0119 0.7729%04 0-30Z¢ 071

Table 4.16: Partial helicity widths in units of 1071° GeV for B. decay. Central
values have been evaluated with the AL1 potential.
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Arp(e) Arp(1)

B — B
B; — B,
B — 50
B, — B

0.67+0'02 10—5
0.89+0‘01 10—5

0.82+0'01 10—1
0.96+0‘01 10—1
0.19_0,01
0.16+0‘01

0.17_0.01
0.14_¢.01

Table 4.17: Forward-backward asymmetry. Our central values have been evaluated
with the AL1 potential. We would obtain the same results for B} — B° decays.

I [107° GeV]

This work [164] [166] [167] [170] [171] [174]  [176]  [177] [178] [181]
— -0 _ +0.07
B — B e | 0657907 21 06 230 1.14 1.90 49 0.9(1.0) 0.59
B — Ez @i, | 0637997
B — Byeve | 151751 29 12 266 14.3 268 59 11.1(12.9) 15 123 11.75
B — ESOM 7, | 145198
B — B em. | 1.59T017 23 1.7 3.32 353 234 85 28(3.2) 2.44
B — ?Z i, | 1.5279:17
B — B, ep. | 335712 37 25 440 504 346 65 33.5(37.0) 34 19.0 32.56
B =B up,| 315718

Table 4.18: Decay widths in units of 107 GeV. Our central values have been

evaluated with the AL1 potential.

BR. (%)
This work ~ [162] [166] [167] [170] [174] [176] [177] [178]

By —»B’en. | 0.046709% 0071 0042 0.6 0078 034 0.06 0.048

B — ES (o, | 0.04419005

B — B,er. L0605 110 084 1.82 098 403 08 099 0.92

B —Bipm. | 102795

B =B e, | 011799 0063 012 023 024 058 0.19 0.051

By =B pum, | 011799

B - B, e, | 235701 237  1.75 301 345 506 23 230 141

By =B up, | 2221012

Table 4.19: Branching ratios in % .

the AL1 potential.

Our central values have been evaluated with

In Ref. [72] we find!3 iél_) = 220—) instead. This is wrong as there is a misprint

3Note the different notation and global phases used.
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Figure 4.11: Differential decay width for the for the B — B’ 7y and B —

FSZ_DZ, B — E*Ol_ﬂl and B, — Ezol_ﬂl (I = e, ) transitions. Solid line:

results for a final e evaluated with the AL1 potential; dotted line: results for a
final e evaluated with the Bhaduri (BHAD) potential; dashed line: results for a
final u evaluated with the AL1 potential; dashed—dotted line: results for a final u
evaluated with the Bhaduri (BHAD) potential.

in Ref. [72] that has not been noted before: the sign of the term in v* in the
last expression of Egs. (2.9) and (2.10) in Ref. [72] should be a minus [190]. Also

from Ref. [72] one would expect 4 2/2(1_) = iéo_) contradicting our result in

Eq. (4.63) were we find 5/2(17) =)

5 . Our result is a clear prediction of the

quark model and comes from the extra signs that appear due to the fact that it is
the antiquark that decays (See appendix E.2). This difference between quark and

140ne would have to look at Eq. (2.10) in Ref. [72], even though it refers to B decay into
D D*% because that is the reaction where you have antiquark decay in their case.



*0 -0 *(0

4.5. SEMILEPTONIC B; — B', B, B, B. 7
_ _ s @), 2 %
B, - B° Z) (Q)(l_) B -TB"
O T Oéf-' 1GeV: Z, _(Q) T
ool | 16ev- = 1 ) ]
-0,2F e il 2-c (1), 2 ]
04l |- 16ev: E. M) ]
_ 5 02 02 ]
04 =@ [0 :
--1GeV- = [ e
w2l | o ]
-0,6 - -0,4  -
-0.6- i
't AL1
-0.8 R S T RO B 08¢ ‘ ! ! ‘ ! ! ]
"0 0,2 04 0,6 0,8 1 0 0,2 04 0,6 0,8 1
o [Gev’] o [Gev]
- -0 1),.2 - _—_ %0
. B, - By -2 @) B, - B
T T I -- 1Gev.‘zz(1 A
08 -5 (1) 2 1
021 B 06 - 1GeV- ¥, ) () B
I 2-_ (), 2
R od |—10ev Ve ]
-0,4- - Zl Q) ) | 012; ...................................................................... ]
-~ 1GeV- 22(0 (Cp) Y ettt iesistietint st stotietivtinpilotinttoa i
-0,6- 402 ]
s | 04 b
AL1 -06F i
_0’87 — i
‘ ! ! ! ‘ ! -0,8; AL‘l ! ‘ | ‘ ! 4
0 0,2 04 0,6 0,8 0 0,2 04 0,6 0,8
q’[Gev]] o [GeV]

Figure 4.12: Egoi) (solid line) and Zéoi) (dashed line) of the B, — B’ and

B, — FS transitions, and Zgl_)

line) and iél_)
evaluated with the AL1 potential.

antiquark decay was not properly reflected in their published work [190].

(solid line), EQI_) (dashed line), flz(l_) (dotted
(dashed dotted line) of the B, — B and B — E:O transitions

How far are we from the infinite heavy quark mass limit? In Fig. 4.13 we show

2&0—) of the semileptonic B, — B’ and B — ES transitions, and Egl_) of the
semileptonic B, — B and B, — EZO transitions. The differences between the
corresponding Zgoi) and Egli) are at the level of 10%. The differences are much

more significant for fgo_), fgl_) and 2/2(1—) that we show in Fig. 4.14. In each
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Figure 4.13: Z](LO?) of the semileptonic B, — B’ (solid line) and B, — ES
(dotted line) transitions, and Egr) of the semileptonic B, — B (dashed line)
and B, — E:O (dashed—dotted line) transitions evaluated with the AL1 potential.

case the three curves shown would be the same in the infinite heavy quark mass
limit. Clearly in this case corrections on the inverse of the heavy quark masses
seem to be important.

4.6 Nonleptonic B, — B My two-meson decays

In this section we will evaluate decay widths for nonleptonic B, — B MFp two—
meson decays where M is a pseudoscalar or vector meson with no b quark content,
and, at this point, B represents a meson with a b quark. These decay modes involve
a ¢ — d or ¢ — 5 transition at the quark level and they are governed, neglecting
penguin operators, by the effective Hamiltonian [162, 166]

Hegg. = { Vea [e10) Q"+ 200 @8] + Ve ea (1) QF +ea(1) Q') + e }
(4.64)
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Figure 4.14: —ig’*) (solid line) of the semileptonic B, — B’ and B, — Eg tran-
sitions, and i; ) (dashed line), 3/2(1 ) (dotted line) of the semileptonic B, — B
and B — E:O transitions evaluated with the AL1 potential.

where c1, ¢y are scale-dependent Wilson coefficients, and Qﬁd, di, %, Q5° are
local four—quark operators given by

O T0) L — ) Val0) | Vi Tal01 (1 = 26)0,(0) + Vi Tl O (L — 7)., 0)

Q3 = We(0)7u(d = 75)Wu(0) | Viig Wa(0)y*(I = 75)Wa(0) + Vi Ws (0)7* (1 — 75)¥a(0)

Q= We(0)yu(I = 75)Ws(0) | Vg Wa(0)7* (1 — 5)Wu(0) + Vi Ws(0)7 (1 — 75) W (0)

= Tel0) I~ 75)Va(0) | Vi TaO" (I = 75)W4(0) + Vit Tu(0)3# (I — 5)W,(0)

] (4.65)
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We shall work again in the factorization approximation taking into account
the Fierz reordered contribution so that the relevant coefficients are not ¢; and co
but the combinations

) =)+ o) el =@+ goal  (160)

The energy scale p appropriate in this case is p ~ m,. and the values for a; and
ay that we use are [162]

a1 =120 : ay=-0317 (4.67)

L4 MF =T ,p, K_7 K*~

In this case B denotes one of the FO, E*O, Eg, E:O. The decay widths are

Mp =0~ case
1/2(, 2 2 2
G% 2 2 2 AY (.. "B B M) 9 2 .,,B-—B° B, o
= 16mm2 \Vea|™ |VF|® a7 omp my fr Hy (mE)
Be ¢
Mp =17 case
A2(m2  m2, .., m2
- Gh L T )
167m3, ¢ ! 2mp, e

B:—B B, 2 B:—B" B, o Br—B B, o
(I )4 1 ) el T )

(4.68)

and similarly for ES, E:O with |Vea| — |Vesl; B B - Eg, E:O. Vi = Vyq or
Ve = Vys depending on whether Mp = 7=, p~ or Mp = K=, K*~, fr is the
decay constant of the Mpr meson, and the different H,, have been evaluated at
¢ = m% In Table 4.20 we show the decay widths for a general value of the Wilson
coefficient a1, and the corresponding branching ratios evaluated with a; = 1.20.
The transition B, — EZOK *~ is not allowed with the new B, mass value from
Ref. [182]. Our branching ratios for a final Eg or E:O are in very good agreement
with the results by Ivanov et al. [162], while for a final B” or B" we are in very
good agreement with the results by Ebert et al. [166] (with the exception of the

B, — B decay).
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.MF = 7T07 P07 K07 K*O

Here the generic name B stands for a B~ or a B*~ meson. The different decay
widths are given by

Mp =0~ case

G% 2 2 2 )‘1/2(m23c’ sziB**’ m%)
I'= o= [Vudl ™ [VE[" a3
16mmy, 2mp,

9 79 4,Br —=B—,B*~, o
mp frHy® (m%)

Mp =1 case
2
Gk

= _YF 1y 2.2 62

V2 (m% , my g, my)

2 72
m
2mp, rIF

By —B~,B*~ By —B~,B*~ By —B~,B*~
o (H+1+1 (m) +HZ5 (m%) + Hog (m%))
(4.69)

where Vi = Vg or Vp = Vs depending on whether Mp = 79, pO or Mp = K%, K*0,
fr = fr for Mp = K° K*O whereas fr = fr/v2 for Mp = 7°, p°, with fr the
Mp meson decay constant, and the different H,, evaluated at ¢*> = m% The
latter have been obtained from the matrix elements for the effective current oper-
ator W.(0)y*(I — v5)¥,(0). The decay widths, for a general value of the Wilson
coefficient as, and the corresponding branching ratios are shown in Table 4.21.
With the exception of the B, — B* 7" case, our results are in a global good
agreement with the ones by Ebert et al. [166].
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[ [107'° GeV]
This work
. — ?2 o 1.1079 15 ai
A R I
o — B0 K~ 0.09875-012 a?
- — B K* | 0.038%05%3 af
- DB 0.7175:12 a3
i E*Z pm | 5687032 147
g B*O K~ | 0.04773907 o2
B - BV K*~ 0.29%0:0% af
B — Bor~ 347120 2
B —BYp 231702 42
B — Eg K- 2.8710 8% o
B — B, K*~ 0.13_0.01 a}
B - B. 1~ 22812243
B =B p~ 13212 a3
B - B K- 1.2970-10 42
B.R. in %
This work ~ [162]  [166]  [167] [170] [174]  [176]  [177]
B =B 0117591 0.20 010 032 010 106 019  0.15
By =B p~ 0.147502  0.20 013 059 028 096 015  0.19
B - B K~ 0.01075:3%  0.015  0.009 0.025 0.010 0.07 0.014
By — B K*~ | 0.003910993 50048  0.004 0018 0.012 0.015 0.003
B - B n~ 0.07275012  0.057  0.026 029 0076 095 024  0.077
B =B p~ 0.58%902  0.30 067 117 089 257 085  0.67
B — B K~ | 0004870997  0.0036 0.004 0.019 0.006 0.055 0.012
B =B K 0.030709%02  0.013  0.032 0.037 0.065 0.058 0.033
By > Bom~ 3511005 3.9 2.46 575 156 164  3.01  3.42
By - B.p~ 2.34100% 23 1.38 441 386 7.2 1.34 233
Bf - B.K~ 0297501 0.29 021 041 017 106 021
By — B K"~ 0.013_0.001  0.011  0.0030 0.10 0.0043
B = B. 1 2.34701% 21 1.58 508 1.23 6.5 350  1.95
By > B p~ 13.470% 11 108 148 168  20.2 108 121
Br =B K™ 0.13%591 013 011 029 013 037  0.16

Table 4.20: Decay widths in units of 10715 GeV, and for general values of the
Wilson coefficient a1, and branching ratios in % for exclusive nonleptonic decays
of the B meson. Our central values have been obtained with the AL1 potential.
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I [10715 GeV]

This work

B, —» B~ 10 0.5470 07 a3
Bon | o
B —» B~ K° 35.3%504d3
B - B~ K* 13.1157 a3
B.— B*~ 7" 0. 35+3 3g a3
B, — B*~ p° 2.8470 30 a3
B. — B~ K° 16. 9+2 73
B. — B*~ K*0 103+ a3

B.R.in %

This work ~ [162]  [166] [167] [170] [174] [177]
BZ — B~ 7% |0.00387000%08 0.007 0.004 0.011 0.004 0.037 0.007
B — B~ p° | 0.005073:0%%  0.0071 0.005 0.020 0.010 0.034 0.009
B — B~ K?° 0.25709% 038 024 066 027 198 0.17
B — B~ K* | 0093759 011  0.09 047 032 043 0.095
B, — B*~x° ]0.0025705%0%  0.0020 0.001 0.010 0.003 0.033 0.004

B, — B*~ p° 0.02070902  0.011  0.024 0.041 0.031 0.09 0.031
B, — B* K° 0.1279-02 0.088 0.11 050 0.16 1.60 0.061
B, — B*~ K*° 0.7370% 032 084 097 170 167 0.57

Table 4.21: Decay widths in units of 107!° GeV, and for general values of the
Wilson coefficient ao, and branching ratios in % for exclusive nonleptonic decays
of the B meson. Our central values have been obtained with the AL1 potential.






Chapter 5

Doubly heavy baryons
spectroscopy and static
properties

5.1 Introduction

The subject of doubly heavy baryons has been attracting attention for a long
time. Magnetic moments of doubly charmed baryons were evaluated back in the
70’s by Lichtenberg [191] within a nonrelativistic approach. The infinite heavy
quark mass limit was already used in the 90’s to relate the spectrum of doubly
heavy baryons to the one of mesons with a single heavy quark [192], or to analyze
their semileptonic decay [193]. A factor of two error in the hyperfine splittings
of Ref. [192] have been recently noticed by the potential nonrelativistic QCD
(pPNRQCD) calculation of Ref. [194].

On the experimental side the SELEX Collaboration claimed evidence for the
=1 baryon, in the AT K~ 7" and pDT K~ decay modes, with a mass of Mgy =
3519 +£ 1 MeV/c? [195]. Those results were challenged by a theoretical analy-
sis [196] which claimed the observed events by the SELEX Collaboration could be
explained without the involvement of doubly charmed baryons. Other experimen-
tal collaborations like FOCUS [197], BABAR [198] and BELLE [199] have found
no evidence for doubly charmed baryons so far. At present the =}, has only a one
star status and it is not listed in the particle summary table [188].

As discussed before, for hadrons with two heavy quarks one can apply HQSS [72],
which amounts to the decoupling of the heavy quark spins in the infinite heavy
quark mass limit. In that limit one can consider the total spin of the two heavy
quark subsystem (S3) to be well defined. In this work we shall assume this is
a good approximation for the actual heavy quark masses. This approximation,
which is the only one related to the infinite heavy quark mass limit that we shall
use, will certainly simplify the solution of the baryon three—quark problem. Re-
cently the authors of Ref. [194] have developed and effective theory (pNRQCD)

85
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Baryon S Jr 1 Sy Quark content
Bee 0 %Jr % 1t ccl
i 0 %Jr : 1" ccl
Qee -1 3 + 0 1+ ccs
QF, -1 3 * 0 1" ces
Zbb 0 %+ % 1+ bbl
El 0 3t ! 1t bbl
Qup -1 1 0 1+ bbs
Qr, -1 3t 0 1+ bbs
= +
=, 0 %+ : 0F bel
Ebe 0 3 3 I bel
e 0 gi 1 1+ bel
Q. -1 3 0 0F bes
Qe -1 3 * 0 1+ bes
Q. ~1 3t 0 1t bes

Table 5.1: Quantum numbers of doubly heavy baryons analyzed in this study. S5,
JP are strangeness and the spin parity of the baryon, I is the isospin, and S h s
the spin parity of the heavy degrees of freedom. [ denotes a light u or d quark .

suitable to describe baryons with two and three heavy quarks.

Solving the three-body problem is not an easy task and here we shall do it by
means of a variational approach. The approach, with obvious changes, was already
applied with good results in the study of baryons with one heavy quark [200]. This
method, that leads to simple and manageable wave functions, is made possible by
the simplifications introduced in the problem by the fact that we can consider S},
to be well defined.

Our simple variational calculation reproduces the results for static proper-
ties obtained in Ref. [75] by solving more involved Faddeev type equations. Our
method has the advantage that we provide explicit and manageable wave func-
tions that can be used to evaluate further observables. Static properties like
masses and magnetic moments of doubly heavy baryons have also been studied in
other models. Masses have been calculated in the relativistic quark model assum-
ing a light quark heavy diquark structure [201], the potential approach and sum
rules of QCD [202], the nonperturbative QCD approach [203], the Bethe-Salpeter
equation applied to the light quark heavy diquark [204], the nonrelativistic quark
model with harmonic oscillator potential [205] or with the use of QCD derived
potentials [206, 207], the relativistic quasi—potential quark model [208], with the
use of the Feynman-Hellman theorem and semi-empirical mass formulas within the
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Figure 5.1: Definition of different coordinates used through this work.

framework of a nonrelativistic constituent quark model [209, 210], in effective field
theories [65, 194], or in lattice nonrelativistic QCD [211]. There are also lattice
QCD determinations [212-214]. Similarly, magnetic moments have been evaluated
in a nonrelativistic approach [191], in the relativistic three—quark model [215], the
relativistic quark model using different forms of the relativistic kinematics [216],
in the skyrmion model [217], in the Dirac equation formalism [218], or using the
MIT bag model [219].

In Table 5.1 we summarize the quantum numbers of the doubly heavy baryons
considered in this study.

5.2 Three Body Problem

5.2.1 Intrinsic Hamiltonian

In the Laboratory (LAB) frame (see Fig. 5.1), the Hamiltonian (H) of the three
quark (hy, he, q, where hy, hy = ¢,b and ¢ = l(u, d), s) system reads:

—

V%,
H = Z mj — 277’1; + Vhlhz + Vhlq + Vth (51)

J=h1,h2,q

where my, , my,, my are the quark masses and the quark-quark interaction terms
Vji depend on the quark spin-flavor quantum numbers and the quark coordinates
(@, Thy, Tq for the hy, ho, ¢ quarks respectively). To separate the Center of Mass
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(CM) free motion, we go to the light quark frame (]5;, T1,72),

Mpy Thy + MpyThy + MgTyq

R =
Mp, + Mpy, + My
Fl = ITp fq
Ty = Thy —Tq (5.2)

where R and 71, 2 are the CM position in the LAB frame and the relative positions
of the hy, ho heavy quarks with respect to the light quark q. The Hamiltonian
now reads

_ V& g (5.3)
2M
. S Vi Ve
Hmt — Z H]Sp + Vh1h2 (Tl — T, spm) — 1Tq2 + M
7j=1,2
o v L
H" = —ﬂj + V(75 spin), j =1,2 (5.4)

where M = my, +mp, +myq, pj = (1/mhj + 1/mq)_l and %: 9/07,, j =1,2.
The intrinsic Hamiltonian H™ describes the dynamics of the baryon. Apart from
the sum of the quark masses M, it consists of the sum of two single particle
Hamiltonian H;p , each of them describing the dynamics of a heavy-light quark
system, plus the heavy—heavy interaction term, including the Hughes-Eckart term

(V1 - 62) We will use a variational approach to solve it.

5.3 Variational Wave Functions

For the interactions presented in chapter 2, we have that both the total spin and
the internal orbital angular momentum given as

S = (Gny +Gny +37,) /2
L = h+bh, with [=—i fjxv;, j=1,2 (5.5)

commute with the intrinsic Hamiltonian and are thus well defined. We are inter-
ested in the ground state of baryons with total angular momentum J = 1/2, 3/2
so that we can assume the orbital angular momentum of the baryons to be L = 0.
This implies that the spatial wave function can only depend on the relative dis-
tances r1, ro and 119 = |] —7%|. Furthermore when the heavy quark mass is infinity
(mp, — 00), the total spin of the heavy degrees of freedom, §heavy = (Ohy, + Ony) /2,
commutes with the intrinsic Hamiltonian, since the spin—spin terms in the poten-
tials vanish in this limit. We can then assume the spin of the heavy degrees of
freedom to be well defined.
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With these simplifications we have used the following intrinsic wave functions
in our variational approach®

® Zhihys hyh, —type baryons:

1

Z. M) =

27 J>
11 1 =0

> (Lgrg| Ms, Ms, My ) [hihei 1Ms,) © |g; 5 Ms, )y, (11,72, 712)

Mg, Ms,

|Zh1hes Qhihesd =

(5.6)

where M is the third component of the baryon total angular momentum
while |hyhg; Sp, Mg, ) and |g; %M5q> represent spin states of the h1ho subsys-
tem and the light quark respectively. For h1 = hy we need \I/h hy (rl, ro,T12) =

v hlgl (rg,71,712) to guarantee a complete symmetry of the wave function un-
der the exchange of the two heavy quarks.

=k * _ .
® =y Uhn, —type baryons:

3
—% * LT M) —
“:‘hlhy ,’Lth’J_ 57 J> -

1 3 1 [=E3 *
Z <17§)§‘Msh7M5q7MJ> |h1h271MSh>® |Q7 5M5q>\1j;1}71§2 (7"1,7’2,7"12)
MShMSq

(5.7)
Similarly to the case before for h1 = hg we need ‘I’f:h?* (r1.72.712) =
\Ij;1;l? (T27TI,T12).
® =) o U n, —type baryons:
L QY
Ehanar Hhans J = 3 M) = [hih2;00) @ g; MJ> hihe (T1572,712) (5.8)

In this case hy # ho and we do not need the orbital part to have a definite
symmetry under the exchange of the two quarks.

The spatial wave functions W(rq,ry,7r12) in the above expressions will be de-
termined by the variational principle: 6(B|H™|B) = 0. For simplicity, we shall
assume a Jastrow-type functional form?:

P, r1,re,r12) = N FP(r1) ¢pyg(r1) dnaq(ra) (5.9)

"We omit the antisymmetric color wave function and the plane wave for the center of mass
motion which are common to all cases.
2 A similar form lead to very good results in the case of baryons with a single heavy quark [200].
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where NN is a constant, which is determined from normalization
2
1 = /d3’1"1 /d3’l"2 |\Il£1h2 (7“1,7’2,7“12)|

_ 9 +ood ) +ood ) +1d B 9
= 87 ry Ty ro T5 i |\I/hlh2(7‘1,7“2,7“12)| (5.10)
0 0 1

with p being the cosine of the angle between the vectors 71 and 7 (r12 = ( r% +
r3 — 2r1r2u)l/2).

The functions ¢p, 4 and ¢p,, will be taken as the S—wave ground states ¢;(r;)
of the single particle Hamiltonians H;p of Eq. (5.4) modified at large distances

Pni(r;) = (L4ajr)e;(r;), j=1,2 (5.11)

The heavy-heavy correlation function F'® will be given by a linear combination
of gaussians®

4
FB(r) = Zaje—bi(r12+dj)2’ ap =1 (5.12)
j=1

The value of one of the a; parameters can be absorbed into the normalization
constant IV, so that we fix a1 = 1. The values that we get for all parameters are
given in appendix G.

5.3.1 Infinite heavy quark mass limit of variational wave functions

In the infinite heavy quark mass limit the wave function of the system should look
like the one for a “meson” composed of a light quark and a heavy diquark. The
two heavy quarks bind into a 3 color source diquark that to the light degrees of
freedom appears to be pointlike [193]. In our model the pointlike nature of the
heavy diquark comes about through the one-gluon exchange Coulomb potential

which binds the two heavy quarks into a distance?
1 mp,Mp,
Thihy X ——3 Hhihy = ————— (5.13)
U gy Ty

that tends to zero if both quark masses go to infinity.
For our wave functions we can define the probability distribution Ppqp9 for the
two heavy quarks to be found at a distance 5,

Prihy (Thihy) = /d3T1 /d37’2 5(r12 = Thyhg) |UF py (12, 72, 712)

In Fig. 5.2, we show the P}, probability distributions for the E.., Zp., Zpp and
Qecey Qpe, Qpp baryons evaluated for the AL1 potential. We see how the maximum

? (5.14)

3Note that F'B should vanish at large distances because of the confinement potential. The
confinement potential is also responsible for the non—vanishing values of the parameters o, j =
1,2 in Eq. (5.11).

4The relation can only be approximate due to confinement and the interaction with the light
quark.
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Figure 5.2:  Pp,p, probabilities (see Eq.(5.14)) for the ZE., Ep., Zp and
Qee, Qpe, Qpp baryons evaluated with the AL1 potential.

moves, as expected, to lower rp, 5, values as the quark masses increase.
On the other hand the relative wave function for the light quark with respect

to the heavy quark subsystem should tend to the one of a light quark relative to
a pointlike diquark. This limit is not evident in the coordinates we work as one
has first to separate the diquark internal orbital wave function from the total one.

To see that this limiting situation is in fact reached within our variational ansatz

let us introduce the new set of coordinates
Mp, Thy + MpyThy + mqfq

B =
Mp, + Mpy, + My
Ti2 = Thy — Thy
mpy, T, mpy, T, mpy, 71 + mp, 7
7, = h1Thy T MhyThy _F, = hiT1 + MpyT2 (5.15)
Mp, + Mpy Mp, + Mpy
in terms of which the Hamiltonian now reads
Vi,
— _:+H1nt
2M
I{mt M + thhz + th1h2 (516)
where
-2
\% o )
Hpip, = —% + Viino (712, spin)
Hhiho
1 1 1\ =2 mp,
H = —o|———+ — | V, +Vhyo(Fy + ——=—T712, spin
ahahz 2 <mh1 + mp, mq> 0 V(g mp, + Mp, 12, 5pin)
m
h T2, spin) (5.17)

+Vh2q(Fq -
Mp, + Mp,
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Ece e Zw | Qe e QO
[P[? 0974 0.975 0.991 | 0.959 0.966 0.984

Table 5.2: Absolute value square of the P projection coefficient defined in
Eq. (5.20)

with 6122 0/0r,, and 5(1: 8/8,:'q. Defining now

1 1 1\ =2
0 = . - .
Hpn, = 5 <m + E) Vi +Vaig(Tq, spin) + Vi, (7y, spin) (5.18)
one would have
H™ = Hh1h2 + Hf(l)hlhz + (thlhz - Ht(z)hlhg) (5'19)

Hy, 1, is the Hamiltonian for the relative movement of the two heavy quarks while
thl 1, 18 the Hamiltonian for the relative movement of the light quark with respect
to a pointlike heavy diquark where the two heavy quarks are located in their
center of mass. Both movements are coupled through the term (Hgp, p, — thl hy)-
If the heavy quark masses get arbitrarily large the average 712 value tends to
zero and thus one can neglect the effect of Hgp 5, — thl h,- 10 that limiting
situation the light and heavy quark degrees of freedom decouple completely and
the internal Hamiltonian reduces, as it should, to the sum of the Hamiltonians
Hy, p,, corresponding to the relative movement of the two heavy quarks, and
thl hy» Ccorresponding to the relative movement of the light quark with respect to
the pointlike heavy diquark subsystem.

As to the wave function it should reduce in that limit to the product ®p, 5, (r12)-
<I>2h1h2 (rq), being ®p 4, (r12), ®2h1h2 (rq) the ground state wave functions for Hp, p,,
thl n, Tespectively. To check that we reach that limiting situation we have evalu-
ated the projection P of our variational wave functions onto @, (r12) -<I>2h1 1o (Tq)

evaluated with the actual heavy quark masses. This projection is given by?®

P = /d3r1/d37°2 (U 1y (11,72, 712) " @y (r12) @0y, (rg) (5.20)

and the values for |P|? that we obtain for the Zce, Zpe, Zpp and Qee, Qpe, Qpp
baryons using the ALl potential are given in Table 5.2. We see how |P|? in-
creases with increasing heavy quark masses indicating that for very high heavy
quark masses the total wave function tends to the one of a light quark relative
to a pointlike diquark times the diquark internal wave function. In summary, our
variational wave functions respect the infinite heavy quark mass limit.

We note by passing that the product ®p,p,(712) - q)ghth (rq) corrected by a
correlation function in the variable 72 - 7%, would have been a good variational

5Note r4 can be expressed in terms of 71,72, 712 and that d®rid®re = d3riad®r
q I ) q
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orbital wave function. For instance, a calculation using the AL1 potential and an
orbital wave function giveg just by that product ®p,p,(r12) - <I>2h1 h, (Tq) gives for
the expectation value of H'™ for the Z.., =, Zp, baryons

ALl

M= 3640 Mev; (|20

= 6943 Mev; (H[ 2

(H™)|2 = z,, = 10198MeV (5.21)

which are respectively 28 MeV, 24 MeV, and 1 MeV larger, and therefore worse,
than our best values in Table 5.3. The correlation function would clearly be
needed, being its role more important for the “cc” and “bc” systems. The im-
provement in going from a “cc” to a “bc system” is not as good as one would
naively expect, the reason being that, considering 75 to be a small quantity,
Hypipy — thl h, 18 first order in 79 for the “bc” system while, for symmetry rea-
sons, it is necessarily of second order for the “cc” and “bb” ones. In any case one
sees how the expectation values obtained with this simple ansatz get closer to our

best values in Table 5.3 as the heavy quark masses increase.

5.4 Static Properties

5.4.1 Masses

The mass of the baryon is simply given by the expectation value of the in-
trinsic Hamiltonian. Our results (VAR) appear in Table 5.3 where we com-
pare them with the ones obtained in Ref. [75] with the use of the same inter-
quark interactions but within a Faddeev approach (FAD). For that purpose we
have eliminated from the latter a small three-body force contribution of the type
Vigs = constant/myp, mp,m, that was also included in the evaluation of Ref. [75].
We will show their full results in the following tables. Whenever comparison is
possible we find an excellent agreement between the two calculations. In some
cases the variational masses are even lower than the Faddeev ones. Besides we
give predictions for states that were not considered in the study of Ref. [75].

In Tables 5.4 and 5.5 we compare our results with other theoretical calcula-
tions®. Our central values correspond to the results obtained with the AL1 poten-
tial, while the errors quoted take into account the variation when using different

®Note in Refs. [209, 210] the Ey, Zj. and Qpe, Q. baryons are defined such that the total
spin of the light ¢ quark and the heavy ¢ quark are well defined, being 0 for Zj., 2. and 1 for

=/

=Zi., .. They are thus linear combinations of our states. The different spin functions are related
ber be y 1%

by
1N\Y2 1\ V3 1\ 12
(woromg) =3 (benelag) -3 (ko)

(enemp) =2 (oewh) ~(wveleh) 62

In order to extract their predictions for the Zp., Z;. and Qpe, ). baryons with total spin of the
two heavy quarks well defined, we have assumed that the above relations, but with coefficients
square, are also valid for the masses. Note this may be incorrect as we are neglecting a possible
interference contribution.



94 CHAPTER 5. DOUBLY HEAVY BARYONS 1

ALl AL2 AP1 AP2 BHAD

= VAR 3612 3619 3629 3630 3639
FAD [75] | 3609 3616 3625 3628 3633

=7 VAR 3706 3715 3722 3729 3722

b VAR 10197 10180 10207 10179 10202
FAD [75] | 10194 10175 10204 10176 10197

= VAR 10236 10219 10245 10219 10235

= VAR 6919 6912 6933 6917 6936
FAD [75] | 6916 6913 6928 6907 6934

= VAR 6948 6942 6957 6944 6965
S VAR 6986 6981 7000 6987 6993
ALl AL2 AP1 AP2 BHAD
Qe VAR 3702 3718 3711 3710 3743
FAD [75] | 3711 3718 3710 3709 3741
Q7. VAR 3783 3802 3800 3802 3805
Qpy VAR 10260 10249 10259 10226 10274
FAD [75] | 10267 10246 10258 10224 10271
O, VAR 10297 10287 10301 10269 10302
Qpe VAR 6986 6986 6990 6969 7013
FAD [75] | 7003 6996 6996 6971 7023
. VAR 7009 7010 7011 6994 7033
Q. VAR 7046 7047 7055 7037 7057

Table 5.3: Doubly heavy = and €2 baryons masses in MeV. VAR stands for the
results of our variational calculation. FAD stands for the results obtained in
Ref. [75] using the same interquark interactions but within a Faddeev approach.
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potentials. The same presentation is used for the results obtained in Ref. [75]
for which we now show their full values including the contribution of the three-
body force. All calculations give similar results that vary within a few per cent.
From the experimental point of view the SELEX Collaboration [195] has recently
measured the value of mz, . This experimental value is 100 MeV smaller that
our result. On account of what has been said in the introduction to this chap-
ter , one should take this experimental value with due caution. Note also that
in Ref. [195] the systematic error is not given. There are also different lattice
determinations for baryons with two equal heavy quarks [212-214]. Our results
agree within errors with the lattice data for baryons with two ¢ quarks, while they
are roughly 100 MeV below lattice results for doubly b-quark baryons. The best
overall agreement with lattice data available so far is achieved in the calculation of
Ref. [209, 210] where they use the Feynman-Hellmann theorem and semiempirical
mass formulas in the framework of a nonrelativistic quark model but without the
use of an explicit Hamiltonian. Within full dynamical calculations, ours and the
relativistic calculations in Refs. [201, 204, 208] have the best overall agreement
with lattice data.

This work  [75]  [201] [202] [203] [204] [205] [206] [207] [208] [209,210] [65]  [211]

Eee 3612717 36077°% 3620 3480 3690 3740 3646 3524 3478 3660 3660 £ 70 3610 3588 + 72

=i 370612 3727 3610 3860 3733 3548 3610 3810 3740 +80 3680

Zhp 10197119 10194719 10202 10090 10160 10300 10093 10230 10340 + 100

Zret 1023619, 10237 10130 10340 10133 10280 10370 + 100

Zpe 6919717 6915757 6933 6820 6960 7010 6820 6950 6965 + 907 6840 + 236
Ehe 6948147 6963 6850 7070 6850 7000 7065 % 907

= 698671 6980 6900 7100 6900 7020 7060 + 90

This work Exp. [195] Latt. [212] Latt. [213] Latt. [214]

Eee 3612717 3519+ 1 3605 + 23 3549 + 95
= 3706123 3685 + 23 3641 + 97
S0 10197119 10314 =+ 47
=H 1023619, 10333 + 55

Table 5.4: First panel: doubly heavy Z masses in MeV as obtained in different
models. Our central values, and the ones of Ref. [75], have been evaluated with the
ALI potential. Second panel: we compare our results with the experimental value
for Mz=,, measured by the SELEX Collaboration [195] (Note the cautions that
appear on this experimental mass in the introduction to this chapter), and lattice
results from Refs. [212-214]. Entries with T should be taken with due caution (see

text).

There are also independent determinations of mass splittings in lattice QCD [212—
214], nonrelativisitic lattice QCD [211] and pNRQCD [194]. In Table 5.6 we com-
pare those results to the ones obtained in the present calculation and in other
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This work ~ [75]  [201] [202] [203] [204] [205] [207] [208] [209, 210] [65]
37027 3710757 3778 3590 3860 3760 3749 3590 3760 3740+ 70 3710 3698 +65
3783122 3872 3690 3900 3826 3690 3890 3820+ 80 3760
10260733 1026777, 10359 10180 10340 10340 10180 10320 10370 + 100
10297155 10389 10200 10380 10200 10360 10400 + 100
6986737 7003735 7088 6910 7130 7050 6910 7050 7045 =+ 907
70097733 7116 6930 7110 6930 7090 7105 =+ 90°
70467 5" 7130 6990 7130 6990 7110 7120+ 90
This work  Latt. [212] Latt. [213] Latt. [214]
Qee 37027 3733 £ 977, 3663 £97
Q. 3783122 3801+ 913, 3734 +98
Qb 10260737 10365 + 40,157 ¢°
Qi 1029715 10383 £ 39,5127
Table 5.5: Same as Table 5.4 for doubly heavy € baryons.
models.

Our central results evaluated with the AL1 potential are larger than the ones
obtained in lattice QCD [212-214] and lattice nonrelativistic QCD [211]. The
agreement is better when we use the BHAD potential of Ref. [73] for which we get
the lowest results. Similar results are obtained by the relativistic calculation of
Ref. [201], whereas for the relativistic calculations in Refs. [202, 204, 208] and the
nonrelativistic one in Ref. [207] the agreement with lattice QCD and nonrelativistic
lattice QCD data worsens. As for the calculations in Ref. [209, 210] we do not
quote their results due to the large theoretical errors involved.

This work [201] [202] [204] [207] [208]

[194]  [211] Latt. [212] Latt. [213] Latt. [214]

Mz: — M=, 9477, 107 130 120 132 150 120440 70+13 80+11 8719
Mz; —Ms,, ~ 397§ 35 40 40 40 50 34£4 20£7 20£6

Mzx — M=, ~ 67f}, 47 80 90 80 70 43 £ 11

Mz, — Mz, 2011 30 30 60 30 50 9+7

Mgs, — M.,  81%75 94 100 140 100 130 63+9 687  67+16
Mq;, — Mg,, 3775 30 20 40 20 40 19+£5 2045

Mg: — Mg, ~ 6075, 42 80 80 80 60 39+8

Mg, — Mg, 2375 28 20 60 20 40 946

Table 5.6: Mass splittings in MeV for doubly heavy = and 2 baryons. Our central
values have been obtained with the AL1 potential.
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5.4.2 Charge densities and radii

The baryon charge density at the point P (coordinate vector 7 in the CM frame,
see Fig. 5.1) is given by:

2
pe(i) = /d37°1d37’2 “I’Emg (7“177“277‘12)‘
{en,0° (7 = Giny) + €n,0° (7 — Gny) + €48°(F = G) }
_ Bz Bz Bz
= PP, + 0B, + 020, (5.23)
where ey, p, 4 are the quark charges in proton charge units e, and from Fig. 5.1
we have” gy, = ¥, + 71, hy = Uy + 72 and ¥, = — (mp, 71 + mp,7) /M. Since our

L = 0 wave functions only depend on scalars (71,72 and r12) the charge density is
spherically symmetric (pZ(7) = pB (|7 |)).
The charge form factor is defined as usual

/d3r B (1) (5.24)

—

and it only depends on | |. Its value at ¢ = 0 gives the baryon charge in units of
the proton charge.
The charge mean square radii are defined

+0o0
T2B: 37‘T2BT:7T TT4BT .
{r)e /d pe (1) 4/0 d () (5.25)

In Figs. 5.3, 5.4 and 5.5 we show the charge form factors for the different doubly
heavy baryons under study including the two different charge states for the doubly
heavy = ones. We show the calculations with both the AL1 potential and the
BHAD potential. The differences between the two calculations are minor in most
cases.

In Table 5.7 we show the charge mean square radii. With the exceptions of the
Egc and Qgc, we find good agreement with the results obtained in Ref. [75] within
a Faddeev calculation. The possible presence of a 53, = 0 contribution in the wave
functions of Ref. [75] could be the possible explanation for this discrepancy. We
also compare with the results obtained, for a few states, in Ref. [216] with the use
a relativistic quark model in the instant form. The agreement is bad in this case.

5.4.3 Magnetic moments

The orbital part of the magnetic moment is defined in terms of the velocities ¥ of
the quarks, with respect to the position of the CM, and it reads

uB = /d3T1d37"2 (\ijth(rl,Tg,ﬁz))*{

ehl

2mh1

(ghl X mhlﬁhl )Z

(&

Q—q(gq X qu_fyq)z} \Ilglhz (7“1, 79, 7“12)(5.26)
Mg

+ (yhz X mhzvhz) +

th

"There exists the obvious restriction mp, h, + MhyThy + Mgy = 0.
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2 | | | | | | | |
ALl —— Of s =
BHAD -----
15 — f— =
—CC —0.25 -
/N
E 1 — \
W& \ —05F @ -
\ ~bb
05 \ - _0.75}+ _
\ .
\\ ALl —
N\ BHAD -----
0 ] ] ] -1 ] ] ] ]
2 | | | | | | | |
AL1 — Of P
15F, =, BHAD- -
—cec —0.25 / —
\6 1 \‘ 7 —05 \ 4 ’ —
SN \ / —x
\ / —bb
05F \ - _ | _
\\\ 0.75 AL1L
N BHAD -----
O | | | -1 | | |

0O 10 20 30 40 50 10 20 30 40 50

q [fm™] g [fm™~]

o

Figure 5.3: Charge form factor of the Z.., Zy, and =, =7, baryons evaluated with
the AL1 (solid line) and BHAD (dashed line) potentials. We show the two possible
charge states.

with mhlz_fhl = —i?l, thﬁhQ = —’L'§2 and qu_fq =1 (ﬁl + 62)8.
Since our orbital wave function has L = 0, the orbital magnetic moment van-
ishes. The magnetic moment of the baryon is then entirely given by the spin

8Note that the classical kinetic energy has a term on @, - ¥, and then the operator my,, ¥,

is not proportional to —i Vi, s but it is rather given by

5 M—mh . m . .
iy = L) (G, ) - B (G, = (-0 9) 6:27)

—

Similarly mp,Th, = (—i Va2).
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1 | | | |
OfF e -
0.75 -
025} -
—~ /
s _ /
W : 05} / -
// Q
bb
0.25 . _ R |
0.75 ALL
BHAD -----
0 -1 | | | |
1 | | | | | |
ALl — 0
0.75 BHAD ===~ -
. ~0.25
T Qe
— 05 —_
(D) _
E\. 0.5
0.25 7 -0.75
0 = L —
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g [fm™] q [fm™]

Figure 5.4: Charge form factor of the Q.., Oy and ., Q2 baryons evaluated
with the AL1 (solid line) and BHAD (dashed line) potentials.

contribution.

€h1 ;o €hy /o € o
B;J M;y=J 1 2 — B;J M;=J) (5.28
(Bs . My = | 50 (@n)s + g () + 5, -(6): | 7=1) (5.28)

Those matrix elements are trivially evaluated with the results

— 2 ( ey en 1 e
Ehthys Qnih, — 3 R
3 \2mp,  2my, 2 2my
€h (7 (&
—_ck * 1 2 q
= — -
hlhzs *“hlhg 2mp,  2mp,  2my
e
=/ / q
Ehthy Yhin, — 5o (5.29)

2myg

In Table 5.8 we give our numerical results. Our central values, as the ones
obtained in Ref. [75] within a Faddeev approach, have been evaluated with the use
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1 | | | | | | | |
0.75 ALl ——
BHAD -----
/C-T\ 0.5 = _
= —bc
& ool _
0 ,,,\\\ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, _
—oplb—1 11
1 | | | |
0.75 ALl —
BHAD -----
T 05 :E ]
\6 1 —pC
& o5kl 4
0 ,,,\,\ rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr =
_0_25 | | | |
1 | | | |
0.75 ALl .
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= 05 — =
~ —Dbc
S -
O ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, —
_025 | | | | | | | |
0 10 20 30 40 50 0 10 20 30 40 50
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Figure 5.5: Charge form factor of the =y, Zf., Z}. and Qy, Q;, ;. baryons eval-
uated with the AL1 (solid line) and BHAD (dashed line) potentials. For the =
baryons we show the two possible charge states.
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This work [75] [216]
2 0.2981095% 03157503 1.3
St —0.0421 0097 This work [75] [216]
Bt 0.34110573 QL 0.01375:505 0.009_0.003 0.2
=0 0'221%8%%4 0.242t§63226 Qr 0.00970 503
=, —0.13370 —0.1437%
bb 0.016 0.018 0 0 086+0-008 0 090+0'007
+0.018 bb YOV —0.001 VIV —0.002
i —0.14279
bb 0.018 9*7 0 092+0'011
o 40.035 bb -V94_0.001
E; 0.23810:¢
" o Q) —0.016 —0.02519:002
0 +0.006 0.072-+0.008 be 0008 0008
29, —0.05779-0%  —0.072TY
:3- 0 2794-090(2)«135 0 3064—0908%7 QL0 _(.019+0-003
—bc . —0.031 . —0.011 be . —0.003
=i 0065 0 00t
Zbe 0.283%5 025
s oo
Zbe 0.30525539

Table 5.7: Charge mean square radii in fm? for doubly heavy Z and Q baryons.
Our central values, and the ones of Ref. [75], have been evaluated with the AL1
potential.

of the AL1 potential. When compared to the values obtained in Ref. [75] we find
very good agreement with just a few exceptions (Egc, E;FC, Qgc). The discrepancy
for the latter baryons may come from a possible non negligible S}, = 0 contribution
to their wave functions in the calculation of Ref. [75]. In our case we have fixed
Sy = 1 which we think is a very good approximation since in the limit of infinite
heavy quark masses the spin of the heavy quark degrees of freedom is well defined.

We also compare our results to the ones obtained in Refs.[191, 215-219] using
different approaches. The differences between different calculations are in some
cases large. Being L = 0 a good approximation the magnetic moments are essen-
tially determined by the spin contribution of the quarks. With my > m,,, mg, ms,
the contribution from the b quarks is negligible compared to the one of the light
quark. This is also true to a lesser extent for the ¢ quark.
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This work [75] [191]  [215]  [216] [217] [218] [219]
2L 0.7857 050 0.784700°0° 0.806  0.72  0.72 0.89 ~ 0.98 0.778 ~ 0.790 0.86
Sh 02087005 —0.206700% —0.124  0.13  —0.10 —0.47 —0.172 ~ —0.154  0.17
I —0.311%9:952 —0.186 —1.17 ~ —0.98 0.20
Chi 2.671037 2.60 3.16 ~ 3.18 2.54
=0 —0.742F0007  —0.74210:055 —0.53 —0.726 ~ —0.705  0.61
Em 0.25117055° 0.2511095¢ 0.18 0.226 ~ 0.236 0.14
E;:;i 1.87t+8§§6 1.37
gy —1.1179:%¢ —0.95
=9, 0.51810:05  0.058T052% 0.42
=n —0.475%505%  —0.19810-02% —0.12
=2 —0.99319-9% —0.76 —0.385 ~ —0.366
48 1.991077 1.52 1.50 ~ 1.54
= 0T —0.39
Zbe 2277074 2.04

This work [75] [191]  [215] [216] [217] [218] [219]
QL 0.6357002 0.6357001 0.688  0.67 0.72  0.59 ~ 0.64 0.657 ~ 0.663 0.84
Qr 0.139705%2 0.167 —0.20 ~ 0.03 0.39
Q, 0.10175:357  0.101+5:50% 0.04 0.105 ~ 0.108 0.084
Qr —0.66270:022 ~1.28
Qf, 0.36810017  0.00915:0% 0.45
Q0 —0.5421502} —0.61 —0.130 ~ —0.125
;0 —0.26170:0%° —0.22

Table 5.8: Magnetic moments, in nuclear magnetons (e/2m,, with m,, the proton
mass), of doubly heavy = and 2 baryons. Our central values, and the ones of
Ref. [75], have been evaluated with the AL1 potential.



Chapter 6

Doubly heavy baryons
semileptonic decay

6.1 Introduction

In this chapter we should use the manageable wave functions that we got in chapter
5 to study semileptonic decays of doubly, J = 1/2, baryons. All the transitions
studied here involve a b — ¢ transition at the quark level. We shall evaluate form
factors, decay widths and angular asymmetry parameters. Previous calculations
of semileptonic decay widths have been done in different relativistic quark model
approaches [220-222], or with the use of HQET [179].

6.2 Decay width and angular asymmetries

The differential decay width for a B(1/2%) — B’(1/2") transition reads
a3y’ 3k 3K
(2m)32E7, (F) (21)32E;, (K) (27)32E) (k')
x(2m)164 (p — p' = k = k)L (k, K ) Hap(p,p)  (6.1)
where |V | is the modulus of the corresponding CKM matrix element, m g is the
mass of the final baryon, p, p’, k and &’ are the four-momenta of the initial baryon,
final baryon, final anti-neutrino and final lepton respectively, and £ and H are the

lepton and hadron tensors.
The lepton tensor is given as

LR (kK = KMET + KOk — Mk - K — 170k, kg (6.2)

dl' = 8|V |*mp G

As for the hadron tensor we have

Hurp ) = 5 (B0’ 7' [T O)ull = 2)¥'0)| B, 5)

rr!

<B,, Tl ﬁ,

T (07 (1 = 95)0"(0)| B,r 5) (63)

103
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with |B,r p) (|B’,r" p’)) representing the initial (final) baryon with three-momen-
tum p (p”’) and spin third component r (). The baryon states are here normalized
such that (r g7/ p") = (27)3(E(p")/m) 6,v 2 (p—p"). The hadron matrix elements
can be parametrized in terms of six form factors as

<B,,7’/ ﬁ/

T (0)3,(1 = 15)¥"(0)| B, ) =
= @ (7") {7 (Fi (w) = 15G1(w)) + vy (Fa(w) = 35Ga(w))
), (Fy(w) = 15Gs(w) fuf (5) (6.4)

!
where uB-

are dimensionless Dirac spinors, normalized as wu = 1, and v, =
pu/mp (v, = p),/mp) is the four velocity of the initial B (final B’) baryon. The
form factors are functions of the velocity transfer w = v - v’ or equivalently of the
four momentum transfer (¢ = p — p’) square q2 = m2B + m2B, —2mpmprw. In the
decay w ranges from w = 1, corresponding to zero recoil of the final baryon, to a
maximum value given by w = wyax = (Mm% +m%,)/(2mpmp') which depends on
the transition.

Neglecting lepton masses, we have for the differential decay rates from trans-
versely (I'r) and longitudinally (I'z) polarized W’s (the total width is ' = T'p, +

I'r) [223]

Ay GE|Va* 2 2 2 2
= TEml Ve — 12 (w = DIF @) + (w + 1)[Ga (w)
dl'r G%chP 3 Vv 2 A 2
= = ZESm Ve = (w = DIFY (@) + (w + DIF )
FVAw) = [(mB + mp ) FYA (w) + (1 £ w) <mB/F2V’A(w) +mpFY ’A(w)) ]
Fjv = Fj(w), FJA =Gj(w), j=1,2,3
(6.5)
One can also evaluate the polar angle distribution [223]:
d’r 3 /dly _dIg ,
(X o E) M1 420/ cosf+ o cos? 0 .
dwdcost 8 <dw dw>{ a0 cosfarcos } (66)

where 6 is the angle between K and p’ measured in the off-shell W rest frame,
and o and o are asymmetry parameters given by
o _GHVAP Ly (= ) Fi()G(w)
673 P dDp/dw + 2dl;/dw

"o dFT/dw—2dFL/dw
B dPT/dw+2dFL/dw
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These asymmetry parameters are functions of the velocity transfer w and on av-
eraging over w the numerators and denominators are integrated separately and
thus we have

G%‘|Vcb|2 m3, [ ¢ (w? = 1) Fi(w)G1 (w)dw

! —
<a > o 67T3 FT 1 —+ 2RL/T
wy =2
1+ QRL/T
Iy
R = — 6.8
L/T T (6.8)

6.3 Form factors

To obtain the form factors we have to evaluate the matrix elements
(B'r' 5 [T (0)7u(1 = 75)2"(0)| B, ) (6.9)

which in our model are given by

EB/
B/, 7“, —/

where the suffix “NR” denotes our nonrelativistic states and the factors /E/m
take into account the different normalization. We shall work in the initial baryon
rest frame so that p= 0, p’ = —, and take § in the positive z direction. Further-
more we shall use the spectator approximation. Having all this in mind we have
in momentum space

T (0)7 (I = 3)¥"(0)| B, ) (6.10)

%};(j) NR <B/7T’ - q_" TE(0)y, (I — 75)\Ijb(0)‘ B,r 6>NR -

11
81,82—81,82> <Sh,2 3

52,1 82,7">

L1 .S} + + s L1 + '
979 h7" T+ 51,82 — 81,7 — 1+ 59 h g 27" T 82,7 — 82,7

B . Matmg . L mp, L\ g L L

X/d3Q1 gy (‘I)chQ((h QMi,q T &+ ==1q )> Py, (015 B2)

mb mC —c — — b —
- ———— Uy @A — )V —75) ug, (@1 6.11
\/Eb(QI)\/Ec(QI_Q) r r+sl( ) u( ) 31( ) ( )
where @th (q1,42) (@f};Q(cj’l, @2)) is the Fourier transform of the coordinate space
wave function \11th2 (ri,7m2,712) (\Ifff;2 (r1,72,712)) With ¢1, g2 being the conjugate
momenta to the space variables 7, 7. The factor of two comes from the fact
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that: i) for be—baryon decays, the charm quark resulting from the b — ¢ transition
could be either the particle 1 or the particle 2 in the final cc baryon, while ii) for
bb—baryon decays, there exist two equal contributions resulting for the decay of
each of the two bottom quarks of the initial baryon.

The actual calculation is done in coordinate space where we have

EB’(_‘T) o | ¢ b “>
TB’ NR<B,7“ —Q“If (O)W(I—%)\If (0)‘377” 0 NR

Ep 11
= B ZZ< 81782_81732> <Sh7§ 58277'_527 >
S1  S2
Ll + + s, 1! +
22 hr r + S1, 52 sl,r T+ So h,227“ T 82,7 — 82,T
, mh L Mpytmg
x/d3r1 dPry OB, (r1,rg,119) €17 T2 =i @71 [ T Te
Eb(l ) Ec(l - Q)
Uy gy (U= Oy = v5) ul, (1) Wi, (r1,72,712) (6.12)
where [ = —i 61 represents an internal momentum which is much smaller than

the heavy quark masses mp, m.. On the other hand |¢’| can be large!. Thus, to
evaluate the above expression we have made use of an expansion in l_; introduced
in Ref. [144], where second order terms in [ are neglected, while all orders in |¢’| are
kept. For instance E.(I—q) is approximated by E,(I—q) ~ E.(7)x (1—1-¢/E(q))
with E.(¢) = /mZ+ 2.

The three vector and three axial form factors can be extracted from the set of
equations?

<B’, 1/2 — (f‘ Ec(o)fquﬂ’(o)‘ B,—1/2 6>

_ \/EB&—q*) +mp 7]

2mp Ep(=q) +mp

<B’, 12 — (j" @C(O)vgwb(O)‘ B,1/2 6>
(=¢)+mp 1(171) (I71)
- \/EB 7 (o o)
<B’, 12 — (j" @C(O)vo\lfb(O)‘ B,1/2 o>

_ \/EB/(—(THmB/ <F1(|J|)+F2(|§|)+MF3(| |)> (6.13)

2mB/ mpr

YAt ¢> = 0 one has |§| = (m% — m%/)/2mp which is & mp/3 for the transitions under study.
2Remember ¢ is in the z direction. Notice also that, for 5= 0, w is just a function of |7]-
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for the vector form factors and
(B'.1/2 = | T 0)m159(0)| B,~1/20)

_ \/EB/(—CT) + mp

2mp

(=G1(7]))
(B'1/2 = 7| T (0)159:9"(0)| B,1/2 0)

_ \/EB«—q*) T mp

(—Gmm) n
(B, 172 = G| (0005 9"(0)| B,1/2 )

- \/EB«—q*) +mp 7]

B 2mp EB/(—(j’)—i—mB/

ZmB/

(—Gluqﬂ) L 6a(q))

Ep(—q
I B(—q)
mp

G?,(m)) (6.14)

for the axial ones. All the left hand side terms can be evaluated using Eq.(6.12)
with the approximation mentioned above.

For each transition there are only two different coordinate space integrals from
which all different matrix elements can be evaluated. Those integrals are

Mhy o, .Mpytmg
IBIB(WD = /(1?’7"16137“2€ZW’2q”e_Z v
/ *
|:\IIcBh2(T17T27T].2):| Wth2(T1,T2,T]_2)
Mhy .Mmpytmq
KEB(q) = ﬁ/d?’nd%zam? 07 i
q

[\Ilff;z (7“1, T2, 7’12):| f (T \I’th2 (7’1, T2, 7“12) (6.15)

In appendix H.1 we relate the form factors to the integrals Z5 2 (|7]) and KZ'B(|q|)
for the different Sj,, S} combinations, while in appendix H.2 we give the actual
expressions we use to evaluate those integrals.

6.3.1 Current conservation

In the limit my = m. and for B’ = B (and thus Sj, = S})) vector current conser-
vation provides a relation among the vector Fy and Fj3 form factors, namely

FQ(U}) = Fg(w) (616)

On the other hand the matrix element of the zeroth component of the vector

current evaluated at w = 1 just counts the number of heavy quarks so that we
should have



108 CHAPTER 6. DOUBLY HEAVY BARYONS 2

In this limiting situation the integrals Z28(|¢|) and KPB(|7]|) are related by?

BB~y _ Mhy + Mg BB/ -
BB () = T 785 () (6.18)
Besides one has that Z82(0) = 1.

Using now the relations in Eq.(H.4) in appendix H.1 we see that our model
satisfies the constraint in Eq.(6.17) exactly. On the other hand we violate current
conservation . For instance, and again using the relations in Eq.(H.4), we obtain
forw=1

Fy(1) = Fs(1) +2(1 — %) (6.19)
which shows that current conservation is violated by a term proportional to
the binding energy of the baryon divided by the sum of the masses of its con-
stituents. This violation disappears in the infinite heavy quark mass limit. This
deficiency is shared by the relativistic calculation of Ref. [220] and it is avoided
in two other [179, 222] by the neglect of binding effects*. Improvements on vec-
tor current conservation would require at minimum the introduction of two—body
currents [47], going thus beyond the spectator approximation, that we have not
considered in this analysis.

Note also that, for transitions that do not conserve the spin of the heavy quark
subsystem S}, (i.e. E;)% — 21 1)) we have in the my, = m, limit and at zero recoil
that

Fi(1)+ F>(1)+ F3(1) =0 (6.20)

due to the orthogonality of the initial and final baryon wave—functions.

6.4 Results

In Figs. 6.1, 6.2 we show the form factors for the different transitions evaluated
with the ALl potential. Variations when using a different potential are at the
level a few per cent at most. The results for doubly heavy = decays are almost
identical to the corresponding ones for doubly heavy €2 decays. The fact that we
have two heavy quarks and that the light one acts as a spectator makes the results
almost independent of the light quark mass.

In Figs. 6.3, 6.4 we show now our results for the differential dI'y/dw, dT'r, /dw
and dI'/dw decay widths evaluated with the AL1 and BHAD potentials. The dif-
ferences between the results obtained with the two inter-quark interactions could

30ne just has to integrate by parts in the P2 (|7|) expression.

*If we look at Ref. [220] and consider for instance transitions where the initial and final baryons
have total heavy quark spin equal to 0, we see that vector current conservation in the equal mass
case would require the h_(w) form factor to vanish. This is not accomplished within that model.
In Ref. [222] the currents are constructed at the diquark level and the vector part is conserved
thanks to the neglect of binding effects with the light quark. Finally, the calculation in Ref. [179]
avoids this problem by using the infinite heavy quark mass limit and thus cancelling binding
effects.
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2
1 105 11 115 12 125 1 105 11 115 12 125
w w

Figure 6.1: Vector Fy, F5, F3 and axial Gy, Go, G3 form factors for doubly heavy
E(J = 1/2) baryons decays evaluated with the ALl potential.

reach 30% for some transitions and for some regions of w. As a consequence of
the apparent SU(3) symmetry in the form factors we also find that the results for
doubly heavy E and 2 decays are very close to each other. This apparent SU(3)
symmetry goes over to the integrated decay widths and asymmetry parameters.

In Table 6.1 we give our results for the semileptonic decay width (transverse
I'p, longitudinal T'; and total T') for the different processes under study. Our
central values have been evaluated using the AL1 potential while the errors show
the variations when changing the interaction. The biggest variations appear for
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1 102 104 106 1.08 1 102 104 106 1.08

1 105 11 115 12 125 1 105 11 115 12 125
W W

Figure 6.2: Same as Fig. 6.1 for doubly heavy €(J = 1/2) baryons decays.

the BHAD potential for which one obtains results which are larger by 7 ~ 12%.
In Table 6.2 we compare our results to the ones calculated in different models.
For that purpose we need a value for |V,| for which we take |V;| = 0.0413. Our
results are in reasonable agreement with the ones in Ref. [220] where they use a
relativistic quark model evaluated in the quark-diquark approximation, and with
the I'(Ep. — E¢c) value of Ref. [179] obtained using HQET. The value for the
latter width but now evaluated in the relativistic three-quark model calculation
of Ref. [221] is much smaller than in any other calculation. On the other hand in
Ref. [222], where they use the Bethe-Salpeter equation applied to a quark-diquark
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dl'/dw [|Va|* - 1011 GeV]

dr'/dw [|Va|* - 1011 GeV]

0 0 -
1 105 1.1 1.15 1.2 1 1.05 1.1 1.15 1.2
w w

Figure 6.3: dI'/dw, dI'r,/dw and dI'r/dw semileptonic decay widths in units
of |V|? - 10711 GeV, for doubly Z(J = 1/2) baryons decays. Solid line, long—
dashed line and short-dashed line: dI'/dw, dI'f/dw and dI'p/dw evaluated with
the AL1 potential; dotted line, long—dashed dotted line and short—dashed dotted
line: dI'/dw, dI'r,/dw and dI'r/dw evaluated with the BHAD potential.

system, they obtain much larger results for all transitions.

In Table 6.3 we compile our results for the average angular asymmetries o’
and o, as well as the Ry, /7 ratio, introduced in Eq.(6.8). The central values have
been obtained with the AL1 potential. Being all quantities ratios the variation
when changing the inter-quark interaction are in most cases small.
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Figure 6.4: Same as Fig. 6.3 for doubly heavy Q(J = 1/2) baryons decays.
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0.971989
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0.7319%%

0.05
0.89"05

0.19
1.281504
0.
1.86 2502
0.07
0.527501

0.06
0.7070:0%

0.29
2.251) 50
0.30
3.011059
0.15
1.2470 02

+0.11

I'r

'y

r

Dy — Qe Iy
ch - Qcc lﬂl
Uy — Q. 1y

Qé)c — Qe ly

0.07
1.06%501
1'154-0.06
0.794-0.08

0.89+0'05

0.16
1455007
1881017
0.574-0.07

0.704-0.05

0.23
2.517075
3‘034-0.23
1.36+0'15

1‘59+0.10

Table 6.1: Semileptonic decay widths in units of |Vy|?
stand for the transverse and longitudinal contributions to the width I'. The central
values have been obtained with the AL1 potential. [ stands for a light charged

lepton, [ = e, u.

107" GeV. T'p and T,



114 CHAPTER 6. DOUBLY HEAVY BARYONS 2

This work [220] [221] [222] [179]

T(Zp — Zpel7y) 3.84704% 3.6 28.5
T(Zpe — Zee ) 5137951 459 079 893 4.0
T'(Zy — =), 101) 2127025 1.64 4.28
T(Z,, — Eecliy) 27115089 176 7.76
This work [220] [222]
T(Qpp — Qe l17) 4.287039 340 28.8
L(Qpe — Qeeliy) 5177039 495
D(Qp — Q). 117) 2.327026 1,66
D, — Qe liy) 2.717017 1,90

Table 6.2: Semileptonic decay widths in units of 1071 GeV. We have used a value
|Vep| = 0.0413. [ stands for a light charged lepton, | = e, p.
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(o) (") Rpr
Zpp — Epe 1T —0.137001 045 0o 1.3379:0¢
Epe — Zecly —0.127901 —0.53_g0; 1.6210:07
Epp — Ep. 1 —0.19  —0.17_g1 0.71709
=}, — Eeclyy -0.19  —0.23_g¢; 0.7970-02

(o) (o) Rt
Uy — Qe Iy —0.137901 —0.47_go; 1.371006
Qe — Qe —0.127901 —0.53_¢0; 1.6310-06
Quy, — .17 —0.19_0;1  —0.18_g¢1 0.727002
Q) — Qecliy —0.19  —0.23_g¢ 0.7970:02

Table 6.3: Averaged values of the asymmetry parameters o’ and o evaluated as
indicated in Eq.(6.8). We also show the ratio Ry ;= I'r,/T'r. The central values
have been obtained with the AL1 potential. [ stands for a light charged lepton,
l=e, p.






Chapter 7

Strong pionic decay of heavy
baryons

7.1 Introduction

In this chapter we shall evaluate strong widths for the ¥, — A. 7w, ¥% — A. 7 and

—

E! — E. 7 decays.

Last decade has seen a great progress on charmed-baryon physics and now
the ground state baryons with a ¢ quark, with the exception of the 27}, are well
established [115], and we have experimental information on the strong one-pion
decay widths for the ¥, [224-226], 3% [225, 227] and Z} [228, 229]. With very
little kinetic energy available in the final state these reactions should be well
described in a nonrelativistic approach. Although they have been analyzed before
in the framework of the constituent quark model (CQM) [230, 231], no attempt
was made there to evaluate the full matrix elements. While there have been
dynamical calculations in other models (see references below), to our knowledge,
ours is the first fully dynamical calculation within a nonrelativistic approach.
In our calculation we will use the HQS—constrained wave functions evaluated in
Ref. [200] using the same different interquark interactions that have been used
in this work, and whose goodness have already been tested in the study of the
semileptonic A, — A, and E;, — =, decays in Ref. [80, 144]. Again, the use of
different quark—quark potentials will allow us to obtain theoretical uncertainties
on the widths due to the quark-quark interaction. The pion emission amplitude
will be obtained in a spectator model (one-quark pion emission) with the use of
partial conservation of axial current hypothesis (PCAC) as was done, in the meson
sector, in the previous study of the strong B*Bm and D* D7 couplings in section
3.5.

These reactions, and similar ones, have also been addressed in heavy hadron
chiral perturbation theory (HHCPT) [231-235], in QCDSR [236, 237] and within
relativistic quark models like the light-front quark model (LFQM) [238] and the
relativistic three-quark model (RTQM) [239, 240].

117
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7.2 Omne-pion Strong decay width

The width for the reaction B — B’ 7 is given by

1 d3Pp d3P,
r = / B _— (2n)*6*(Pg — Py — P;)
2mp J (27)32Ep(Pp) (27)3 2E,(P;)
1 (5,5") 2

where Pg = (mp;0), Py = (Ep/(Pp:), Pg/) and P = (Ex(P;), P;) are the four-
momenta of the particles involved. Jpg is the spin of the B baryon and s and s’ are
the third component of the spin of the B and B’ baryons in their respective center
of mass systems. Finally .A(ggizr(PB, Pp) is the pion emission amplitude, that will
be obtained through the non-pole part of the matrix element of the divergence of
the axial current similarly to the case for mesons in section 3.5.

The quantity

: 2
2J31+ 1 2. (Ag}éfi(PB, Pp) (7.2)

has to be a Lorentz invariant. Denoting that invariant as |[M gp/,x |2 we can perform
the integrations to give

7|
87Tm2B

with |¢| the modulus of the three-momentum of the B’ baryon or the 7 meson
given by

T = |[Mpp|?

(7.3)

|q—»| — )‘1/2(m2B7m2B’7m72r) (7 4)
2mB '

Throughout the calculation we shall use physical masses taken from Ref. [115].

7.3 Description of baryon states

We use a similar description for baryons as the one used in chapters 5, 6, but in
this case we shall work in momentum space. The Fock space representation of a
baryon B with three-momentum P and spin projection s in the baryon center of
mass is

7,(Bss)

]. al,ag,ag( Qla QQ )
— d3 d3 =
/ o / @ \/5 a1%2:,a3 (277)3 \/2Ef1 (ﬁ1)2Ef2 (ﬁ2)2Ef3 (ﬁ3)

— m = =
oy pr = Mf1P+Q1>

X

— m = =
OézpzZﬁP+Q2>

My,

mih="EP-Gi-G) (9

X
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Baryon S Jr 1 Sr Quark content
A 0 i 0 0F ude
e 0 i 1 1t lic
ot 0 3t 1 1 e
e -1 1 L 0+ Isc
= -1 i ! 1 Isc
=X -1 %Jr 3 1t lsc
0, -2 %Jr 0 1" ssc
QF -2 %Jr 0 1t ssc

Table 7.1: Summary of the quantum numbers of ground state baryons containing
a single heavy c quark. I, and ST are the isospin, and the spin—parity of the
light degrees of freedom and S, J¥ are the strangeness and the spin-parity of the
baryon. In the last column [ denotes a light quark of flavor u or d.

a1, ay and ag represent the quantum numbers of spin (s), flavor (f) and color
(C)7 a = (Safv C)v of the three quarks, while (Efl(ﬁl)v ﬁl)? (EfQ(ﬁQ)v 52) and
(Et,(p3), p3) are their respective four-momenta. my is the mass of the quark
with flavor f, and M = my, +my, +myg,. We choose the third quark to be the ¢
quark while the first two will be the light ones.

The normalization of the quark states is

(o §'|ap) =0u,q2r)2E(p) 8 (' —p) (7.6)
(B,s)

Besides, 1/}0117012701 5 ( Ql, ng ) is the momentum space wave function for the internal
motion, being Q1 and Qg the momenta conjugate to the positions 77 and 75 of the
two light quarks with respect to the heavy one (See Fig. 7.1). This wave function
is antisymmetric under the simultaneous exchange a1 «—— aqo, Q1 — QQ, being
also antisymmetric under an overall exchange of the color degrees of freedom. It
is normalized such that

[ [ae ¥ (H500(@1Go)) i (GG =0 (@)

a17a27a3

and, thus, the normalization of our baryon states is

—

o (B PBSBY  =b,,(2n) %P - P) (7.8)
For the particular case of ground state A., ¥., X}, . and =}
the orbital angular momentum to be zero. We will also take advantage of HQS
and assume the light—degrees of freedom quantum numbers are well defined (See
Table 7.1). In that case we have!

we can assume

+

'We only give the wave function for the baryons involved in 7+ emission. Wave functions for

other isospin states of the same baryons are easily constructed.
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(AL 3 3 1 11
é‘i\,caz;?ag(leQQ) - ﬁECIQCS <§ 5 0

<5f1,u fg,d%dc(é Q2) —0f . d0fu duc(Q17Q2))

51, 52, 0> 583,8

\/_
~ vt - - _ —
O((lz’ca2:'23(Ql7Q2) = ﬁeqczcg ¢5f;,lc( Q2 )6f17 5f2, 5f3,

Q1.
11 11
X Z<§7§7 317327m> <17§7§ m78378>

m

—_

Ayt - = 1 ~o_ 1, = =
a(z?,cag,&sg,)(leQQ) = ﬁgcl coc3 EfZ,IC(Ql,Qﬂ 5fl,u 5f2,u 5f3,c
11 13
X Z <_7_7]- 317327m> <17_7_ m78378>
— 22 22
e 1 11
¢a1,c&2,a5(QlaQ2) = ﬁ561€263 5’570 51,52,0 ] Og3,c

X O, (5f1,d5fg,s 5553(@17@2) 0f1,s0f,,d ¢8dc(Q1,Q2))

13
S1,82,M ]- 2 2 m,s3,S

(8100 072e (@1, G2) + 07100 G501, G2)
(7.9)

1
V2
hEeT 35 1 11
a2y (Q1,Q2) = —= Y <§7§71

m

\/§l €cieacs

X 5f37

BN
V2

Here e¢,cyc; is the fully antisymmetric tensor on color indices being e¢,coey/V'3 V3!
the antisymmetric color wave function and the qb b fs( Ql, Qg ), with S; the total
spin of the light degrees of freedom, are the Fourier transform of the corresponding
coordinate space wave functions (¢! fidats (7, 72), see below). Their dependence on

momenta is through |Q1| |Q2| and Q - Qg alone, and they are symmetric under
the simultaneous exchange f; «— fg,Ql — Qg Their normalization is given
by

2

/d3Q1/d Q2 ‘¢f1 hp(@1,Q2) =1 (7.10)

7.4 Coordinate space wave functions

Wave functions for baryons with a heavy quark are quite similar to the ones
presented in chapter 5, but there are some differences. In this section we briefly
explain how they are constructed in Ref. [200].
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Figure 7.1: Definition of the coordinates used.

7.4.1 Intrinsic Hamiltonian

Working in the heavy quark frame (ﬁ, 71,72) (See Fig. 7.1), where R, 7 and 7
are the center of mass position in the laboratory frame and the relative positions
of the light ¢; and ¢» quarks with respect to the heavy one h, the center of mass
motion can be separated from the intrinsic Hamiltonian,

\
H = _ZMR + Hing
Hiy = M+ Z HP + Vi 45 (71 — 72, spin) — ViV
j=1,2 M
V2
H;’p — _ﬂ]j + Vg, (75, spin), j=12 (7.11)

with M = mg, + mg, + mp, pj = (1/mq; + 1/mh)_]L and V; = 9/0z;, j = 1,2.
Apart from M, H;,; consists of the sum of two single particle Hamiltonians (H ;p ),
describing the dynamics of the light quarks in the mean field created by the heavy

quark, plus the light-light interaction term that includes the Hughes-Eckart term
(V1-Va).

For the inter-quark interaction V', the potentials presented in chapter 2 were
used.
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7.4.2 Variational coordinate—space wave function and its Fourier
transform

To solve the three-body problem the following variational ansazt was used in
Ref. [200] for the spatial part of the wave function

il,qz,h(ﬂ’ 75) = Nng, (1) By (ra) F (r12) (7.12)

with r; = [, 12 = |[r1 — 73| N is a normalization constant, ¢y, is the s-wave
ground state solution (4, ) of the single particle Hamiltonian (H;p ) corrected
at large distances in the form

¢hqj(rj) = (1 +aj rj)whq]‘ (rj)v ] = 132 (713)

and finally F, qsll 2 (r12) is a Jastrow correlation function in the relative distance of

the two light quarks and was constructed as a sum of gaussians
FSi(r19) Z aje b5 (m2d;)? ap =1 (7.14)

The variational parameters for the different states obtained with the different
potentials can be found in the appendix of Ref. [200]. The Yng; functions can be
easily obtained through a Numerov algorithm.

In momentum space we will have

71 /dg’l"Q ein'Fl eiQQ.FQ Nﬁbhql (rl)gbhqz (,,.2)1:‘51(7«12)

— —

oo o n(@1,G) =

1 b P Y 5 = = =~ — —
B W/dgp N¢hQ1(|P|) ¢hq2(|Q1 +Q2— P|) FSL(|Q1 ~P)
(7.15)

being gghql, (thz and F'S the Fourier transforms of Ohgr» Phg, and F St respectively.
They depend solely on the modulus of the momentum. Clearly

¢q1 wn(BQ1, RQ2) = ¢q1 wn(@1,02) (7.16)

with R a rotation. For the purpose of evaluation we can take Ql in the z direction
and @2 in the OX Z plane.

7.5 Results

7.5.1 XY.— A.m decay

Let us do the X7+ — Af 7t case. The matrix element of the divergence ¢#J$" (0)
of the axial current determines the 7 emission amplitude as

AC) (PP = <A+, s P

SItAafat f7r

_ — D/
= Qg+ ptor Upr o (P) Y5 ustr

Q"I | B s P)

non—pole

(P) (7.17)

s



7.5. RESULTS 123

Isf+aia+ L(EFT = AlrT) Ty — AT7") rEC = Aln)
[MeV] [MeV] [MeV]
This work |21.73 +0.32 £0.08 2.41 4 0.07 £ 0.02 2.79+0.08 £0.02  2.37 4+ 0.07 + 0.02
Experiment 2.3+£02+0.3[224] < 4.6 (CL=90%) [225] 2.5+ 0.2+ 0.3 [224]
2.0570-5% + 0.38 [226] 1.557031 +0.38 [226]
Theory
cQM 1.31 4+ 0.04 [230] 1.31 4 0.04 [230) 1.31 4+ 0.04 [230]
2.02515 831 [231] 1.9397 5550 [231]
HHCPT 22, 29.3 [232] 2.47, 4.38 [232] 2.85, 5.06 [232] 2.45, 4.35 [232]
2.5 [233] 3.2 [233] 2.4 [233]
1.94 4 0.57 [234]
LFQM 1.64 [238] 1.70 [238] 1.57 [238]
RTQM 2.85 +0.19 [239, 240] 3.63 & 0.27 [239, 240] 2.65 + 0.19 [239, 240]

Table 7.2: Coupling constant gs++,+,+ and total widths LSt — Afrt),
L(Ef — Af7Y) and T'(2? — Af7™) (See text for details). Experimental data
and different theoretical calculations are also shown.

where the coupling constant Jst+ At pts in analogy to the pion coupling to nucleons

and nucleon resonances, has been chosen to be dimensionless, and wy+ (P),
c

Up+ 5/(13’ ) are Dirac spinors normalized to twice the energy (ufu = 2E). The
width is given by
q
DB — Alnh) = 8% g§c++,m+ ( (Mg++ — MAC+)2 = mfr) (7.18)
MGy

with |¢’| the modulus of the final baryon or pion three-momentum. From Eq. (7.17),

taking P=0,P = —|q] k in the z direction, s = s’ = 1/2, and taking into account
the different normalization of our nonrelativistic states, we have

1 \/EAZ'((T) + My~ \/2M2j+2EAj(f7)

Iottatet = R
™ fﬂ' ‘q| 2M22_+
- 1/2,1/2 o A1/2,1/2
X ((M2j+ - EAj'(Q)) AEj‘l*Ag” o7 7| AzéﬁAi’ 3) (7.19)
with
212 + e | gdu ++ q
A22—+A2—7 n  NR <AC ’ 1/2 |Cﬂ k ‘ JAM(O) ‘ ZC ’ 1/2 0 >NR, non—pole (720)

The A;/Ef[(i , are easily evaluated using one-body current operators and their
expressi(c)ns cc’am be found in appendix I.

In Table 7.2 we present the results for ggi+,+,4 and the widths T'(XF* —
AF7r), T(2F — AF7a%) and I'(20 — Af7n~). To get the values for I'(S} — A7)
and I'(2% — A7) we use gsi++ p+ -+ and make the appropriate mass changes in
the rest of factors in Eq. (7.18).
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Our results show two types of errors. The second one results from the Monte
Carlo evaluation of the integrals needed to obtain the Gs++p+ o+ coupling constant.
The first one is the usual theoretical uncertainty coming from the use of different
potentials. The results are in very good agreement with the experimental data by
the CLEO Collaboration in Refs. [224, 225]. The value for I'(E+t — Af7™) also
agrees with the experimental data by the FOCUS Collaboration in Ref. [226]. The
agreement with FOCUS data is not good for the I'(X? — AX7~) case, although
our result is still within experimental errors. Our results show variations as large
as ~17% between different charge configurations. This is due to the little kinetic
energy available in the final state that makes the widths very sensitive to the
precise masses of the hadrons involved. In this respect there is a new precise
determination of the A mass by the BABAR collaboration My, = 2286.46 +0.14
MeV /c? [241], which is roughly 1.5 MeV /c? above the value quoted by the Particle
Data Group in Ref. [115]. With this new value our calculated widths would get
reduced by 9%. This reduction comes from phase space factors while the coupling
G5+ At ot changes only at the level of 0.1%.

As for the other theoretical determinations, the CQM calculation in Ref. [230]
uses exact s «—— ¢ symmetry to relate the . — A.m decay to the non—charmed
¥* — Am analogue decay. Their results are smaller than the experimental data
obtained by the CLEO Collaboration. In Ref. [231] a unique coupling constant
is fixed in order to reproduce all experimental information on ¥} — A.m widths.
That coupling is latter used to predict the ¥, — A.m widths. This coupling suffers
from large uncertainties and thus the theoretical errors on the predicted widths are
also very large. In the HHCPT calculation of Ref. [232] a simple CQM argument is
used in order to obtain the unknown coupling constant in the HHCPT Lagrangian.
Furthermore the authors allow for a renormalization of the axial coupling gjfld for
light quarks. The largest of the two values quoted corresponds to the case where
that coupling is unrenormalized and then is given by gzd = 1. The smaller number
quoted corresponds to the use of a renormalized value of gff‘d = 0.75. The case
gjfld = 1 is the one that compares with our calculation. Their results for the
widths almost double ours and are not in agreement with experiment. Their
simple determination of the coupling constant can not be correct. The values
obtained in the HHCPT calculation of Ref. [233] are closer to our results and
experimental data. There the authors determine the needed coupling constants
from the analysis of analogue decays involving non—charmed baryons. In Ref. [234],
also within the HHCPT approach, and similarly to Ref. [231], the authors fix the
unknown coupling in the Lagrangian using the experimental data for the ¥} — A .7
decays. From there they predict the 1“(22 — A7) obtaining a value very close
to the one in Ref. [231], and that suffers also from large uncertainties. The two
relativistic quark model calculations of Refs. [238-240] give results that differ by
almost a factor of two. Our results are closer to the ones obtained within the
RTQM of Ref. [239, 240].
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Iz tratnt TETT —Afn) T = Al) T(E" = Alr)
[MeV] [MeV] [MeV]
This work | 36.20£0.75 £0.13  17.524+0.74 £ 0.12 1731 +£0.73+£0.12  16.90 £ 0.71 £0.12
Experiment 141775+ 1.4 [227] < 17 (CL=90%) [225] 16.6717% & 1.4 [227]
Theory
QCDSR 13.8 + 24.2 [236]
32.5 +£2.146.9 [237]

cQM 20 [230] 20 [230 20 [230]
HHCPT 25 [233] 25 [233 25 [233]
LFQM 12.84 [238] 12.40 [238]
RTQM 21.99 + 0.87 [239, 240] 21.21 + 0.81 [239, 240]

Table 7.3: Coupling constant gy:++,+,4 and total widths D(X;*F — Afn™),
(Xt — Afn% and I'(Z%° — Afzn~). Experimental data and different the-
oretical calculations are also shown. Note that in order to compare with our

definition of Gy ++pt ot WE have multiplied the coupling constants evaluated in
Refs. [236, 237] by QMAi/fW'

7.5.2 ¥ — A.m decay

Let us analyze the case with a 7 in the final state, ¥+ — ATx ™. Similarly to
the X, decay before we now have

(s,8') p P, _ __Z <A+ /p’/ deu 0 ‘ 2*++ ﬁ>
A22++Aiﬂ+( ,F) fr NC7 i ¢ TapO) ] BT non—pole
.g2:++A2'ﬂ-+ _ — —
- o, M o (P1) uge s (P) (7:21)

where we have introduced the dimensionless coupling constant R and
u;*++ S(]3) is a Rarita-Schwinger spinor normalized to twice the energy (u”Tu, =
—2F). The width is given by
2
7P Isztraiar

LE = Alnh) = ArMZ. ., AN, ((MZZ ++ + MAi)Q - mi) (7.22)
P Ag

Taking again P = 0, P/ = —|7| k in the z direction, and s = s’ = 1/2 we obtain
from Eq.(7.21)

V3 2Myp [2My 2,47

V2 B
V2 g1 oM (B (@) + My )

Isztoasnt

x ((Myges = B (@) AL, a1 A5 ) (728)

mAL 0 SERTCIE
with
1/2,1/2 _ + x| gdu 4+ =
AEZ AL, p  NR <AC ’ 1/2 ’q | k ‘ JA“(O) ‘ ZC ’ 1/2 0 >NR7 non—pole(7‘24)
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1/2,1/2
SetTAL,
Results for go-++ 4.+ and the total widths T(33++ — Afz™), T(ZET — Af70)
and I'(X*¥~ — Alx~) appear in Table 7.3. Our value for the latter two are
obtained with the use of Gy ++ NSt and with the appropriate mass changes in
the rest of factors in Eq. (7.22). Our central value for I'(X*TT — Afza™) is
above the central value of the latest experimental determination by the CLEO
Collaboration in Ref. [227]. For some of the potentials used, AP1 and AP2, the
results obtained are within experimental errors. The central value for T'(3* T —
A7) is slightly above the upper experimental bound determined also by the
CLEO Collaboration in Ref. [225], but again, we obtain results which are below the
experimental bound using the AP1 and AP2 potentials. As for I'(X%~ — A7)
we get a nice agreement with experiment. Our results for the different charge
configurations differ by 4% at most. With the new value for M A+ given by the
BABAR Collaboration in Ref. [241] they would get reduced by 3%. Our results
are globally in better agreement with experiment than the ones obtained by other
theoretical calculations 2 with perhaps the exception of the QCDSR calculation
of Ref. [237].

The expressions for A (1 =0,3) can be found in appendix I.

7.5.3 Z! — =.m decay

Once more we analyze the case with a 71 in the final state, =5+ — Z07T. What
we obtain is

’ -1/ D =* 2]
A(Es£i)52w+ (P7 P,) - ﬁ <:(C)’ s'P' | qﬂ JgZ(O) | :C+’ s P >non—pole
 JmitEiet 2 p
= g e P (B @)

where again we have introduced a dimensionless coupling g« +=o,+. The width is
=5t =0
given as

2
Iz:+20n+

-13

rEst 20ty = 10 (Mg + Mzg)? = m2)  (7.26

( — T ) 24WM§*+ (MEZ— +MEg)2 ( _:c+ + _g) mﬂ' ( )

Taking now P =0, P/ = —|q] k in the z direction, and s = s’ = 1/2, g=x+zo,+ 18
evaluated from Eq.(7.25) to be

V3 Mz + Mzy), 2M. 22 (q)

V2 g1\ Mz (B=p(q) + Msy)

9=t +=0n+

x (Mg — Bog(@)) AURLS 71 ALRL ) (7.27)

=ZEtE0, 0 =ZEtE0, 3

2We did not show those cases were data on ¥ — A.7 widths were used to fit parameters of
the models.
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Iox + 20+ TE:T - 2lrT) TE:T - gfqY) TE"—fn) r(=:0 - 2040)
=c e
¢ [MeV] [MeV] [MeV] [MeV]
This work | —28.83 +0.50 £ 0.10 1.84 + 0.06 + 0.01 1.34 + 0.04 4 0.01 2.07 +0.07 4 0.01 _ 0.956 4 0.030 + 0.007
Theory
LFQM 1.12 [238] 0.69 [238] 1.16 [238] 0.72 [238]
RTQM 1.78 + 0.33 [239, 240] 1.26 + 0.17 [239, 240] 2.11 + 0.29 [239, 240] 1.01 + 0.15 [239, 240]
rE:t - g%+ 4+ =49 rE:? - gfa" +=%0)
[MeV] [MeV]

This work 3.18 £ 0.10 + 0.01 3.03 £ 0.10 + 0.01
Experiment < 3.1 (CL=90%) [228] < 5.5 (CL=90%) [229]
Theory

< 2.34 0.1 [230] < 2.340.1 [230]

1.191— 3.971 [231] 1.230 — 4.074 [231]
HHCPT 2.44 + 0.85 [234] 2.51 + 0.88 [234]
LFQM 1.81 [238] 1.88 [238]
RTQM 3.04 + 0.50 [239, 240] 3.12 4 0.33 [239, 240]

Table 7.4: Values for the coupling g=«+=o,+ and decay widths rE:t — =Z0n),
L(E:t — =29, T(E0 — Zra7) and T'(E:° — Z%70). Experimental upper
bounds for the total =+ and Z*° widths, and different theoretical calculations

C
are also shown.

with

AURSE = on (Z0 1/2 —1a| K| JER0) |52, 172 0>NR7 e (728)
which expressions can be found in appendix I.

Results for the coupling gz +z9,+, the widths rE:t —=2%"1), rE:t — =40,
IE:" — =rr) and I'(Z2:° — Z970), and the total widths I'(Zx+ — =07+ +
Er7%) and T'(E:° — =970 + Zf7~) appear in Table 7.4. Our values for (2 —
Efa0), I'(E" — =Fr7) and T(Z:Y — Z97°) are obtained with the use of
9=+ +Eg7r+/ (ME;" + ME(C)), and with the appropriate mass changes in the rest of
factors in Eq. (7.26). For I'(E:+ — =f7Y) and I'(E:° — =%7Y) an extra 1/2
isospin factor should be included. Our results for T'(Z+ — =07 + =+ 7Y) are
slightly above the experimental bound obtained by the CLEO Collaboration [228].
As for the ¥} decay case above, the AP1 and AP2 potentials gives results closer
to experiment. For I'(E:° — =z~ + Z%7Y) our result is well below the CLEO
Collaboration experimental bound in Ref. [229]. Isospin breaking due to mass
effects is clearly seen when comparing the predictions for I'(Z:+ — Z%7~) and
['(Z:T — Zf7%). One finds a factor 1.4 difference when a factor of two would be
expected from isospin symmetry. Again, the fact that there is little phase space
available makes the results very sensitive to the actual mass values. Compared
to other theoretical calculations our results agree nicely with the ones obtained
within the RTQM of Refs. [239, 240], while they are larger than most other deter-
minations.






Chapter 8

Conclusions

This work has been devoted to the study of different properties of hadrons with
one and two heavy quarks ¢ and/or b. All calculations have been done in the
framework of a nonrelativistic constituent quark model. In order to check the
sensitivity of our results to the inter—quark interaction we have used five different
quark—quark potentials. The spread in results gives an estimation of theoretical
uncertainties and so has been quoted. Most observables studied change only at the
level of a few per cent when changing the interaction potential. Another source
of theoretical uncertainty is the use of nonrelativistic kinematics in the evaluation
of the orbital wave functions and the construction of our nonrelativistic states,
although we think that a good part of these relativistic effects are contained in
an effective way in the parameters of the quark-quark potentials, which were
adjusted in the original works to reproduce the experimental spectra of mesons.
Mesons wave functions have been evaluated using a Numerov algorithm, while
for baryons the three body problem has been solved using a variational approach
with ansatz wave functions that include simplifications that arise from HQS and
HQSS. To compute hadron decays we have relied on the impulse approximation,
which induces small axial and vector current conservation violations due to binding
effects. These binding effects, though they affect some of the weak form factors
analyzed, have little influence on the decay widths.

e In chapter 3 we have evaluated leptonic decay constants of D, D*, B and B*
mesons, and form factors and decay widths for the semileptonic B — DI 7 and
B — D*lv.

Our analysis of leptonic decay constants shows that in a nonrelativistic cal-
culation the equality fyy My = fpMp is satisfied within 2%. This equality is
expected in HQS in the limit where the heavy quark masses go to infinity. The
nonrelativistic result suggests that the HQS infinite mass limit sets in already at
the m. scale, something that is not supported by lattice data for D mesons where
one finds deviations as large as 20% from the above equality.

One also finds problems in the semileptonic B — D and B — D* decays. We
have seen how the h_(w) form factor of the B — D decay and the h4,(w) form

129
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factor of the B — D* decay are not reliably calculated in the nonrelativistic quark
model where one finds large deviations from the HQET relations of Eq.(3.22). We
have tried to remedy this failure by evaluating the Isgur-Wise function from a
form factor whose calculation in the quark model we trust: hy(w) for the B — D
decay, and ha, (w) for the B — D* decay. Those Isgur-Wise function were later
used together with HQET constraints in Eq.(3.22) to recalculate all other form
factors. The two Isgur-Wise functions thus determined show an overall reasonable
agreement with lattice data but in both cases the slope seems to be too small.
This deficiency multiply its effects when one goes to larger w values and as a
consequence the quantities Fp(w)|Ve| and Fp«(w)|Ve| go above experimental
data for w values larger than 1.2, and for any reasonable value of |V|. A failure
of some kind is expected in a nonrelativistic calculation as w increases. For w = 1.2
the three momenta of the final meson amounts to 66% of its mass and relativistic
corrections in the wave function could start to be important. On the other hand
we believe our results are sound at zero recoil (w = 1). That enables us to obtain
|Vep| = 0.040 4+ 0.006 from the B — D decay. This result is in perfect agreement
with the value |V| = 0.040 £ 0.005 previously obtained using the same model in
the analysis of the A, — A, semileptonic decay in Ref [144], and in good agreement
with a recent determination |V = 0.0414 + 0.0012 + 0.0021 £ 0.0018 by the
DELPHI Collaboration [151], and with the average value |V| = 0.0416 £ 0.0006
favored by the PDG [188]. The experimental situation concerning the B — D*
reaction is not so clear as different experiments give values for Fp«(w) |Ve| which
are hardly compatible. From DELPHI Collaboration data [151] we would get
|Vep| = 0.040 + 0.003 in agreement with the above result.

Finally we have made use of PCAC to evaluate the strong coupling constants
gp+Br and gp+pr. Our results are larger than experimental data or the results
provided by lattice and QCDSR calculations. In this case the final meson is
nearly at rest and one would expect a nonrelativistic calculation to perform better.
The main difference with the other observables analyzed is that here the two
active quarks are the light ones. On the other hand the value for the ratio R =
gg:g:gg)) J;B; \/\/:7;]; in Eq. (3.54) agrees with the HQS prediction and with the one
evaluated using a combination of lattice and experimental data, being also close
to a QCDSR determination.

Results of this chapter were published in Ref.[242]

e In chapter 4 we have made a comprehensive and exhaustive study of exclusive
semileptonic and nonleptonic two—meson decays of the B, meson. We have left
out semileptonic processes involving a b — w transition at the quark level to avoid
known deficiencies both at high and low ¢? transfers (see section 4.1). For simi-
lar reasons we have only considered two—meson nonleptonic decay channels that
include a c¢ or B meson in the final state. Our model respects HQSS constraints
in the infinite heavy quark mass limit but hints at sizable corrections away from
that limit for some form factors. Unfortunately such corrections have not been
worked out in perturbative QCD as they have been for heavy-light mesons [135].
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Our results for the observables analyzed are in a general good agreement
(whenever comparison is possible) with the results obtained within the quasi-
potential approach to the relativistic quark model of Ebert et al. [165, 166].

The branching ratios for the leptonic B, — c¢ and B, — B decays are also
in reasonable agreement with the relativistic constituent quark model results of
Ivanov et al. [162, 163].

For the nonleptonic B, — n. My and B, — J/¥ M two-meson decay
channels with M, =7~, p~, K—, K*~, we find also reasonable agreement (better
for the J/W¥ channel) with the Bethe-Salpeter calculation by El-Hady et al. [170]
and the light front calculation by Anisimov et al. [177], while our results are a
factor of two smaller than the ones by Ivanov et al. [162], and Chang et al. [167—
169], the latter obtained within the nonrelativistic approach to the Bethe-Salpeter
equation. For the two—meson decay channels with x .0, X1, e, Xe2 or ¥(3836) as
the final ¢¢ meson and Mp = 7n~, p~, K—, K*~ our results are generally a factor
of two smaller than the ones of Ivanov et al. [162], whereas for some channels
(Xc0T ™5 Xc0p s he ™, hep™, Xeom™ and xe2p~ ) we find very good agreement
with the results by Chang et al. [167-169]. The disagreement with Ivanov et al.
extends to the two-meson decay channels with final c¢¢ and D mesons. There we
find good agreement with the results by El-Hady et al. [170] and the ones obtained
within the sum rules of QCD and nonrelativistic QCD by Kiselev [174].

As for the two-meson nonleptonic decay channels B, — B My with Mp =
n—,p , K, K* we are in a reasonable good agreement with the results by
Anisimov et al. [177]. For the case of a final ES or E:O the agreement with the
results by Ivanov et al. [162] is very good. For the B, — B~ Mg case with
Mp =79 p° K° K*°, and apart from the results by Ebert et al. [166], we find
no global agreement with other calculations, neither do they agree with each other.

From the above comparison one sees that there are different models producing
sometimes very different results for the same observables. Accurate experimental
data is needed to shed light into this issue.

Results in this chapter were published in Ref. [243].

e In chapter 5 we have computed wave functions, spectra and other static
properties of doubly heavy baryons. In order to build our wave functions we have
made use of the constraints imposed by the infinite heavy quark mass limit. In
this limit the spin—spin interactions vanish and the total spin of the two heavy
quarks is well defined. With this approximation we have used a simple variational
approach, with Jastrow type orbital wave functions, to solve the involved three-
body problem. We have also checked that our wave functions have the correct
behavior in the infinite heavy quark mass limit.

Among the static properties, our results for the masses are in very good agree-
ment with previous results obtained with the same inter-quark interactions but
within a more complicated Faddeev approach [75]. In some cases we even get
lower, and thus better, masses. We have calculated charge densities (charge form
factors) finding that the corresponding mean square radii are again in good agree-
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ment with the Faddeev calculation of Ref. [75]. We have also evaluated magnetic
moments. Being the total orbital angular momentum of the baryon L = 0, the
magnetic moments come from the spin contributions alone. With the exception
of Y EZFC and QY we agree perfectly with the Faddeev calculation in Ref. [75].
For the magnetic moments of Egc, E;rc and Qgc the discrepancies between the two
calculation are very large. The origin might be attributed to the possible presence
of a non—negligible S;, = 0 component in the wave functions of Ref. [75]. In our
case we have Sj, = 1 which we think is a good approximation based on the infinite
heavy quark mass limit. This assertion seems to be corroborated by the results
obtained in the relativistic calculation of Ref. [215], at least for the =) and QY.
cases.
Results in this chapter were published in [244].

e In chapter 6, and using the wave functions obtained in chapter 5, we have
evaluated form factors, decay widths and angular asymmetry parameters for semilep-
tonic decays involving the ground state of doubly heavy = and 2 baryons. We
have a small vector current violation by an amount given by the binding energy
over the mass of the baryon that disappears in the infinite heavy quark mass limit.

Our results for the total decay widths are in reasonable agreement with the
ones obtained in Ref. [220] using a relativistic quark model in the quark-diquark
approximation, while they are much smaller than the ones obtained in Ref. [222]
by means of the Bethe-Salpeter equation applied to a quark-diquark system.

For the weak form factors the results exhibit an apparent SU(3) symmetry
when going from = to ) baryons. This is due to the fact that we have two heavy
quarks and the light one acts as a spectator in the weak transition. This apparent
symmetry appears also in the decay widths and asymmetry parameters. On the
other hand SU(3) violating effects are clearly visible in some static quantities like
charge form factors and radii and magnetic moments, that depend strongly on the
light quark charge and/or mass.

Results in this chapter were published in [244].

e Finally in chapter 7 we have evaluated the widths for the strong decays
Y5 — Aem, ¥. — Acm and Ef — =.m. We use HQS constrained wave functions
taken from Ref [200] and that were obtained solving the nonrelativistic three-body
problem in a similar way as the one used in chapter 5.

The pion emission amplitude has been obtained with the use of PCAC from
the analysis of weak current matrix elements. Our results are rather stable against
the quark—quark interaction, with variations in the decay widths at the level of
6-8%. We find an overall good agreement with experiment for the three reactions.
This agreement is, in most cases, better than the one obtained by other models.

Results in this chapter were published in Ref. [245].

For all single and double heavy hadrons studied in this thesis, we have shown
that NRQM calculations respect the HQS and HQSS constraints obtained in the
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infinite heavy quark mass limit. On the other hand the deviations from that limit
for the actual heavy quark masses are not always in agreement with HQET predic-
tions, and we had to include corrections at some instances to improve the NRQM
results. On the other hand we find NRQM results for many observables agree
with experiment, lattice results and quark model calculations where relativity is
explicitly included.






Appendix A

—

e(y)(P) Polarization vectors

Different sets of polarization vectors used in this work:

P=0
n(P) = 0,75, = 75:0)
Spin or helicity bases 8?71)(13) = (0, \/iﬁ, —%, 0)
eloy(P) = 1(0,0,0,1)
P=|Pk
0 (P) = (0.=75,=75,0)
Spin or helicity bases El{,l)(ﬁ) = (0, %7 _L?a 0)
oy (P) = (£],0,0, 28
P =—|Plk

Spln base 5‘?_1) (ﬁ) = (07 \/iiv _Lza O)

Helicity base El{,l)(ﬁ) =( ,—\%7 - 270)

(A.3)






Appendix B

Matrix elements for the
leptonic decay of pseudo scalars
and vector mesons

The matrix element needed for the evaluation of the pseudoscalar decay constant is given
by

_ —1)z s
O‘Jflfzo‘P,O —\/_/d3 (P) (
(o] 220 P2 Kt o0 P) T 3, BT
sy, £, () Y0Y5 Usy, £, (—D)

3 (_1)1782
_f/ dpﬂzf(“ om0 P (s 2E;, (5)2Ey, (D)

S$1,52

3
p)

U—s,, f2( )70 Usy, fl( )
(

—Z—/ dip| &, (Ip)) 15 2\/<Ef1 7) +mp) By, () + my,)

fis f2 4Ef1(ﬁ)Ef2(ﬁ)

B 7|?
(1 En >+mf1><Ef2<ﬁ>+mf2>> (B.1)

where we have used the fact that vs #(9') = v5 u—s, £( D).

—
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Similarly for the vector meson case

1

_1)5*32
0| 0)| v, 00) —\/—/d3 v |
(o]0 pslzf“f” oot P o T 2, 5285, )

Us,, f2( H) V3 Usy, fr (_ﬁ)

1

3 » (=127
_\f/de% i P oy JBE 10 )

=
81,52 p

u*523f2 (ﬁ) V375 Usy, f1 (_ﬁ)

— /Om dip| &4y, (1) W\/ (B fé%g%(ﬁfg)) +my,)

(1 + ik ) (B.2)
3(En(0) +myp ) (Ep(P) +myp,)



Appendix C

Expression for the V/(|q])
matrix element

In this appendix we give the expressions for the V#(|¢|) matrix elements introduced in
chapter 3 for the B — D decay. They are just a particular case of the ones presented in
appendix E

VHT) = IR <D, oy \ (JEP)(0) \ B, 6>
my, .
\% szzED /dBp Z <¢(51 ), (s2, f2)( — |q|k+p ) Z¢ESB)b) (s2,f2) p)

51,82

1

V2E7IE + )2E4(

sy o (|71 K = §) Y ug, 4 (—5)  (C.1)

2

where fy represents a light u or d quark.
Going a little further we have

D my. = . (B =
— Vsl [ - (W00 D) H007)

Mme + My,

(Ec(lcfllé' +7)+ mc) (Eb(ﬁ> + mb>

x =
AE(|q [k +P) Eb(P)

512 +p. 14|
(Ec(IcTIE +p*]))+;f) q(Eb( )+mb> (C2)

x| 1+

In the case of equal masses m;, = m, and for || =0 (w = 1) we will obtain

V0(|i|)“§‘:0 = 2mp (03)
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Similarly

o I (o m S an ) B -
V7)) = —Vama2Es(-D [ d3p5(¢£,}2<|#|q|k+p|>) 93,7, (171)

me + mig,

(Ec(lcﬂ/%#ﬁ) + mc) (Eb(ﬁ> + mb>

x =
AE(|q[k + 7)) Eb(P)

= p- +1q]
X = = C4
(Eb(p)+mb Ec(|q_'|k+ﬁ)+mc> (©4



Appendix D

Expressions for the V;*ZL and

)

Ag\*)u matrix elements

In this appendix we present expressions for the V)\(*BL and Ag\*)ﬂ matrix elements introduced
in chapter 3 for the semileptonic B — D* decay. They are just a particular case of the
ones presented in appendix E

V;f;(|(j|) = /2mp2Ep-(—q) NR<D*, A — |cf|/%" (J‘C,b)#(o)‘B, 6>
N
3 (D", A) mf (B)
= /2mp2Ep+( / d’p Z < (s1,¢), (52, fz)( e _|_;nf Z¢ 1'b), (s2, f2 P)
81,82
1 — -7 — —
= u51,0(_|Q|k_p)'}/,uus’l,b(_p)
¢2E 71 + ) 2B (5)
ACLOTD = VEma2En D o DA 71| (59,0 \ B 6>
NR
3 (D", A) my. . (B)
= /2mp2Ep+( /d P Z < (s1,¢), (82, fz) Mo _'_;nf +7) ) Z¢(S/1 b), (s2, f2 P)
81,82
sy (1| & = D) yuy5 sy o (— )
V2E7IE +5)2E4(5)
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So that
® (17 — __ﬂﬁfjﬁf___/ 3 HP) (| M 7)) 6237
ViYL (170) mp2Ep- d’p cﬁGn%+mﬁmw+ D A2
(Ec<|cf|l€+ﬁ> +mc) (E #) +mb)
X =
4E.(|7|k +p) Ey(p)
= p. + 4]
X =
EyP)+ms Bk +7) + me
(D.2)
* — m -7
N e e I R Gl P e R R
c 2
(Ec<|cf|l€ 1F)+ mc) (Eb@) n mb)
X =
AE:(|7|k + D) Ep(p)
2 1212 -
w1y 2p; — | p|* — p: |7
(Ec(|§|k+ﬁ) +mc) (Ebw) +mb)
(D.3)
1
A% (17 W/ 3p = (4P 7)) 6517
0,0l mpatip d’p Ly De, f m+mf2|61|l€+ |) (|p|)
( (7R +7)+ )( +mb)
X
4E +p) E
y = pz+|q|
Ey(@) +mb  E(|7lk+ §) + me
(D.4)
1
A% (17 ¢;—ﬁf———/ 3, 1 7)) 42 (15
0.3( mpalip« d’p Pz Cf2 mc+mf2 |CI|I€+ |) (|p|)
( (7R +7)+ ( +mb)
X =
AE(|7)k + §) Eb(p)
2 |72 =
w1+ 2p; |p| +pz|Q| (D.5)

(Ec(lcfllﬂﬁ) + mc> (Eb(ﬁ) + mb)



Appendix E

Expressions for the
VA(|q]), V&)(\(fl), VT“W(\CTI) and

AP, A (1), Al (1)

matrix elements

E.1 Transitions involving quarks

Here we give general expressions valid for transitions between a pseudoscalar meson M
at rest with quark content ¢, gy, and a final Mr meson with total angular momentum
and parity J™ = 0~,07,17,1%,27, 2%, three-momentum —|7|k and quark content a5qy,-
In the transition it is the quark that changes flavor. The phases of the wave functions are
the ones chosen in Egs. (4.1,4.2,4.3). We generally have

VA1) - A1) = VIEER (D) (M)A~ [d]F

* ~

_ ./ = 3 (MFp(J7),N) = (M;(07)) — my. S
= 2m12EF(—Q) /d pz Z (¢(Sif}{)7(827f2)(p)) ¢(Slff1)7(s2;f2)(p_ - |q|k)
1

Jii () ‘ M (07), 6>

s 81,82 My My
1 _ mg. o7 o my, N
M e g (——— T FIE = ) = ys) sy gy (— (7R —
2%, 28, 51 mf{+mf2lq| P)v* (I =) 1,f1(mf{+mf2|Q| )
(E.1)
where V*(A") represent any of the V# (A*), V(’;\) (A’(‘)\)) or Vj’f()\) (A%()\)), and where Ey/
. . ) mes R . my - .
and Fy, are shorthand notations for Ef{(—mm |k —p') and Ey, (WW |k —p)

respectively. Defining also Ef{ = By +my; and E 1 = By, +my, we arrive at the following
final expressions:
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e Case JT =0~

o = L op07)) 1=\ " 2(Mi (0~
Vo) = VemBRT) [ a5 (6350 VD) it ”(p

- :
T N L P
. (=5 gy |91k = P) - (G, |41k =)
Ep By,
- > L aMr(07)) 1=\ (M7 (0~ 4 my .
VAa) = VemB (D) [ &' o (8450 15)) @J&”(p—g7¢%;Mk
2
~ o~ myry ped _ ’mf{ g
y Ef{Efl 7mfi+mf2 7| — p- ™ Fmp, 17| — p-
4By Ey, Ey, Ey,
(E.2)
e Case J* =07"
F(Mp(07)) (- ) o0 (|- me e
(6= D))" i (p ik
Tk =7) P (5, 10k P)
+ -
Ey
(Mp(01)) (1~ ) o0 (|~ my
(50 ) e (|5 ik
myr SL = my, ST o
gy 41k — ) (mfﬁmfz 7’|k p)>
Ef{Efl
M - mf, 7k —»>
— Pz —p
mf,+mf2lq| pz) P ( mfﬁmhIql
my, = my 2\
7l —pz) P ICJIk—p)]}
mpy +mf2| | ) ( myi+my,
(E.3)
o Case JT =1
1)1/ >
viL Mgl =
—i = L oaoar@)) =0 204r00) (| = My 7
= —Van2Er () [ dp o (307 ) - z
—Vam2Be ) [ @ = (6350 ) e (|7 e
PPN m gy =1 _ ’m'f{ —
y Ef{Efl _7mf{+mf2 17| — p- 7mf{+mf2 17| — p-
4By Ef, Ey, Ey

(E.4)
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and similarly

17)0/ >
AL () =
i 2m2Ep(—q) | d°p {VIF(l ) (|7 )* S0 (|- My e
2B D) | S D) (|7
2B [ M
Efl’Efl mf/+mf2 |q| mf{+;nf2 |Q| Pz
X + -
AEy Eyy By, By,
17)1/ >
A
i 7 Me) (=0 M) (|~ fo -
— L om2Ee(—q) [ & ( e ) ( - k)
VBT ) M (R

AEs By

mf, -
mpy: + my, |q|

. (M S\ a0~ L
— /B D) [ ¢ (3507 0) e (|-

)

my N
(1 2(— qul )'(W|Q|—pz)
Ef{Eh
mgr -7 N my. 7 N
_(—mf/ﬁnfz 7|k —p) (mfﬁ?nfz Iqlk—p)>
Ef{Efl

o Case JT =17

11,5,4=0)0/|
V)f:o a7=0) (1)) =

_ 3 (Mg (17,844=0)) | - ) (M1 (07)) _ o myp 1T
= WAVEREED) [ d o (G0 ) R (|- )
Myt ﬂﬂ_ﬂ . mf, ﬂﬂ_ﬂ
(=5 gy |91k = P) - (G |41k =)
X 14+ —

17,844=1) 0, -
vy 7)) =

=0
Mp(1t,S,4=1)) /| - (Mr(0~
\/7 /2m2Ep(— /d3 (G P}i ))(| |)) fl,lf(z 2 ( p—

4| p|

EgEr |q|(p?2 —p?)
4Ef{Ef1 Ef{Efl
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5 (). VA

oy (DA (7)), Al (171). Ay (1)

(1+ Sqq=0)1
v oPe =0 (g =

(M qézo o M
VIR [ i () e (|-

47Tlpl

EpEp 1 1
4; PR G
f{Ef1 Ey, Ef{
(1, Sqq=1)1
i ()

\/ﬁ (Mp(17,84q=1
= 2 2mI2EF /d3 f17l}2( aq= ))(| |)) ¢f]1\/711f(20 ) ( p_

BB P2+ P+l Pt e
Efl’Efl Yy z 2 m  myg, py pz Pz|q m
4Ef{Ef1 Ef/

1

VL Se=03(g)) =

= iV3\/2m2Ep(— /d3

(Mrp(17,844=0)) /| = (M7(07)
(B aan) e (

_ M 7] — i =
<7nf{+mf2 |q| Dz _mf/+mf2 |Q| — Pz
= + L

Efl Ef/

AE; Ef

=1) (1>
V() B (p

and similarly

11,5,4=0)1, >
AL 5= (7)) =

\/>\/ 2m12EF / dgp

(MF 5¢7=0)) (| > 7 (M1 (07))
)

. my,
4 Ipl P mf’+mfz| 7l D

EpEp pilq|
AEy Ep By By
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17,80=1)1,|
AL S =) =

\/2m12EF / d*p

(Mp(11,8,5=1)) /| - ~ 0~
¢f171;2( Sqq= ))(| |)) (bchIf( ))<p_

PPN " 7k — ) (= (7l —
X EyEn {p <1_( Myt |71k~ P) (mf{erfz |71k p)>
4By B | 77 EpEp
L =y psld] }
my Mg, Ep Epy
(E.7)
o Case J© =27
27)0/ >
%Azun=
(Mp (2~ — (M (0~ m 17
\/ \/2m12EF /d3 ¢f1 ;2( (Ip |)) ¢f171f(2 ) ( p—mf+mf|Q|k>
1 2
y EpEp p. (P2 +12) |7
AEs B, E¢ Ep
27)1 —
V() =
i \/g = 3 (Mp (2 — * 2(Mr(07)) -~
=i 2m2Er(—q) /d |q|2 (¢f1 f2 (|P|)) (NS P—mmk
_ m.f2 —
_ pZ+ mf{_;’_me |q|
By
27)3 /1>
Via (1)) =
(Mp (2~ . (M (0~ m 17
— i VEmE D) [ e (6007 0) e (|- )
1

Ef’Efl 1 1
B P a+p) | =— =
1R Es Ey

1

(E8)
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5 (). VA

oy (DA (7)), Al (171). Ay (1)

and similarly

AR (7)) =

= Z?\/?ITLIQEF(—(T) /d?’p

e Case J& =27

21 o
V:I(“A )+1(| |) =

V3 - 3 (Mr(25) (50" HM1(07)
= ZT 2m[2EF(_Q) /d A |ﬂ| (¢f17f2 (| D) (bfl f2 (p_

71k

)

Py —p?— pz|Q|m fos pz+pz|Q|m

mpy: —|— mg,

EpEp

X
AEs B, Ey Ey,
(E.10)
and similarly
2t)0
AG20l) =
_ __ omi2Em(—a d3 ( (Mr(27)) —') 2(M1(07)) _ fo -
= VImRB D) [ ap g (5 0) e (| il
~ o~ 2
EjEp pa+ 2 2pz_2pz|Q|W pa+ s — 2pz+2pz|Q|m
X + =
ABp B, Ey, Ey,
2t)1 o
A%A’Hu ) =
\/W &Pp 2(Mp(21)) ﬂ) (Mr(07) (| »_ _ ™M 21
Yo / o (0 ) SR (| o Ll
ki k—p)

mgr = N my. —
{ X (—W|Q|k—1))'(m|q|
Dz -

Eg Ef

Ly my 7mf/
4p.p3 — p2lq |W }
1
By En
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+ —
AR =

= —z\/—\/ZmIZEF /d3

MpE@Y) 1oy 2(M1(07)) _
o (e a) " e (|

E.2 Transitions involving antiquarks

When it is the antiquark that suffers the decay the expressions are modified as de-
scribed below for a general transition between a pseudoscalar meson M; at rest with
quark content qf, gy, and a final Mp meson with total angular momentum and parity

J™=0",0",1",1%,27, 2%, three-momentum —|{|k and quark content a5y, We have

V(T A1) = VEmEBRCD) ,,  Me(7) A~ g1F | #2500 [ 1007), )
NR
o 2Er (=) 3 <Mp TN =) g0 = Mmp 2|k
2mi2Ep( / d pz 122 ¢(51 f1) (53, fz)(p)) (b (s1,f1), (s2, f2)( P+ my, +my; |71k)
52 51,8
(-1)== mp e £ ap
S k"’ s I— s’ 1 — 2 k+
75, 75, v2,f2(mfl+mfélq| )Y = 5) vsy, 15 mf1+mfé|Q| )
(E.12)
where V#(A*) represent any of the V# (A"), V(’;\) (A’(‘)\)) or VT(A) (A%()\)), and By, Ef,

. Myl S, =
are shorthand notation for Efé(—mm |k +7), Ef, (mm |k + 7). We can use
now that
ves(F) = (D)7 Cal (7)o vap@) = -(-DYP Ul @)CT (B13)

where C is a matrix given in the Fermi-Dirac representation that we use by
C=iy*y° (E.14)
and that satisfies

; C’yTCT Yo (E.15)
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5 (). VA

oy (DA (7)), Al (171). Ay (1)

Using the above information and making the change of variable p’— —p" we can rewrite

Vi ql) — A7) = v2mi2Ep(=q)
3 (Mp(J7), N) ~ 2(Mr(0 o~ mp ST
/ d pz Z ¢ 517f1)a(5'2,fé)(_p)) ¢(S1 f1), (s2, f2)( ( o my, +my; |q|k)>
sh 51,82 1 2
1 _ my; > my 7 o
— s sy gy (—————|q |k — D) V(=1 = 75) tsa, po (—— |71k — D)
V2E5 2B, I my +my 2P, g
(E.16)

By comparison with the corresponding expressions involving quarks we find that, apart
from the changes in the masses involved, there is an extra minus sign for the vector part,
and, due to Clebsch—Gordan re-arrangements and the fact that Y, (—p) = (—1)! Vi, (), a
global sign given by (—1)l+s1=lr=sF where I1, s; (I, sr) are the orbital and spin angular
momenta of the initial (final) meson.

In any case this implies a change of sign in the relative phase between vector and axial
contributions, which in its term produces a sign change in the tensor helicity components
combination Hp due to the fact that H41 41 goes into H_; —1 and vice versa. All other
tensor helicity components combinations defined in Eq.(4.36) keep their signs.

A simple way of anticipating the above result is the following: the current for gy,
decay into qy; is

W s, (0)7*(1 = 75) W (0) (E.17)

But for antiquarks the fields that play the similar role as the W fields play for quarks are
the charge conjugate ones WC. In terms of the latter the above current is written as

T, (007" (I —45)W 14 (0) = Ty, (0)3*(—1 — )5, (0) (E.18)

Now this is similar to the current for quark decay but with an extra minus sign in the
vector part. Whatever other changes might come from reorderings in the wave functions
we will have an extra relative sign between the vector and axial part.



Appendix F

Expressions for the helicity
components of the hadron
tensor

In this appendix we give the expressions for the non—zero helicity components H,s of
the hadron tensor, as defined in Eq.(4.32), corresponding to a B, — c¢c transition. The
different cases correspond to the ones discussed in the main text.

e Case 0- — 0,07

m2 — m2. 2
Hur(Po, . Pec) = <BT Fi(@) + Ve F_(cf))

2
Hio(Ps,, Pec) = Hot(Pp,, Pec) = N2 (q*, m%_,m2;) (

mp, —

)\(q2a m2 ’ mz&)
— ) (F.1)

e Case 0~ — 17,17,

Hoo(Pg., Pes) =

2 2 2
/\(q 7mBC7mcE

9 2
) (<ch —med) (Aola?) — As (q) — q—A(cﬁ))

Htt(PBc7 Pcé) = 4mgaq2 mp, + Mee

HtO(PBcapcé) - HOt(PBCaPcE)
N2 iy :

- 2mca\/q_2 ) {(ch — M) (AO(qg) - Ay (q2)) - mA(qg)}

2 2 2

m3y —q® —mz,
x |(mp, — mca)—Bb e Ao(qg) -
2meen/ G2

NG i i)

mp,. + Mee

A@* mp ,mZ)  Ai(q?)
2Mez /g2  MB. + Mce

Hi14+1(PB., Pee) = < V(g®) + (mp, — mee) AO(Q2)>

AL/2 (QQv mQBcv m%é)

mp,. + Mee

2
H_1 —1(PBC, Pca) = <— V(qg) + (ch - mcé) AO(q2)>
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2
m% — q2 - mga )\(q25 m? 7mgé) A 2
Hoo(Ps,, Pos) = | (mis, — mee) TB=— L ety g2y . +(a)
2Mee V q2 2Mmeg V q2 mp, + Mee
(F.2)

For a B, — B transition (with B representing any of the B = EO, E*O, B, B*7),
where it is the ¢ antiquark that decays, we have to change the mass of the final meson in
the expressions above and take into account the changes in the form factors that derive
from the discussions in appendix E.2.

e Case 0~ — 27,27,

A? (q ch mQ)

Hio(Pp,, Poc) = (T1(q®) + (m%, — m2) To(d®) + ¢* Ta(d) )

24 m2. q?
HtO(PBC7 cc) HOt(PBCaPcc)

/\S/Z(q ,m2 7m27)
= 2 (T2(e%) + (m3, — m%) Ta(®) + > Ts(¢) )

cc

24 m2. q?
x ((my, —¢® —mZ) Ti(q*) + Nq®, mp,,mZ:) Ta(q”))
g%, m% ,m2;) 2
Mo (P, Poe) = 2B (7 (2) X122,y m2) Tala?) )

)\((]2, mgB ’ m2’)

2 () 4 A i m2) Ta(e) )

H_1-1(PB., Pez) = S

/\(L]Q, mQBca mgé)

2
Hoo(PB., Pee) = ((m%, —a* —mZ) Ti(q*) + A(a*,mB_,mZ.) Ta(q*))

(F.3)

24 m# ¢2



Appendix G

Variational wave function
parameters for doubly heavy
baryons

In Tables G.1 (doubly heavy E baryons) and G.2 (doubly heavy 2 baryons) we give the
variational parameters of the orbital wave functions evaluated with the different quark—
quark interactions analyzed in this work.
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b1 d1 a2 b2 d2 as b3 ds aq ba dg Qpy Qp,

Ee.c ALl | 178 037 038 104 028 057 124 066 1.36 156 0.08 044 0.44
AL2 | 248 009 125 1.50 001 034 1.55 146 220 221 1.82 045 045

AP1 | 214 014 083 145 -0.01 067 1.95 1.77 269 298 1.34 040 0.40

AP2 | 1.86 0.11 048 1.25 014 0.62 1.62 117 192 220 126 041 041

BD | 1.71 018 037 1.23 016 085 1.59 096 146 207 1.22 044 0.44

=r. ALl | 1.26 040 -0.03 0.82 -0.30 0.55 0.89 054 076 166 0.15 083 0.83
AL2 | 1.18 053 -0.02 065 -0.36 0.58 0.85 058 129 1.71 012 083 0.83

AP1 | 193 017 066 137 000 0.67 229 156 1.66 299 128 076 0.76

AP2 | 1.18 046 -0.02 064 -0.38 043 079 065 159 1.73 012 075 0.75

BD | 1.23 031 -001 072 -022 053 097 063 122 1.79 017 073 0.73

S ALl | 237 023 1.26 131 085 147 193 104 117 209 213 039 0.39
AL2 | 235 181 154 1.57 141 203 211 027 0.69 1.85 220 039 0.39

AP1 | 2.66 152 157 1.48 142 199 1.94 037 08 1.77 231 035 0.35

AP2 | 222 193 163 1.53 159 201 223 019 0.69 1.82 208 036 0.36

BD | 274 135 142 142 120 204 1.90 043 085 1.80 254 040 0.40

=5, ALl | 317 015 104 1.89 024 014 147 179 225 284 147 054 0.54
AL2 | 2.82 011 056 1.56 039 057 214 147 147 280 1.89 052 0.52

AP1 | 269 018 088 1.73 033 075 233 1.80 190 3.14 176 048 0.48

AP2 | 278 008 041 1.60 033 071 205 145 156 2.87 191 049 0.49

BD | 340 013 019 274 -0.15 -0.07 213 204 264 38 302 051 0.51

=, ALl | 224 021 039 173 0.0l -0.01 218 -0.78 162 077 184 0.0l 151
AL2 | 240 012 028 1.67 -0.06 -0.01 215 -0.82 129 0.87 149 001 1.53

AP1 | 481 -0.01 278 203 005 -0.15 345 052 231 091 109 001 1.37

AP2 | 2.85 005 098 191 -0.03 -0.15 2.66 -0.19 0.68 099 155 002 1.34

BD | 260 014 058 1.62 005 -004 247 -0.66 1.65 094 128 -0.03 1.54

Spe ALl | 282 0.15 046 237 -0.15 -0.09 1.06 -0.37 1.31 070 1.35 -0.02 1.09
AL2 | 297 008 057 214 -0.11 -0.05 1.5 -0.40 0.92 072 139 -0.06 1.20

AP1 | 291 010 056 216 -0.10 -0.08 1.13 -050 1.21 0.72 125 -0.06 1.05

AP2 | 475 -0.02 198 274 006 038 147 -0.16 3.03 213 -0.04 -0.07 1.09

BD | 264 021 048 238 -008 -0.12 1.02 -057 125 056 174 -0.07 1.20

=, ALl | 1.85 021 -0.19 220 010 -0.02 126 -0.66 127 0.70 171 0.07 1.72
AL2 | 193 013 -0.14 225 -0.09 -0.05 1.0 -0.56 0.92 0.62 1.67 006 1.74

AP1 | 193 0.7 006 254 017 -0.10 097 -0.57 107 055 176 006 1.56

AP2 | 216 0.07 -0.12 1.91 -0.08 -0.09 1.23 -0.78 0.84 0.66 1.14 007 1.48

BD | 279 012 055 214 -005 -003 1.65 -0.83 208 079 1.39 -0.01 1.70

Table G.1: Variational parameters of the three body orbital wave function for

doubly heavy = baryons. a’s are dimensionless, d’s have dimensions of fm and b's
and o's have dimensions of fm~!. Whenever the two heavy quark are different the
suffix hy stands for a b quark and hs stands for a ¢ quark.
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by d az ba do as b3 ds a4 ba dy Qpy Qhy

Qce  AL1 | 1.60 0.29 0.30 1.29 1.20 1.70 1.27 0.25 094 0.85 1.33 0.53 0.53
AL2 | 1.21 0.17 0.25 1.35 1.22 2.04 1.66 0.22 0.69 0.98 1.63 0.48 0.48

AP1 | 2.30 0.11 0.48 1.70 1.26 1.72  1.36 0.12 0.08 0.56 2.55 0.47 0.47

AP2 | 1.63 -0.24 0.62 1.75 2.01 2.86 2.16 0.10 0.16 1.35 2.56 0.49 0.49

BD 1.34 0.09 0.37 1.46 1.30 1.91 1.69 0.28 0.73 1.17 1.55 0.47 0.47

Qr. ALl | 1.29 0.16 -0.01 0.90 -0.49 0.96 0.99 0.75 0.67  2.05 0.13 0.95 0.95
AL2 | 1.41 0.10 0.01 0.72 -0.47 0.99 1.00 0.77 0.71  2.00 0.15 0.89 0.89

AP1 | 1.81 0.10 0.15 1.69 -0.49 1.35 1.06 0.86 -0.08 2.66 0.41 0.94 0.94

AP2 | 2.32 0.04 0.22 1.97 -0.29 1.33 1.07 0.47 -0.65 2.31 1.70 0.92 0.92

BD 1.66 0.15 0.16 1.41 -0.27 1.14 1.26 0.80 0.30 2.21 0.71 0.73 0.73

Qpp AL1 | 1.28 091 -0.07 0.71 1.05 1.86 2.32 0.26 1.38 0.99 1.27 0.51 0.51
AL2 | 1.20 0.82 -0.04 0.65 1.28 1.78 2.56 0.15 1.22 1.03 1.41 0.45 0.45

AP1 | 1.18 0.90 -0.09 0.72 1.24 1.70 2.48 0.20 1.43 1.12 1.12 0.44 0.44

AP2 | 2.00 0.03 0.22 0.58 1.70 2.81 3.22 0.06 -0.63 0.42 3.32 0.47 047

BD 1.47 0.58 -0.09 0.79 1.16 1.68 2.48 0.25 1.25 1.00 1.52 0.46 0.46

Q, ALl | 1.14 1.01 0.01 1.03 0.44 3.05 2.03 0.36 1.20 2.48 1.37 0.68 0.68
AL2 | 0.97 1.30 0.08 0.98 0.75 2.79 2.36 0.19 1.21 240 1.38 0.63 0.63

AP1 | 1.05 1.16 0.11 1.29 0.56 3.25 2.16 0.29 0.86 2.54 1.31 0.63 0.63

AP2 | 0.94 1.30 0.33 1.11 0.76 3.39 2.55 0.11 0.79  2.45 1.75 0.65 0.65

BD 1.52 1.12 0.19 1.15 0.74 291 2.05 0.37 1.29 244 1.41 0.57 0.57

Qéc AL1 | 2.20 0.32 1.00 1.92 0.05 -0.09 2.89 -0.24 1.79 0.75 1.87 -0.14 2.42
AL2 | 2.21 0.22 0.76 2.03 -0.07 -0.16 294 -0.30 1.56 0.78 1.92 -0.18 2.34

AP1 | 5.34 0.04 2.24 2.83 0.01 -1.34 4.37 0.29 0.64 214 -0.28 -0.17 2.35

AP2 | 3.33 0.01 1.71 214 -0.04 -0.36 3.00 -0.20 1.23  0.71 1.88 -0.17 2.34

BD 3.06 0.14 0.83 1.94 0.18 0.44 216 -0.11 1.67 0.75 1.78 -0.24 2.26

Qp.  AL1 | 2.15 0.14 -0.04 1.22 -0.32 -0.02 233 -1.04 1.10 0.84 0.98 -0.20 1.84
AL2 | 2.03 0.15 0.03 139 -0.36 -0.01 237 -0.81 1.22  0.75 1.78 -0.25 1.84

AP1 | 1.89 0.18 -0.02 1.49 -0.40 0.04 2.10 -0.61 1.01 0.81 1.90 -0.24 1.78

AP2 | 2.34 0.02 0.51 4.50 -0.01 0.53 1.82 -0.08 3.95 2.69 547 -0.23 1.78

BD 2.17 0.18 0.15 150 -0.06 -0.01 246 -0.89 1.41  0.75 1.97 -0.27 1.85

Q. ALl | 2.59 0.10 1.01 190 -0.01 -0.27 2.88 -0.13 0.87 0.51 2.88 -0.06 2.54
AL2 | 2.69 0.11 1.15  1.65 0.10 0.08 2.80 -0.07 1.28 0.64 2.90 -0.13 2.51

AP1 | 2.59 0.14 0.96 188 -0.01 -0.08 2.82 -0.23 1.15 0.52 3.09 -0.10 2.59

AP2 | 3.80 -0.01 1.75 1.81 0.03 0.69 2.31 0.03 2.48 0.56 294 -0.11 2.60

BD 2.67 0.12 1.25 1.88 0.06 -0.21 2.97 -0.11 1.15 0.52 3.16 -0.20 2.35

Table G.2: Same as Table G.1 for doubly heavy € baryons.






Appendix H

Expressions for the Fy, F5, F3
and G, Gy, G5 form factors

In this appendix we study the vector Fy, F5, F3 and axial Gy, G2, G3 form factors, defined
in chapter 6 to study semileptonic decays of doubly heavy baryons.

H.1 Form factors in terms of the Z%?(|7|) and K5 Z(|7))
integrals

In this section we relate the vector Fy, Fb, F3 and axial Gy, G2, G3 form factors that we
evaluate in the center of mass of the decaying baryon, to the integrals Z2 2 (|7]), K2 B(|¢])
defined in Eq.(6.15). To simplify the expressions it is convenient to introduce

~ N EB/(—i) —l—mB/ 2EC(CT) = .
F; = — — F; ,7=123
J(|q|) \/ 2EB/(_q) Ec(q) +mc J(|q|) J
5 e Ep(=q) +mp 2E.(q) » .
G, — G, ,j=1,2,3
(H.1)
o Cases S, =1,5, =0o0r S, =0, 5, =1:
F(g) 2 [ ZPPg) KPP ( me L)
Ep(—=q) +mp V3 \ Ee(q) +me 2 E2(q)  mw
Rg)  Bla)
Ep(—=q) +mp mp
~ . EB/(—q) 5
Fillgl) + () + —— Fs(lg]) =0
B/
(H.2)

where E.(7) = v/m2 + @2. From the above expressions we have that Fy = Fj.

o 9 oo 712 KB'B(|7 me 1
-G = = <IB B()) + 2|q(|Ec(cT) f'j% (Ezm + E))
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H.2 ZI75(|7]) and KZ2(|7|) integrals

To evaluate Z8'B(|¢]) and KB B(|7]) we use a partial wave expansion of the orbital wave
functions:

U, (r1,72,m12) E fE(re,m2) Pi(p)

oo

U8 (r1,ra,r10) = Y S (r1,m0) Pi(p) (H.6)
=0

where p is the cosine of the angle made by 7, and 7 and P;(u) is a Legendre polynomial
of rank [. The radial functions ff(r1,r2), le (r1,72), are evaluated as

20+1
le(Tl,Tz) = 9 dﬂ Pi(p )\I/thg(ThTQarlz)
-1
’ 20+1 +1 ’
fP () = 5 dp P(p) W2, (r1,72,712) (H.7)
-1
In terms of those we have
7 5(q)) =
16772222 L0002 [ ar (na L1 T i
17 g ( — q'|r1) ra TS Jl”( —|q|r2)
/ l/l
< (r1,72) £ (r1,m2) (H.8)
with j's being spherical Bessel functions.
And
K52(|q))
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V317 v

|
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with W(I"I'1L;1,1"") being a Racah coefficient and Q, the differential operator!
0 N L S
L=tvl = 20+ 1 \ Orq r1
[ o 1+1
Q71 = — = H.10
L=t 21"‘1(67‘1_'_ 1 ) ( )

For the actual evaluation we restrict the I, I’ values to [, I’ =0,--- ,6.

'Note that the Racah and Clebsch-Gordan coefficients restrict L to the two possible values
L=1+1.






Appendix I

1/2,1/2

Expressions for the A} B

matrix elements

The values for the Agg&%f are evaluated using one-body current operators and their
expressions are given by

1/2,1/2
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With MA:f =my + mq + mc.. For = 0,3 we get the final expressions
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with MEQ =mgq + ms + me. For p = 0,3 we get the final expressions
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