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Chapter 1

Introduction

1.1 Classifications

Particles

A Few decades ago the only known particles were protons, neutrons and
electrons. They were considered to be the elementary particles from which
all matter (atoms) is built.

Soon after, the number of known particles started to increase. More
particles were discovered in cosmic rays and then in high energy accelerators.
So, it was not reasonable to consider all these particles to be elementary. And

a way of organizing and classifying what was called the particles zoo became

1



Particles

Hadrons Leptons
(C, ByTyVey Vyuy l"-r)

Baryons Mesons
(p,n,V,...) (m,p,K,D...)
(999) (49)

Figure 1.1: Particles classification.

necessary.

Now, particles are classified into two major groups: those which partici-
pate in strong interactions and called hadrons (from a Greek word for strong)
and those which do not participate in strong interactions and called leptons.
Furthermore, hadrons are divided into two subgroups: the first consists of
baryons which have half-integral spins and obey Fermi statistics; the second
consists of mesons which have integral spins and obey Bose statistics [24],
see figure 1.1.

Among these categories, only leptons are elementary; whereas hadrons

are believed to be composites of more fundamental particles called quarks.



Confidence in the quark theory is growing even though free quarks have never
been observed and some people believe they will not be.

According to the quark model, quarks come in six flavours, up(u), down(d),
strange(s), charm(c), bottom(b) and top(t). All baryons are composed of
three quarks and antibaryons of three antiquarks. For example, a proton is
composed of two up quarks and one down quark (uud) in the sense that this
combination has the same total quantum numbers as those of the proton.
On the other hand, all mesons are composed of quark-antiquark pairs. For

example, 7* is composed of an up quark and an antidown quark (ud).

Mesons

Table 1.1 lists and summarizes some properties of a number of mesons that
will show up through this study [25]. By looking at the table, we can make
some distinctions between different groups of mesons. One group involves
light mesons which are composed of up and down quarks only and have rel-
ativély low masses. Because of their low rest energies, they are the most
abundant (easiest to produce in accelerators) and therefore the most thor-
oughly studied.

Other groups are strange mesons (contain an s quark), charmed mesons



Table 1.1: A List of mesons and their properties.

———_—%

Particle Quark 1(JP) Mass Mean Life
Composition (MeV) 10~12 (sec)

at, " ud, ud 1(0-) 139.5679 = 0.0007

0 (uz—dd)/v/2 1(07) 134.9743 + 0.0008

pt,p~ ud, ud 1(17) 768.1 £ 0.5

»° (wz —dd)/VZ 1(17) ~

Af ud 1(1+) 1260 =+ 30

K+ K- U3, Ts 1(0-)  493.646 =+ 0.009

K°X° ds,ds 10")  497.671 % 0.031

K+, K™= u3, Ts 11-)  §91.59 + 0.24

KK ds,ds 1(17)  896.10 + 0.28

¢ 53 0(1-) 1019.413 + 0.008

D*,D- cd,ed 1(0-)  1869.3 £0.5 10.66 £ 0.23

D°,D° ¢, Tu 10-) 18645+ 0.5 4.20 +0.08

D+ D= cd,cd 1(17) 2010.1 £ 0.6

D=, D° T, %u 1(1)  2007.1 + 1.4

I/ & 0(1-)  3096.93 % 0.09

Bt,B- ub, T 10) 5278.6 + 2.0 (Average) 12.9 + 0.5

B, B’ db, db 10-) 5278721  7p+/mpo =0.93:+0.16




(contain a ¢ quark) and bottom mesons (contain a b quark). Among these,
charmed and bottom mesons are the heaviest. This is why they are called
heavy mesons and c and b quarks are called heavy flavors.

Finally, it is believed that top quarks are the heaviest of all flavors. But,

till now no topped particle has been discovered.

Decays

In high energy accelerators heavy mesons are produced. Shortly, and under
weak interactions, they decay into lighter mesons and/or leptons through

many decay channels, see figure 1.2.

In particle physics we distinguish between three kinds of weak decays:

e Leptonic: which involve only leptons in the initial and final states (e.g.

ut — et v,).

e Semileptonic: which involve both leptons and hadrons in the initial and

final states (e.g. #* — u*7,).

e Nonleptonic: which involve only hadrons in the initial and final states

(e.g. K® — =x*x™).



D° — K-e‘y, )
D°® — =n~etv, Semileptonic
\ » Final state
D - K -xt
D® — K-p* i
D° — K- _p o+ » Nonleptonic

Figure 1.2: Some decay channels of D°.

Now we can become more specific about the working area of this study.
It will be concerned - as the title says ~ about nonleptonic decays of D and

B mesons.

1.2 Flavour Symmetry

Recently, it was shown that hadrons containing a single heavy quark exhibit
a new flavour-spin symmetry of QCD. This symmetry resulted from approx-
imating the heavy quarks as essentially static sources of color in the Heavy

Quark Effective Theory (HQET).



The B meson has the quantum number of a b quark (B = 1). However, it
is inaccurate to picture it as -a. bound state of the heavy b quark and a light
(u or d) antiquark. Rather, it should be thought of as a bound state of a b
quark, a light antiquark, and a rather complicated superposition of gluons
and additional light quark-antiquark pairs. Calculating the explicit form of
this complicated superposition (known in the HQET trade as "brown muck”)
requires solution of non-perturbative dynamics [9].

So, according to HQET, the physics of heavy mesons is appropriately de-
scribed by replacing the heavy quark by a static source of color. In this limit,
the mass of the heavy quark becomes irrelevant to the dynamics. Quarks
with different quantum numbers and large masses, like b and ¢ quarks, form
bound states in which the light degrees of freedom (the "brown muck”) is in
the same state. This means there is a symmetry which relates amplitudes
involving states with B = 1 to states with C = 1, where B and C are bottom
and charm quantum numbers, respectively.

An atomic physics analogy can be drawn which may clarify the ideas. In
the analogy, electromagnetic interactions play the role of QCD, the nucleus
that of the heavy quark, and the electrons and electromagnetic field that

of the light degrees of freedom. The flavour symmetry, simply states that



different isotopes of the same element have the same chemical properties [9].

1.3 Transition Matrix Elements

For any transition, from an initial to a final state, we are usually concerned

with evaluating the following matrix element:
( final state |H] initial state ).

Here, H is the interaction Hamiltonian which is responsible for the transfor-

mation.
In our work, we are studying nonleptonic weak decays of D and B mesons.

The matrix elements (or decay amplitudes) for these decays are
( final [H5;|D) and ( final |Hg);|B).

If we use the effective dominant Hamiltonians and try to evaluate the
above amplitudes, we find that some of them admit factorization [see be-
low]. Examples are (D° — K~x+,D° — K*"x* and B° — K°p). After

factorization we end up with current matrix elements of the form
(P(P")IVulM(p)),

(V(') | M(p))

8



(01A,|P(p))
and

OIVuIV(2'))-

|M(p)) stands for |D) or |B) mesons, whereas |P(p)) and |V(p')) represent
the relevant pseudoscalar and vector mesons respectively. For such matrix
elements, we substitute the form factor decomposition defined in Chapter 2
which enables us to calculate the amplitude for each exclusive decay.

As an example, consider the decay channel D® — K~=z%. The effective

Hamiltonian for D decays is

G =
Hyy = 2L 0, VVui®v,(1 — 15)ds7*(1 — 7s)e

V2

After factorization, the amplitude is written as

A(D® = K~7%) = —%-ga,v;vudw [E7*75d|0){K ~ [57,¢|D°),

which contains the contraction of a vector and an axial vector current matrix

element.



Chapter 2

Form Factors

Our ultimate goal in this work is to calculate the dec;ay rates of a number of
decay processes. This will be the subject of the coming chapter. Before that
we have to make the necessary step of preparing the form factors to be used
in these calculations.

As mentioned in the previous chapter, we are interested in the processes
where we have a pseudoscalar D° or B° mesons in the initial state and strange
mesons (/K or K°) in the final state. So, we need to evaluate the current
matrix elements that correspond to the transitions D° — K, K* and B -
K, K=. These will be specified once their form factors are known.

In practical life B mesons are heavier than D mesons (mxgo/mpo == 2.8)

10



and therefore more difficult to study. This is why we have less information
available for B decays than D decays.

In this chapter we make use of the quark constituent of these two mesons
in order to relate the form factors of their current matrix elements. Since
both of them consist of 2 heavy quark and a light quark, then it is a suitable
situation where we can apply and test flavour symmetry. More precisely, we
will use the data available on the form factors of the D° — K, K* transitions

to calculate the corresponding ones for the B =K , K* transitions.

2.1 First Decomposition

First, let us present the form factor decomposition of the hadronic current

matrix elements as used in [4]

(K[3v.c|D) = f+(t)(pp + pK)u + f-(t)(PD — PK)u>
(K [5vuv5elD) = f(t)ex + a+(t)(e - pp)(pp + Pr-)u
+a_(t)(e - pp)(PD — PK*)us (2.1)

(K'IE"]“CID) = ig(t)eupwep(PD + pr-)"(pp — PE-)"s

11



where
t =gq* = (pp — px)’ or (pp — Px-)".
Flavour symmetry relates heavy quarks of the same four-velocity v but
different mass (and hence different four-momentum) [4,5]. From this sym-

metry, it follows that

a2 T 1-6/25
B~k _ [T 12 [ay(my) D—-K
R e I e BT Sl
a2l 1-6/25
_ Bk _ | 172 [a,(my) _ f \D—=K
(f+ f-) - | m,. -a‘(mc)‘ (f‘l" f—) ’
e rm.13/2 .Q, ms 9 -6/25 e
(as +a P=K = [ Q_E;n_% (ay +a)P~5",  (22)
LT 4 awria
e re rm 12 [a,(ms)] -6/ e
(o —a P = [Z] 722 T oy -0
e [me] [edmo] 7 o
M. | a,(me) ’
f_B-—»K° — _77_111 7z -a:(mb) e/ fD—oK‘
mJ  [as(m) )

In the following calculations, we take [5]

a,(my) =0.189 and  a,(m:) =0.29.

Also, for quark masses we take [1]

m.=17GeV and m, =49 GeV.

12



In equations (2.2), form factors are evaluated at the same four velocity
transfer v — v'. Therefore, D — K, K" form factors at tp = (mpv —p')? are

related to the B — K, K= form factors at tg = (mpv — p')%. So,

1] (mpv, - p,)(mpv* — p*)

m% + m% — 2mp(v - p),
where X is either K or K*. Similarily,

tp = m% +m% —2mp(v - p).
By eleminating v we get

mp
tg = mQB + mg{ —mpgmp — -n—zz(mg{ —1p). (2.3)

2.2 Second Decomposition

In our work we are interested in a different form factor decomposition of
the matrix elements. It is this decomposition which was used to construct
the model in [1,2], and to experimentally measure the form factors in the
semileptonic decays of D° — K~e*v, and D — T letv..

This decomposition is given below:

m%

(Kfsv,elD) = (PD+P1\'— ) Al + TR ™ = Mk 0, o),

13



2()

(K*FurselD) = —(mp + mx-)Ai(t)e, + (- -q)(pp + PK*)u
+ (zj)zmx.q“ms(u —Ao(t)], (2.4)
(K" FnelD) = —im e e, oepbie

where q = pp — pr(pk-), and Aj(t) is defined to be

mp + m m
As(t) = TEE A1) = TH = A1), (2.5)

At this moment let us relate the form factors in this decomposition with

those in (2.1). For example, from (2.1) and (2.4) we can write

f+(pp + pK)u + f-(PD — PK)s
= (PD+PK ———Dq—m—x' ) h (t)+ q Qufo(t)

= fi(t)(pp + PK)u + —Agﬁﬂ(fo(t) - Lh®))pp — Px)u-  (2.6)

So, we get

mD m,\

[ = A0, and £ ()= 22K —fl @)

Similarily, we can also prove that

Az(t) 2m1\

ety = 2200 ()= TP - a4, 28)
mp mge

g(t) = V(t) , and f(t) = -—(mD + mK-)Al(t), (29)
mp + mg-

14



where the superscripts D — K(K*) of the form factors are omitted.
In our work, single pole dominance for form factors is assumed. So, the

t dependance is approximated as

F(t) = F(0) [T—ﬁﬁ] , (2.10)

where M is the relevant pole mass value. Also, we have the constraints
fo(O) = f](O) and Ao(O) = A3(0)

The values of pole masses used in the numerical estimates are displayed in
table 2.1.

In [5] Tanimoto used double pole approximation for A, and V. Actually,
we tried both ways and we found no reasonable justification for his assump-
tion.

Before we continue, let us find the values of f_(t) and a_(t) at zero
momentum transfer. From (2.7), (2.8), (2.10) and table 2.1 we can prove

after some simple algebra that

J-(0) = (mb—mi)f(0) [(M;(m))z—(Mc_l(l_))z] (2.11)

a_(0) = 2mx-As(0) [(M—_l(m)z - ( M_l(o_))z] . (2.12)

15



Table 2.1: Values of pole masses in (GeV).

e
—_———

Form factor J? Mg(JP) Mu(JP)  Mu(JF)

Jo o+ 2.60 5.89 6.80
h 1= 211 5.43 6.34
Ao 0~ 1.97 5.38 6.30
A 1t 2.53 5.82 6.73
A2 1+ 2.53 5.82 6.73
A3 1* 2.53 5.82 6.73
14 1= 2.11 5.43 6.34

2.3 Numerical Calculations

To find needed form factors either you construct a model and use it to calcu-
late their values, or you get them from experiment. Bauer, Stech and Wirble
(BSW) worked on a model in which they expressed the form factors of the
hadronic current in terms of relativistic bound state wave functions for which
they took solutions of relativistic harmonic oscillator [1,2]. From their results
we can get values for all needed form factors; see Appendix B. These values
are shown in table 2.2.

Experimental measurements of the form factors did not become available

until 1990, when the E691 Collaboration measured the three form factors

16



Table 2.2: Predictions of form factors at ¢ = 0 from the BSW model.

Transition fo(0) = f1(0) Ao(0) = A3(0) 4:(0) A,(0) V(0)

D—-K 0.760

D—- K" 0.731 0.887 115 1.28
B—-K 0.381
B - K* 0.322 0.329 0.331 0.370

governing the decay Dt — T %e*v, in the Fermilab photoproduction exper-
iment E691 [15,5].

Early this year, another experimental measurement of the same form fac-
tors conducted by a different group became available. It was done also in the
Fermilab by the E653 Collaboration by studying the D* — '1_(‘0;:'*11,, decay.
In this experiment only the Az/A; and V/A; ratios have been measured [16).
In our study we will use the values given by Pham in [17] where he used
a previous measurment of the branching ratio of Dt — -IT'oe"‘u, to fix the
value of A;(0) and calculate the values of A;(0) and V(0). Also, he gives a
little smaller value for the D — K form factor f,(0) which will be considered
to belong to the E653 Collaboration.

In addition to the two experimental results two recent studies (BES and

ELC) of D — K, K" decays using what is called lattice calculations are also

17



Table 2.3: Values of form factors at zero momentum transfer as produced by E691
and E653 experiments and by lattice calculations.

Group Transition Jo(0) = £1(0) A(0) A2(0) V(0)

E691[15) D—K  0.79£0.078
(ezp.) D — K- 0.46+£0.05 00£02 0903

E653[16) D—K  0.71+0.06
(ezp.) D — K" 0.53+0.08 0.43+0.15 1.06+0.3

ELC[14 D-—K 0.58 + 0.04
(lattice) D — K" 0.53 £0.03 0.19+0.21 0.86 +0.10

BES [12,13) D — K  0.90 £0.04
(lattice) D — K- 0.83+£0.14 0.59+0.14 1.43+0.45

available [12,13). See table 2.3 for a list of these form factor values.

Using the assumption of single pole dominance, the values of these form
factors can be calculated for any t.

In this section our aim is to calculate the form factors for the transitions
B — K, K" at any momentum transfer. This can be done in two ways. In the
first way , we use the relations (2.7 - 2.9, 2.11, 2.12) and the flavour sym-
metry relations (2.2) to relate (foF"K(tg),fP“K(tg),A?""“ (tg),...) with

(fP—K(tp), fP~X(tp), AP~*(tp),...). The dependence of t5 on tp is given
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in (2.3). This way we have the form factors for B — K, K* at any t assuming,
of course, single pole dominance dependence for D — K, K*.

In the second way, we calculate the form factors for B — K,K" at a
particular momentum transfer as mentioned above. Then we use single pole
dominance for B — Ié , K= form factors to give us the full ¢ dependence. A
suitable momentum is tg = 17.6(16.6) GeV, that corresponds to tp = 0.

The form factors defined by both methods using E691 experimental re-
sults are plotted in figures 2.1-2.7, and it is clear that they cross at ¢ = 17.6
or 16.6 GeV as they should. In particular, the values of form factors for
B — K, K" at zero momentum transfer produced by the first way are shown
in tables 2.4 and 2.5, and those produced by the second way are shown in
tables 2.6 and 2.7. For the details of the calculations see Appendix A.

It is the second way that was used in [5] and will be used in this work
to evaluate the branching ratios of the two studied B decays. However, the
differences between the results of both ways are small (smaller than their
uncertainties) and they are noticed only in few form factors in the region of
interest (t = m2 = 10 GeV). So, there is no strong point in using both ways

in the coming calculations.
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Table 2.4: Flavour symmetry prediction of form factors for B decays using the

first method.

Form factor E691 E653
£o(0) 0.444 + 0.044 0.399 =+ 0.034
£1(0) 0.444 + 0.044 0.399 =+ 0.034
Ao(0) 0.612 + 0.306 0.190 = 0.286
As(0) 0.612 + 0.306 0.190 = 0.286
A(0) 10.202 + 0.022 0.233 % 0.035
A2(0) 0.035 + 0.101 0.250 + 0.079
V(0) 0.568 + 0.189 0.669 + 0.189

Table 2.5: Flavour symmetry prediction of form factors for B decays using the

first method.

Form factor ELC - BES
fo(0) 0.326 £ 0.022 0.506 £ 0.022
f(0) 0.326 £ 0.022 0.506 + 0.022
Ao(0) 0.478 + 0.292 0.397 + 0.354
A3(0) 0.478 * 0.292 0.397 £ 0.354
A, (0) 0.233 £ 0.013 0.364 x 0.062
A2(0) 0.133 + 0.105 0.351 £ 0.079
V(0) 0.543 + 0.063 0.903 =+ 0.284

20



Table 2.6: Flavour symmetry prediction of form factors for B decays using the

second method.

ettt s

e a—

Form factor E691 E653
£o(0) 0.323 £ 0.032 0.290 + 0.024
£(0) 0.453 £ 0.045 0.407 £ 0.034
Ao(0) 0.619 + 0.220 0.384 £ 0.222
A;(0) 0.471 X 0.266 0.081 £ 0.243
A,(0) 0.198 + 0.022 0.228 + 0.034
A2(0) 0.086 + 0.097 0.287 £ 0.080
V(0) 0.576 £ 0.192 0.679 £ 0.192

Table 2.7: Flavour symmetry prediction of form factors for B decays using the

second method.

Form factor ELC BES
fo(0) 0.237 + 0.016 0.368 + 0.016
£1(0) 0.333 £ 0.023 0.516 £ 0.023
Ao(0) 0.568 + 0.201 0.666 £ 0.295
A3(0) 0.338 £ 0.256 0.216 X 0.294
A,(0) 0.228 + 0.013 0.356 + 0.060
A,(0) 0.183 + 0.097 0.413 X 0.087
V(0) 0.551 £ 0.064 0.916 £ 0.288
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Figure 2.1: fo(t) for B — K as generated by both methods using the results of
E691 experiment.
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Figure 2.2: fy(t) for B — K as generated by both methods using the results of

E691 experiment.
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Figure 2.3: Aq(?) for B — K* as generated by both methods using the results of

E691 experiment.
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Figure 2.4: As(t) for B — K™ as generated by both methods using the results of

E691 experiment.
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Figure 2.5: A;(t) for B — K" as generated by both methods using the results of

E691 experiment.
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Figure 2.6: Aj(t) for B — K" as generated by both methods using the results of

E691 experiment.
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Figure 2.7: V(t) for B — K* as generated by both methods using the results of

E691 experiment.



Chapter 3

1/N Expansion Method

In this chapter we will study nonleptonic decays of D and B mesons using
form factors obtained in the previous chapter. For the study, we are going
to use the 1/N expansion approach which leads to the factorization of the
weak hadronic matrix elements and the neglect of final state interactions in

the leading order.



3.1 Effective Hamiltonlans

The effective dominant Hamiltonian for nonleptonic weak decays of D meson

is given by:

G
H?!! = —\/_g' (Cl + ’jcvic) VoeVadtru(1 — ¥s)dsy*(1 — ¥s)c. (3.1)

¢ and c; are the Wilson coefficient functions which include short distance
QCD corrections and depend only on the initial state. For the D meson,
they have the values: ¢; = 1.24 and ¢, = —-0.47.

The dominant part of the effective weak nonleptonic Hamiltonian for B

meson is given by:

G c
iy =% (e + 7;—) Vihidn(l - w)ser(l-we  (3:2)

where the QCD coefficients have the values ¢; = 1.1 and ¢c; = —0.25.

3.2 Decay Amplitudes

Let us start by presenting definitions of the pseudoscalar and vector couplings
as:

(P(q)[Q.7sQl0) = frgu,

(V(,9)[@1.Q10) = gvmve,. (3.3)
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3.2.1 D — PP

We will study first the decay process D° — K~=*. This is an example of
D — PP, where P represents a pseudoscalar meson.

By sandwiching 'Hﬁ s between the initial and final states of this process
and then applying factorization, the following form for the decay amplitude

is obtained:

A(D° = K-=%) = —%a, Vo Via{w™ [3y"*75d|0) (K"|§7,,c]D°), (3.4)

where

0.47
ay = (Cl+1%2:) = (1.24‘— Nc).

By substitution from (2.1) and (3.3), we get:

A(D® - K~ z%) = —%alV;Vudfx(Px)“
x [fP~K(t)(pp + px)u+ FPK(W)pD —P)u) - (33)

Remembering that

(Px)u = (PD — PK)u

and

t = (pp — px )’ = m3,



the decay amplitude becomes

A(D® — K-7%)

- —f;—[ga,n:wdf, (b — 22K (m?) + (pp — px)2F 2= (m2)]

= - SLa Vit [y~ mR) SR ) 4 i 2K )] (39)

3.2.2 D - PV

The second process we will study is D® — K~p*. This is an example of
D — PV, where V represents a vector meson.

The amplitude for this decay after factorization is

A(D® — K~ p?%)

= SaVaViulp By a0 el D)

Gr .,.
= %a! Vc:‘,\ld(gﬁmﬁe“)

x [fP=F(O)(pp +p&)u + 2K - P& )] - (37)
Since €, is the polarization vector for p* meson, then
t = (pp — px)’ = ml,
e - (pp + PK)u = €+ (2pD ~ Pp)u = 26" - (PD)u = 26" - (PK )y
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and
e*-(pp — pPx)u=¢€"" (Po)u = 0. (3.8)
Also, we should remember that the square of the amplitude |A(D° — K~p%)|

is summed over all polarization vectors.

So, from (3.8) and (3.7), the square of the amplitude becomes,

2 3
lofP=*(m2)| 3 lpx - e, (3.9)

r=1

e
|A(D® — K~ p*)} = |7-‘§a1V;Vud9»m»

where the polarization index (r) has been omitted.

Let us evaluate the summation part of (3.9).

?;ll’h"elz = (PK)u(PK)urz::IC"EV
= Grtp), |-o+ ZLL
4
= —pf( +(PKn;§’p)2
R R
P

m2 - m2 — m2 2 __ 4771.2’7712
— ( D K p) K D. (3.10)

2
4mp

In order to put the amplitude in a more compact form we can use con-
servation of energy to write,

ED=Ep+EK
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so,
mp = (|pf* +m3)"* + (I + mi)'/".
With little algebra we can show that

(m}h — m§ — m3)? —4mkm} _ i’ mp
4m? -
)

m2’
where p is a three vector such that
el = Ip,* = lpx .

So, now we can write,

3 2 ™ 2
ZIIPK'EI |p9| mz’
and
3
> ek -elr= !Ppl—- (3.11)
r=1 .

By substitution of (3.11) in (3.9) we end up with the decay amplitude as,

- Gr _K
AD®° = K~ p +)=74,V V.ampip,i29, 2~ (m?), (3.12)
where
2 _n2 _m?)2 4 2q1/2
Ip,| = [(m” MK ”‘;) My (3.13)
4mD
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3.2.3 D-—-VP

The third process we will study is D° — K*~z*. This is an example of
D—-VP.

The amplitude for this process after factorization is

A(D® — K= =%)

G
= —Z5a ViVl By s 0K 871 = 75)elD°)
Gr

= ——\/—iaM',Vuaf,(px)“ [ig°=5" (t)euproe?(Po + Px-)"(PD — PK-)°
— fP=F (e, — 27 (t)(e - D) (PD + P+ )

— a2~ (t)(e - p)(pD — P-)u] - (3.14)

The axial vector part when it is contracted with p, will give us zero. Also,

the square of the amplitude is summed over all polarization vectors. So,

2
|A(D° —_ K'-W+)|2 = (%QIV;Vudfw)

x 3 |(pr - )fPK"(m2) + (P - €)(Ph — Pk-)aR ™" (m])

r=1

+ (pp - €)(pp - Pl:-)zal_J"""(mf,)I2 . (3.15)

Since

(Pp - €) = (pre + Px) - € = (P« - €),
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we can also prove - as we did for the previous decay process ~- that

3
Elpw '€|2 =

r=1
By substitution back in (3.15) we get

Gr
ADO I'-—+2= el V-u . D 2
40— k=t = (Caviaviats) i

x [19=H"(m2) + (mh — mea2=K" (m2) + m2a2 K" (m2)]".

(3.16)
So, we can write the amplitude as,
A(Do — ]{-_7-'+) = G alv- udfr lpl\ I
V2
x [fP=K"(m2) + (m} - m%-)a;h (m?) + m2a2=K"(m2)] .
(3.17)

3.24 B-VV

The fourth process we will study is B° — K<0%. This is an example of
B-VV.
The amplitude for this decay after factorization is
A(B® = K-%)
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G
= ZpoaVaVelier el Kl - 75)b/B°)

= %az"; Vie(gymye®)
x [igB=%" (t)eupren”(PB + Pr)" (P8 = Px-)°
— PR (t)n, — a3 X" (t)(n - pB)(PB + PK-)u

—~ aB=K"(1)(n - pB)(P5 — PK-Du) » (3.18)
where ¢ and 7 are the polarization vectors for ¥ and K* respectively, and

1.11
as = (Cz + -;-:Vl—c) = (—0.25 + —N_c—) .

By contracting the two currents we get

AB = K%)= —G'Eazvc'.%cgwmw

NZ)
x [ig(1)e € upron’ (P8 + Pr=)T(Py) — f(1)(€ - 1) —2a4(t)(n - PB)(€ - PB)]-

(3.19)

As we did before, here also the square of the amplitude is summed over

all polarization vectors. So,

2
|A(:-B-o — I{-oll))lz = (g'—‘/;azv;%cg\bmd,)
x 3 [ig(t)e*eusron® (P8 + Px-)"(Pe)” — f(t)(E - 1)

~2a4(t)(n - p8)(e - p5)]
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x [—ig(t)e™eupron™ (p5 + px-)" (py)” = f()(€™ - 77)

~2a,(t)(n" - pB)(e" - PB)]- (3.20)

By expanding the amplitude above, we notice that terms containing
vector-axial vector contractions vanish when we perform summations over

all polarization vectors. So, we are left with the following five terms:

AB® = Ko) = (%azm:mcg¢m¢)2
T (™ Euprotupran®n™ (P8 + Pr-) (P + Prc-) PuPy
+ f(t)e-n)(e - ")
+ as (1)f(&)(e - m)n" - po)(e” - Pa)

+ a4 () f(t)(€™ -n")(n - pB)(€ - PB)

+ 4a%(t)(c - pa)(e™ - p8)(n - PB)(n" - PB)] - (3.21)

Before we start summation over all indeces and all polarization vectors

we perform the following substitution:

Guu' Gupt Gur' YGue'

_ Gou' Gop' YGor' YGpo' . (3.22)

gry Grp' Grr' Gro'

E“P.raeulp'?lal =

Gou' YGop' YGor' Yoo’
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This determinant contains 24 terms. If we exclude terms that contain g,
or go,, then we end up with 14 terms only. The excluded terms contain the
contraction of py and its polarization vector which vanishes. So, the square

of the amplitude will be

2
|A(B® = K%)= (%“2‘/‘;%‘9 "mw)

x Z., [~92(t) {(py - (pB + P&-))*(e - n7)(E™ - 1)
_ (py - (P + PK+))(€ - €7 )(n - 17)
+ (py - (P8 + Px-))(e - €7)(n - pB)(n" - PB)
—2(py - (pB + p-))(€ - 17 )€™ - PB)(7 - PB)
+ (py - (pB + Px+))(e - €' )7 - PB)(7" - PB)
—2(py - (pB + Px-))(€™ - n)(e - B)(n" - PB)
+4(e - ps)(€” - pB)(n - PB)(n" - PB)
— (ps + px-)*(e - €")(n - PB)(n" - PB)
—pi(e-€")(n - ps)(1” - P5)
+2p}(e - n°)(e" - pB)(n  PB)
+2p%(” - n)(e - p) (" - P5)

— (ps + Pr*)?pi(e - 77)(E - 1)
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—4pl(e - pe)(e” - pB)(n - 17)
+ (ps + px)?Po(e - €7)(n 07}
+ f2(t)e-m)(e - n")
+2a4(t)f(t)(e - n)(e” - p8)(7" - PB)
+2a4(t)f(t)(e" - n")(e - pB)(n - PB)
+4a2(t)(e - pa)(e” - pa)(n - pa)n” - pB)] - (3.23)
The final step to get the amplitude is to perform the summation over all

polarization vectors. In doing so, we encounter expressions like

Z(E : E-), Z(C : 7’-)(6- : 7])’ o-
which need to be evaluated. As an example, let us evaluate the first one in

detail,
3 3
Se-€) = e =gapy €™
r=1 r=1

= gop (_gaﬂ+ (plﬁ)a(zpvll)a)

my
2
my
= -3. (3.24)
Similarily, we can prove that
Ym-n) = =3, (3.25)
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(oo (py - Px-)
. . = |2 2
Y (e-n")(e - n) T | (3.26)
- 2
Y (e-ps)e -p8) = |-mp+ (s -Py) L ) . (3.27)
I my
] . pee )?
S (n-ps)(n”-pB) = L_m% + -(—p”—n%’ﬁ—] : (3.28)
l‘.
and
Y (e-n")e" - pB)(n - PB)
_ [ 2 _(ps-px:)® (ps -pe)® | (P2 py)(PB - px-)(PK= - Pu)
B m¥. m?, m%.m?, )
(3.29)
Also, from conservation of four momentum, we have
PB = Pk~ + Py-
So, by contracting pp by itself we get
p5 = (px+ +po)- (P~ +pv)
— 2 2
= pk. + 0} +2(px- - py)
which leads to
m% — m¥%. —m?
(P - py) = ( 2 2K m"’) . (3.30)
Similarily, we can prove that
2 —mh. + m}
o-pe) = (TR, (331)
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m?, + m%. — m>
(pB - px-) = ( B~ X '”), (3.32)

2
pu- (P8 +pK-) = (mp— mk.), (3.33)
and
(ps + px-)* = (2m% + 2mk. —mi). (3.34)

The substitution from (3.24-3.29) and (3.30-3.34) into (3.23) was done using

Mathematica, See Appendix B. For the coefficients of 2¢%(t), the result was

(mp — my- — my)(mp + mx+ — my)(mp — mi- + my)(mp + mx- +my)
= (m} —mk. —m})? — dmk.m]

= 4mglpx-[* (3.35)

where pg- above, is a three momentum, see (3.13).

The final result for the square of the amplitude is now

2
IA(E0 — K9)] = (-G—Fagv‘;vbcgwm,,,)

V2
2 2‘. —m? 2 .12 2
X [Sm%lpx. [2g%(t) + 2F%(t) + ((mB mEg m;r)r;flftzn‘; 4mplpk-| a+(t)) ]

(3.36)

where ¢ = m2.
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3.2.5 Other Decays

Until now, we have disscussed four decays that cover the four types D —
PP,D — PV,D — VP, and B — VV. Any other decay of a D or a B
particle that admit factorization is one of these types. So, its amplitude can
be deduced from the corresponding one already derived by making suitable
replacements.

The other decays that will be considered are:

e D° — K-A}; it is of the D° — PV type. Its amplitude is deduced
from D° — K-p* amplitude by replacing p* by A} everywhere in

(3.12).

e B®° — T°¢; this one is of the B — PV type. Its amplitude is also

deduced from D° — K~p* amplitude in (3.12). In addition to the
p¥ - Ypand D — B° replacements we should not forget to replace

(ViV.aay) by (V3Vieaz), because it is a B meson decay.

e D° — K*—p*; this is of the D — VV type. Its amplitude is deduced
from B® — K"y amplitude in (3.36) by making suitable substitutions

similar to the decays above.
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3.3 Transition Probability

What we have been doing so far is just theoretical calculations. In order to
check that we have the correct picture or at least something close to it, we
should predict values of some observables (things that can be measured in
the lab).

So, in the next section we will use the decay amplitudes to calculate
the branching ratios of each of the decay channels discussed in the previ-
ous section. But now, we will derive the relation that allow us to do these
calculations.

For the decay of a single particle to several final paricles (e.g. D° —
K-+, p~ — e Tev,,...) the differential transition probability per unit time

is given as [20]

d3
Mgeghtats @30

g| -

dl’ = (27)*6*(p; — pi) 1;[

i

o2

where E; is the energy of the kth fermion and wy is the energy of the lth
boson. In (3.37), [1x is a product over all fermions, []; is a product over all
bosons and []; is a product over all final particles.

In our work, we are interested in nonleptonic decays that has the form
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D — ab, where both a and b are mesons. So, for this case dI’ becomes

Plp|PIpslAD — ab)P.  (3.38)

1
dl' = ——=6'(p.

= 8(" 8(2n)? (pe+2 = PO) o s
Of course, the square of the amplitude |A(D — ab)]? is summed over the
polarizations of the final state particles.

Knowing that the energy of a particle forms the fourth component of its

four momentum, we can write

i0 = — L6 +ps—pp) et = WD) 5, 55,14(D — ab). (3.39)

(‘7 8(27)? WaWpwp
The energies of the particles are
wp = (lpol® +mp)"/* =mp,
we = (Ipaf* +m)"?,
wy = (lpsf* +mp)2,

where pp = 0, because we are working in the center-of-mas rest frame. So,

§((|pa? + m2)*2 + (Ips[? + m})"/? — mp)
mp(|pal? + m2)Y3(|ps]? + m})/?

X d*pad®ps]A(D — ab)[*. (3.40)

T=5e= )’63( «+P)

Now, if we perform integration over p, we get

_ L[Sk ol 4 ) — )
Srmodo  mo(pol ¥ M) (R + T

x [psl2dlpsllA(D — ab)lP. (3.41)
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By defining

g = (Ips2 + m2)Y2 + (Ips* + m)'/?, (3.42)

and substituting back in (3.41), we get

1 /°° é(g — mp)

16zmp Jmatms q*
X [{q2 —(mq — mb)z} {q2 - (mq, + mb)z}]llz dq|A(D — ab)’.
1

Temmo 4D — ab)f [{2 - (ma/mp — ms/mp)*}

X {1 - (ma/mp + mb/mD)2}] . (3.43)

For the nonleptonic decays of B mesons, we just replace D by B every-

where in the previous equation.

3.4 Numerical Calculations

The branching ratio of a certain exclusive decay is defined to be its transition
probability (T') multiplied by the mean life of the decaying particle. In this
section, we will use what we have done so far in order to predict the branching
ratios of several nonleptonic decays. In particular, we will need the form
factors produced in Chapter 2, and the decay amplitudes derived in the

previous sections of this chapter. Furthermore, we will need the masses of
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Table 3.1: Some constants needed in the numerical calculations

Quantity Symbol Value

Fermi Coupling Constant  GFr 1.16639 x 10~3GeV~2
Plank Constant, reduced h 6.582122 x 10~%5GeV - s

. Vid 0.9753
Kobayashi-Maskawa
Ves 0.9743
Matrix Elements
Ve 0.043
I« 0.132 GeV
9
Decay Constants e 0.208 GeV
9a} 0.334 GeV
v 0.382 GeV

the particles in table 1.1 and several other parameters and decay constants
shown in table 3.1.

Our results for the two cases (N, = co and N, = 3) are shown in tables
3.2 and 3.3. For the details of the calculations see Appendix D.

The results of other work are displayed in table 3.4. The work done by
Tanimoto [5) is similar to ours in which he used E691 results for the form
factors to calculate the branching ratios for the two cases (N = oo and N, =

3). Also, he used flavour symmetry to calculate the form factors for the B
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Table 3.2: Predicted branching ratios for D° and B decays with N, = oo(N. =3

in parentheses).

—ﬁ

Process E691 E653 Experimental
(%) (%) (%)

DO N A’-ﬂ.-i- 6.8 + 1.3 5.5 + 0.9 3.71 + 025
(5.2 % 1.0) (4.2 £ 0.7)

DO —_ 1<—p+ 10.8 + 2.1 8.7+ 1.5 78411
(8.2 % 1.6) (6.6 + 1.1)

DO —r I{—Ail- 3.9 + 0.8 3.1 &+ 0.5 7.4+ 1.3
(3.0 £ 0.6) (2.4 + 0.4)

DO s Ko-xt 3.1%16 2115 46+ 0.6
(2.3 £1.2) (1.6 £ 1.1)
(5.2 £ 1.7) (6.1 £ 2.4)

B T 0.073 £0.014  0.059 £0.010 065+ 0.031

(0.017 + 0.003)  (0.014  0.002)

(0.037 + 0.022)

(0.033 + 0.020)
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Table 3.3: Predicted branching ratios for D° and B° decays with N. = oo(N. =3
in parentheses).

e

Process ELC BES BSW
(%) (%) (%)
D° — K-zt 37+£05 8.8 +0.8 6.3
(2.8 £ 0.4) (6.7 0.6) (4.8)
D° — K—pt 58 +0.8 140 £ 1.2 10.0
(44 £ 0.6) (10.7 0.9) (7.6)
D° — K—-A-ll- 21 +03 50+04 3.6
(1.6 £ 0.2) (3.8 & 0.3) (2.8)
D® — K==t 31 +14 56 £34 3.2
(24 £ 1.1) 43 £ 2.6) (2.5)
D° — K= p* 84 +16 19.5+ 7.9 194
(64 £ 1.2) (149 £ 6.0) (14.8)
:—B-o = ’R°¢ 0.039 £ 0.005 0.095 £ 0.008 0.052
(0.009 + 0.001) (0.022 £+ 0.002) (0.012)
"Bo R 'K'°¢ 0.16 + 0.06 0.32 £+ 0.20 0.22
(0.036 = 0.15) (0.075 £ 0.046) (0.050)
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decays.

In Pham work [17] the approach is somewhat different. For the first 3
decays, he related the branching ratios of the nonleptonic decays to known
branching ratios of the semileptonic decays D — Kev and D — K"ev with-
out the need to find the form factors. For the other two decays, he also related
the branching ratios to those of semileptonic decays, but he also needed the
values of the form factors. So, he used the results of both E691 and E653
experiments. |

Kramer and Palmer followed a different approach. In their paper titled
Direct CP asymmelries in the decays B — VV from an effective weak Hamil-

tonian [18) we found only one decay of interest to us.
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Table 3.4: Branching ratios of D° and B® decays as appeared in different papers.

Process Tanimoto Pham Kramer
(%) (%) Palmer
D° — K-+ 7.64 £ 0.07(Ne = o) 6.16 + 0.72
(5.83 £ 0.06)(N. = 3)
D° — K- p* 115 £ 0.11(Ne = o) §.89 + 1.04
(8.81 £ 0.09)(N, = 3)
D° — K- AY 1.98 £+ 0.23
0y gt 346 E0IS(Ne =) 3.01 + 1.18 (E691)
(2.64 £0.14)(N, =3) 198 & 0.77 (E633)
DO K p* 5.67 + 2.26 (E691)
5.74 + 2.29 (E653)
P T 0.077 & 0.0008(N, = oo)
(0.018 £ 0.0002)(N; = 3)
P K 0.16 & 0.03(N, = o) 0.241

(0.037 % 0.006)(N. = o)
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Chapter 4

Discussion and Conclusions

4.1 Discussion of the Results

Form Factors

In Chapter 2, we presented the form factors available for D — K, K* tran-
sitions from two experimental measurements, two lattice calculations and
quark model (BSW). Also, we calculated the corresponding ones for B —
K, K" transitions by using flavour symmetry. By looking at those values we
notice that there are some differences between them. For example, the form
factors that describe the D — K transition ( fo(0) = f1(0)) vary between

0.58 for the ELC group and 0.9 for the BES group.
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For the D — K~ transitions, we notice that the values given by the first
three groups (E691, E653 and ELC) almost agree for the values of A;(0)
and V(0). However, for the value of A,(0) there are clear differences. It
seems that this particular form factor is more difficult to measure. Also,
these values given for A2(0) are in big disagreement with that predicted by
the BSW model.

The values given by the BES lattice calculations are higher than those
given by the other three groups, even for the value of fo(0). -It would be
thus interesting to see which value of A,(0) would be supported by the non-

leptonic D decays.

Branching Ratios

In Chapter 3, we calculated the branching ratios for several decay processes
using the form factors prepared in Chapter 2. By taking a first general look
at these predictions we find something that goes with experiment and not
something that is irrelevant.

A closer look at these tables allow us to note the following points:

e For the process D° — K - A, all groups are giving small predictions
for the branching ratio: less than half the experimental value for most
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of them.

e For processes of the types D, B — K, the E653 group gives branching
ratios which are closer to experiment than those given by the E691
group. This could indicate that (fo(0) = 0.71) is more appropriate
than (fo(0) = 0.79) given by the E691 group. However, for processes

of the type D, B — K" the opposite case is correct.
¢ The predictions of the lattice group BES are clearly very high.

¢ With the exception of D® — K~x* processes, the ELC lattice group
gives predictions that are smaller than experiment for decays of the type
D, B — K, whereas for decays of the type D, B — K~ the agreement

is good.

By looking at the predictions as a whole, we can say: for the decays where
we have pseudoscalar (K) meson in the final state the E653 group seems to
give the predictions that are closest to experiment. On the other hand, for
the decays where vector (/) meson is in the final state, the E691 seems to be
the best. However we should be careful about these statements because the
errors are high and sometimes exceed the differences between the predictions
of different groups.
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4.2 Conclusions

In this work, we hoped to test two assumptions that were used in the cal-
culations. The first one is the factorization hypothesis that enabled us to
decompose the decay amplitudes into two current matrix elements which

could then be evaluated. The second one is flavour symmetry.

Factorization

By looking at the branching ratios as predicted by the first three groups, we
conclude that factorization, which is exact only in the large N, (number of
colours) limit, is not a bad assumption. This statement can be made sharper
when we have more precisely measured form factors.

The low branching ratio for the decay D° — K - A}, could mean that
factorization is not enough for this particular process, assuming, of course,
an accurate value for the decay constant of Af meson.

The high values predicted by BES as compared to the other three groups
and to the experimental values allow us to doubt about the BES values for

the form factors and not about factorization.
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Flavour Symmetry

Our predictions of the branching ratios for the two B decays are in good
agreement with experiment. Actually, it is better than expected, since the
two assumptions (factorization and flavour symmetry) have been used in the
calculations. So, we can say that flavour symmetry seems to be working very
well. This statement can be made stronger and more general by studying

more decays of B mesons using this new symmetry.

4.3 Summary

We studied the non-leptonic decays of D and B mesons involving K and K*
mesons with a view to test the factorization hypothesis, which is exact only
in large N, limit, and new flavour symmetry.

The form factors of the current matrix elements corresponding to the
transitions D — K, K" are available from two experimental measurements
and two lattice calculations. These values have been used to study several
nonleptonic D° decays that admit factorization and contain a strange meson
(K, K") in the final state.

Furthermore, these form factors have been used to calculate the corre-
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sponding ones for B° decays using flavour symmetry. This enabled us to

study two factorizable B decays involving strange mesons.

The comparison of these calculations with experiment shows that the

factorization hypothesis is not bad and that flavour symmetry works well.
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Appendix A

All numerical calculations are done using Mathematica. This
Mathematica note book is organized in 6 parts as follows:

First, we define the masses of B, D, K and (K* = K1) mesons.

In[1]:=
mB = 5.2787;
mD = 1.8645;
mK = 0.493646;
mK1l = 0.89159;

® Part 1: Form Factors Defintion (D meson)

In this part we define form factors for the processes D-->K,K*
assuming single pole dominance. So, we start with the values of the
form factors at t=0.

In[2]:=
£fDO[0] = £D1[0] = £1;
AD1[0] = Al;
AD2[0] = A2;

vD[0] = V;
Then, we calculate the values of A0(0) and A3(0) using (2.5).
In[3]:=

ADO[0] = AD3[0] =
(mD + mK1)/(2 mKl) AD1[0] - (mD - mK1l)/(2 mKl) AD2[0]

Out[3]=
1.5456 Al - 0.545604 A2
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Now, the form factors as a function of t are defined below.

In[4]:=

£D0 [t_]
£D1(t_]
ADO[t_]
AD1[t_]
AD2[t_]
AD3[t_]

VD[t _]

£D0[0]
£D1[0]
ADO[O0]
AD1[O]
AD2[0]
AD3[0]
VD [0]

/(1
/(1
/(1
/(1
/(1
/(1
/(1

t/2.
t/2.
t/1.
t/2.
t/2.
t/2.
t/2.

60°2);
11~2);
97~2);
53~2);
53~2);
53~2);
11~2).;

2 Part 2: Transformation (D decay)

Here we relate form factors of the First Decomposition to those of
the Second Decomposition using the transformations in (2.8), (2.9),
and (2.10). Here fDn(t) = f (1), fDp(t) = f+(1), . . .

In[5]:=
£Dn[0]
abn[0]

In[6]:=
£fDp[t_]
£Dnlt ]
abp(t_]
aDn[t_]

gb[t_]
£D[t_]

The values

(mD~2 - mK~2) £D1{0] (1/2.672 - 1/2.11+2);
2 mK1 AD3[0] (1/2.53*2 - 1/1.97°2);

£fDi[t];

(mD~2 - mK~2)/t (£DO[t] - £D1[t]);
AD2[t] /(mD + mK1);

- 2 mK1/t (ADO[t] - AD3[t]):

VD[t] /(mD + mK1);

- (mD + mK1) AD1[t];

of form factors of the First Decomposition for D-->K,K*
decays are evaluated below at zero momentum transfer (t=0).
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In[7]:=
{£Dp[0], £Dn[0], aDp[0], aDn[0], £D[0], gD[0]} //
Simplify //TableForm

Out[7]//TableForm=
f1

-0.247895 f1
0.362833 A2
-0.279589 Al + 0.098696 A2
-2.75609 Al

0.362833 V

B Part 3: Flavour Symmetry (D-B mesons)

In[8]:=
alphas = (0.189/0.29)~(-6/25);
mc = 1.7;
mb = 4.9;
In[9]:=
cl = c4 = c5 = (me/mb)*~(1/2) alphas;
c2 = ¢c6 = (mb/mc)~(1/2) alphas;
c3 = (mc/mb)*(3/2) alphas;

From (2.3) we can define tD as a function of tB as follows:

In[10]:=
tD = mP*2 + mK*2 - mB mD - mD/mB (mK*2 - tB);

In[11]):=
tD1 = mD~2 + mK1*2 - mB mD - mD/mB (mK1+2 - tB);

Now we make use of flavor symmetry relations (2.2) to relate the
form factors of D-->K,K* and B-->K,K* at the same velocity transfer.
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In[12]:=
£Bp[tB_] = 1/2 ((cl + ¢2) fDp[tD] + (cl - c2) £fDn[tD]):
fBn[tB ] = 1/2 ((cl - c2) £Dp[tD] + (cl + c2) £Dn[tD])./
aBp[tB_] = 1/2 ((c3 + c4) aDp[tDl1l] + (c3 - c4) aDn[tD1l]):
aBn[tB ] = 1/2 ((c3 - c4) aDp[tDl] + (c3 + c4) abn[tDl]);
gB[tB_] = c5 gD[tD1];
£B[tB ] = c6 £D[tD1];

B Part 4: Form Factors (B dcay)

In this part we give form factors of B-->K,K* as in the Second
Decomposition.

In[13]:=
£B1[t_] = fBp[t];
£fBO[t_] = t/ (mB~2 .- mK~2) fBn[t] + fBplt]:;
AB1[t_] = ~1/(mB + mK1l) £B[t];
AB2[t_] = (mB + mKl) aBp[t];
AB3[t_] = (mB + mK1l) /(2 mK1l) ABl[t] -
(mB - mK1l)/(2 mKl) AB2[t];
ABO[t_] = -t/(2 mK1l) aBn[t] + AB3[t]:;
VB[t ] = (mB + mKl) gB[t];

At the same velocity transfer, the momentum transfers tB that
coresponds to zero momentum trasfers tD(tD1) for D decays are

In[14]:=
Solve[tD == 0, tB]

Outf14]=

{{tB -> 17.5763})
In[15]:=

Solve[tDl == 0, tB]
OUf[15]=

{{tB -> 16.5669}}
In[16]:=

tBK = 17.5763;
tBK1 = 16.5669;
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H First Method

The form factors at zero momentum transfer (t=0) as calculated by

the first method; see section 2.3.

In[1 7].‘=

{£B0[0], £B1[0], ABO[0], AB3[0], AB1[0], AB2([0], VB[O]} //

Simplify //TableForm

Out[17])//TableForm=
0.562347 £1

0.562347 f1

1.33073 A1 - 1.19844 A2
1.33073 Al - 1.19844 A2
0.439037 Al

0.0765991 Al + 0.487118 A2

0.631443 V

M Second Method

The form factors at zero momentum transfer (t=0) as calculated by

thesecond method; see section 2.3.

In[18]:=

££BO[0] = £BO[tBK] (1 - tBK/5.8942) //Simplify
Out[18]=

0.408796 f1
In[19]:=

£fB1[0] = £B1[tBK] (1 - tBK/5.437~2) //Simplify
Out[19]=

0.573283 f1
Inf20]:=

AABO[0] = ABO[tBK1l] (1 - tBK1/5.38+2) //Simplify
Out[20]=

1.34502 Al - 0.764022 A2
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Inf21]:=
AAB3[0] = AB3[tBK1] (1 - tBK1/5.82+2) //Simplify

Out[21]=
1.02352 Al - 1.073%4 A2

In[22]:a
AAB1[0] = AB1[tBK1] (1 - tBK1/5.8242) //Simplify

out[22]=
0.429363 Al

In[23]:=
ARB2[0] = AB2[tBK1] (1 - tBK1/5.822) //Simplify

Out[23]=
0.187862 Al + 0.436512 A2

ln[24].'=
VVB[0] = VB[tBK1l] (1 - tBK1/5.4372) //Simplify

OU([24]=
0.640264 V

8 Part S: Numerical Vlaues of Form Factors

In this part we define the form factors for D-->K,K* obtained by the
two experimental groups E691 and E653 and the two lattice groups
ELC and BES. Then, we obtain the corresponding form factors for
B-->K,K* using the two methods.

In[25]:=
error[x ] := Map[Abs, Simplify([x]]

HEG691 (experimental)

In[26]:=
E691 = {£f1->0.79, Al->0.46, A2->0.0, V->0.9};

In[27]:=
errE691 = {£f1->0.078, Al->0.05, A2->0.2, V->0.3};
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O First Method

In[28]:=
N[{£BO[0], £B1[0], ABO[O]), AB3[0], AB1[O],
AB2[0], VB[O0]} /.E691, 3]

Out[28]=
{0.444, 0.444, 0.612, 0.612, 0.202, 0.0352, 0.568}

In[29]:=
N[ (exror /@ {£BO[0], £B1[0], ABO[O0], AB3[0], AB1[O],
AB2[0)], VB[0]}) /.errE691, 3]

Out[29]=
{0.0439, 0.0439, 0.306, 0.306, 0.022, 0.101, 0.18S}

O0Second method

In[30]:=
N[{££BO[0], ££B1[0], AABO[O]}, AAB3[0], AAB1l[O],
AAB2[0], VVB[0])} /.E691, 3]

Out[30]=
{0.323, 0.453, 0.619, 0.471, 0.198, 0.0864, 0.576}
In[31]:=
N[ (error /@ {££BO[0], ££B1[0), AABO[O0], AAB3[0], AAB1[O],
AAB2[0}, VVB[0]}) /.errE691, 3]
Out[31]=
{0.0319, 0.0447, 0.22, 0.266, 0.0215, 0.0967, 0.192}
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B E653 (experimental)

In[32]:=
E653 = {£f1->0.71, Al->0.53, A2->0.43, V->1.06};

In[33]:=
errE653 = {£f1->0.06, Al1->0.08, A2->0.15, V->0.3};

0 First Method

In[34]:=
N{{£fBO[0], £B1[0], ABO[O], AB3[0], AB1[O],
ABZ2[0], VB[O]} /.E653, 3]

Out[34]=
{0.399, 0.399, 0.19, 0.19, 0.233, 0.25, 0.669}
In[35]:= _
N[ (exrror /@ {£fBO[0], £B1[O], ABO[0], AB3[0], AB1l[O],
AB2[0], VB[0]}) /.errE653, 3]

Out[35]=
{0.0337, 0.0337, 0.286, 0.286, 0.0351, 0.0792, 0.189}

OSecond method

In[36]:=
N[{££BO[0], ££B1[0], ARABO[O], AAB3{0], ARB1[O],
AAB2[0], VVB[O0]} /.E653, 3]

Out[36]=
{0.29, 0.407, 0.384, 0.0807, 0.228, 0.287, 0.679}

In[37]:=
N[ (exror /@ {££BO[0], ££B1[0], AABO[O], AAB3[0], AAB1[O],
AAB2[0], VVB{O0]}) /.erxE653, 3]

Out[37]=
{0.0245, 0.0344, 0.222, 0.243, 0.0343, 0.0805, 0.192}
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M ELC (lattice)

In[38]:=
ELC = {£1->0.58, A1->0.53, A2->0.19, V->0.86};

In[39]:=
errELC = {£f1->0.04, A1->0.03, A2->0.21, V->0.10};

OO0 First Method

In[40]:=
N[{£BO[0], £B1[0], ABO[0], AB3[0], AB1[O],
aB2[0}, VB[Ol} /.ELC, 3}

Out[40]= ‘
{0.326, 0.326, 0.478, 0.478, 0.233, 0.133, 0.543}

In[41]:=
N[ (error /@ {£BO[0), £B1[0], ABO[O0], AB3[0], AB1[O],
AB2[0], VB[0]}) /.erxELC, 3]

Out[41]=
{0.0225, 0.0225, 0.292, 0.292, 0.0132, 0.105, 0.0631}

O Second method

In[42]:=
N[{££BO[0], ££B1[0], AABO[O], AAB3[0], AAB1[O],
AAB2[0], VVB[0]} /.ELC, 3] }

Out[42]=
{0.237, 0.333, 0.568, 0.338, 0.228, 0.183, 0.551}
In[43].'=
N[ (error /@ {££80[0], ££B1[0], AABO[O0], AAB3[0], AAB1[0],
AAB2[0], VVB[0]}) /.errELC, 3]
Out[43]=
{0.0164, 0.0229, 0.201, 0.256, 0.0129, 0.0973, 0.064}
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W BES (lattice)

In[44]:=
BES = {£1->0.90, Al->0.83, A2->0.59, v->1.43};

In[45]:=
errBES = {£f1->0.04, Al1->0.14, A2->0.14, Vv->0.45};

O First Method

In[46]:=
N[{£BO[0], £B1[0], ABO[O0], AB3[O], AB1[O],
aB2[0], VB[O]} /.BES, 3]

Out[46]=
{0.506, 0.506, 0.397, 0.397, 0.364, 0.351, 0.903}
In[47]:=
N[ (exror /@ {£BO[0], £B1[O], ABO[0], AB3[0], AB1[O],
AB2[0], VB[0]}) /.errBES, 3]

Out[47]=
(0.0225, 0.0225, 0.354, 0.354, 0.0615, 0.0789, 0.284}

O Second method

In[48]:=
N[{££BO[0], ££B1[0], AABO[O], AAB3[0], AAB1([O],
AAB2[0], VVB[O]} /.BES, 3]

Out[48]=
{0.368, 0.516, 0.666, 0.216, 0.356, 0.413, 0.916}
in[43]:=
N[ (exrror /@ {££BO[O], ££B1[0], AABO[O], AAB3[0], AAB1[O],
AAB2[0], VVvB[O0]}) / .exrBES, 3]
OUf[49]=
{0.0164, 0.0229, 0.295, 0.294, 0.0601, 0.0874, 0.288}
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@ Part 6
In this part we compare form factors of B-->K,K* obtained in two
ways:

1) Those which were completely obtained from the D-->K,K* form
factors using flavour symmetry (fBO, fB1, ABO, . . . ).

2) Those which were defined using simple pole dominance and the
value of form factors at a particular momentum transfer (ffBO, ffBl,
AABO,...).

In[50]:=
££BO[t_) = ££BO[0] /(1 - t/5.89°2);
££Bl[t_] = ££B1[0] /(1 - £/5.43~2);
AABO[t_] = AABO[O] /(1 - t/5.38°2);
AABl([t_] = AAB1[O0] /(1 - t/5.82°2);
AAB2([t_ ] = AAB2[0] /(1 - t/5.8272);
AAB3[t_] = AAB3[O0] /(1 - £/5.82~2);
VVB[t_ ] = VVB[O] /(1 - £/5.43°2);

In[51]:=

Plot[{fBO[t]/.E691, ££fBO[t]/.E691}, {t, 0, mB~2},
PlotRange -> {{0, 29}, Automatic},

Framed -> True,

AxesLabel ~> {"t (GeV)", "£0(t)"},

AspectRatio -> 0.75]
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In this Appendix we calculate the predictions of the BSW model [1, 2]
for the transitions D-->K, B-->K, D-->K* and B-->K*.

Inf1):=
<<IntegralTables.m
Out[1]=
Integrator’
In[2]:=
w=0.4;
In[3]:=
m[u] = m[d}] = 0.35;
m[s] = 0.55; m[c] = 1.7; m[b] = 4.9;
In[4]:=
m[K] = 0.497671;
m[K1l] = 0.89610;
m[D] = 1.8645;
m([B] = 5.2787;
In[5]:=

L[Nm_, i_, ql1_, g2_] :=

Nm Sqrt[x (1 - x)] Exp[- p*2/(2 w*2)] *

Exp[- m{i]*2/(2 w~2) *

(x - 1/2 - (m[ql]~2 - m[g2]”2)/(2 m[i]*2))"2]
In[6]:= '

normalize[i , q1_, g2_] :=

(aa = Integrate[L[n, i, ql, gq2]*2,

{x, 0, 1}, {p, O, Infinity}}:

bb = Solve[aa == 1, n]; n /. bb[[1]])
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@D --> K
mf0 = f1
In[7]:=

£0 = Integrate] L[normalize[D, ¢, u], D, ¢, ul*
L{normalize[K, s, u], K, s, u],
{x, 0, 1}, {p, 0, Infinity}] //N

OUI[7]=
0.760523

A B --> K
Hf0 = f1
In[8]:=

£f0 = Integratel[ L{normalize([B, b, u], B, b, u]*
L[normalize[K, s, u], K, s, u],
{x, 0, 1}, {p, O, Infinity}] //N

Out[8]=
0.380694
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S D --> K*
B hAO0 = hA3
In[9]:=

A0 = Integrate( L[normalize[D, ¢, u], D, ¢c, ul*
L[normalize[Kl, s, ul], K1, s, ul,
{x, 0, 1}, {p, O, Infinity}] //N
out[9]=
0.730952

Bhv and hAl
In[10]:=

j = Integrate( L[normalize[D, ¢, ul], D, c, ul*
L[normalize(Kl, s, ul], K1, s, ul /x,
{x, 0, 1}, {p, 0, Infinity}] //N
Out[10]=
1.07622
Inf11]:=
Av = (m[c] - m[s])/(m[D] - m[K1]) jJ
OUf[11]=
1.27803
In[12]:=
Al = (m[c] + m[s])/(m[D] + m[K1]) J
Out[12]=
0.877159

Hm A2

In[13]:=
A2 = (m[D] + m[K1])/(m[D] - m[K1l]) Al -
2 m[K1]/ (m[D] - m[K1]) AO

Out[13]=
1.14774
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E B --> K*
B hAO0 = hA3
In[14]:=

A0 = Integrate] L[normalize[B, b, u], B, b, ul*
L[{normalize[Kl, s, u], K1, s, u],
{x, 0, 1}, {p, 0, Infinityl}] //N
OUt[14]=
0.3216

BMhv and hAl

In[15]:=
j = Integrate( L[normalize[B, b, ul, B, b, ul]*
L[normalize[Kl, s, u], Ki, s, ul/x,
{x, 0, 1}, {p, 0, Infinity}] //NW
Out[15]=
0.372305
In[16]:=
Av = (m[b] - m[s])/(m[B] - m[K1]) j
Out[16]=
0.369536
Inf17]:=
Al = (m[b] + m[s])/(m[B] + m[K1]) 3
Out[17]=
0.328604

B A2

In[18]:=
A2 = (m[B] + m[K1])/(m[B] - m[Kl1]) Al -
2 m[K1]/ (m[B] - m[K1]) AO
Out[18]=
0.331468
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In here we substitute from (3.24 - 3.29) and (3.30 - 3.34) into (2.23)
in order to evaluate the amplitude for B -> K* .

Inf1]:=

pKY = (mB~2 - mK*2 - m¥*2)/2;

pBY = (mB*2 - mK*2 + mY*2)/2;

pBK = (mB*2 + mK*2 - m¥*2)/2;

PYBK = mB*2 - mK"2;

PBK2 = 2 mB*2 + 2 mK"2 - mY¥"2;
In[2]:=

£l = -3;

£2 = 2 + pKY*2 /(m¥*2 mK"2);

£3 = -mB~2 + pBK*2 /mK"2;

£4 = -mB~2 + pBY"2 /mY*2;

£5 = mB~2 - pBK*2 /mK"2 - pBY*2 /mY"*2 +

PKY pBY pBK /(mY¥"2 mK"*2);

In[3].'=

al = - (pYBK*"2 £2 - pYBK~2 f142 + pYBK f1 £3 -

2 pYBK £5 + pYBK f1 £3 - 2 pYBK £5 + 4 £3 f4 -
pBK2 £1 £3 - mY*2 £1 £3 + 2 mY*2 £5 + 2 m¥*2 £5 -
pBK2 mY~2 £2 - 4 mY~2 f1 £f4 + pBK2 mY~2 £1°2);

In[4]:=
Al = Simplify([al]

Out[4]=
2 (mB - mK -~ mY¥) (mB + mK - mY) (mB - mK + mY)

(mB + mK + mY)
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In[5]:=
A = g[t]~2 A1l + £[t]"2 Simplify[£2] +
4 ap[t] £(t] Simplify[£5] + 4 ap[t]~2 Simplify[£3 £4]

Out[5]=

2 2 2
((mB - mK - mY) (mB + mK - mY) (mB - mK + mY)

2 2 2 2
(mB + mK + mY) aplt] ) / (4 mK mYy ) +

((mB - mK - mY) (mB + mK - mY) (mB - mK + mY)

2 2 2
(mB + mK + mY) (mB - mK - my ) aplt] £[t]) /
2 2 2 2
2 2 (mB - mK - mY ) 2
(2 mK mY ) + (2 + —==———===oooomTTTT ) £[t} +
2 2
4 mK mY

2 (mB - mK - mY) (mB + mK - mY) (mB - mK + mY)

2
(mB + mK + mY) glt]

72



Appendix_D
Appendix D

Al numerical calculations in this Appendix are done using
Mathematica . The Mathematica note book is organized in 5 parts.
The first 4 contain all the definitions that Mathematica need, while
the last part contains the commands for specific calculations.

@ Part 1 : Constants
In this part we define all the constants needed in the calculations.

In[1]:= :
GF = 1.16639 10~ (-5):
hh = 6.582122 10~ (-25);

Above, hh = h/(2n) (the reduced Plank constant).

In[2].’=
Vud = 0.9753;
Ves = 0.9743;
Vbe = 0.043;
In[3]:=
al[Nc ] = 1.24 - 0.47/Nc;
a2[Nc_] = -0.25 + 1.11/Nc;
In[4].'-
mipi] = 0.1395679;
m[rho] = 0.7681;
m{aln] = 1.260;
mfipsi] = 3.09693;
m[K] = 0.497671; m[Kn] = 0.493646;
m[K1] = 0.89610; m[Kin] = 0.89159;
m[D] = 1.8645; m{Dn] = 1.8693;
m[B] = 5.2787;

Above, are the masses of the needed mesons. Here, K1 = K* and the
small n in Kn, Kin and Dn indicates the negative charge of these
mesons.
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In[5].'=
T[D] = 4.20 10~ (-13);
T[B] = 12.9 10~(-13);

Above, the mean lifes of D and B mesons are defined.

In[6]:=
DClpi] = 0.132;
DC[rho] = 0.208;
DC[psi] = 0.382;
DC[aln] = 0.334;

Above, the decay constant of T, p and Y mesons are defined.

@Part 2 : Form Factors

In this part we define the form factors for D-->K(K*) and B-->K(K*).

In[7]:=
£0[D, 0] = £1([D, 0] = £1;
Al[D, 0} = Al;
A2[D, 0] = A2;
v[D, 0] =V;
In[8]:=

AO[D, 0] = A3[D, 0] =
(m[D] + m[K1])/(2 m[K1]) Al - (m[D] - m[K1])/(2 m[Kl]) AZ;

In[9]:=

£0[D, t_] = £0[D, O] /(1 - £/2.60%2);
£1[D, t_] = £1[D, 0] /(1 - £/2.11°2);
a0[p, t_]1 = AO[D, O] /(1L - £/1.97°2);
Al[D, t_] = Al[D, O] /(1 - £/2.53*2);
a2[D, t_] = A2([D, 0] /(1 - t/2.53°2);
a3[p, t_] = A3([p, 0] /(1 - t/2.53%2);
viD, t_] = vi{p, 0] /(L - t£/2.11~2);

Above, are the form factors for D-->K (K*).
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In[10]:=
£0[B, 0] = 0.408796 £1;
£f1[B, 0] = 0.573283 £1;
AO[B, 0] = 1.34502 Al - 0.764022 A2;
Al[B, O] = 0.429363 Al;
A2([B, 0] = 0.187862 Al + 0.436512 A2;
A3[B, 0] = 1.02352 Al - 1.07394 A2;
Vv[B, 0] = 0.640264 V;

In[1 1].'=
£0[B, t_] = f0[B, 0] /(1 - t£/5.89°2):;
£1[B, t_] = £1[B, 0] /(1 - £/5.43*2);
aA0[B, t_] = AO[B, 0] /(1 - t/5.3872);
Al[B, t_] = aAl[s, 0] /(1 - ©/5.8242);
A2[B, t_] = A2([B, 0] /(1 - t/5.82°2);
A3[B, t_] = A3[B, 0] /(1 - t/5.8272);
VI[B, t ] = VI[B, 0] /(1 - £/5.43°2);

Above, are the form factors for B-->K(K*). In here, we used the
values of form factors at zero momentum produced in [[Table 2.2]].

In[12]:=
£n[B, P , (m[B]*2 - m[P]~2) £f1[B, 0] *
(1/5.89~2 - 1/5.43”2);
£a[D, P , 0] := (m[D]*2 - m[P]~2) £f1[D, 0] *
(1/2.622 - 1/2.11°2);

Q
—
]

an[B, V1_, 0] 2 m[V1l] A3[B, 0] *

(1/5.82~2 - 1/5.3872);

an[D, V1_, 0] := 2 m[V1] A3[D, 0] *
(1/2.53%2 - 1/1.97°2);
In[13]:=
£p[M , P_, t_] := f1[M, t]
£fa[M , P_, t_] = (m[M]*2 - m[P]*2)/t *
(£O0[M, t] - £f1[M, t])
ap[M _, V1_, t_] := A2[M, t)]/ (m[M] + m[V1])
an[M , V1_, t_ ] := -2 m[v1i]/t (AO[M, t] - A3[M, t])
M, Vi_, t_] :=V[M, t]/(@[M] + m[V1])
f[M_r vi, t ] = -(m[M] + m[V1]) Al[M, t]

Above, are the form factors as in second decomposition.
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Part 3 : Decay amplitudes

Sl

In[14]:=
factor[B, Nc_]
factor[D_, Nc_]

In[15]:=
plM_, ML_, M2 ] := Sqrt[(m[M]*2 - m[M1]"2 - m[M2]~2) 2 -
4 m[M1]~2 m[M2]72]/(2 m[M]);

HM --> PP

In[16]:=
Amplitude[M , Pk_, P2 _, PP, Nc_] :=
(- factor[M, Nc] DC[P2] *
((m[M]~2 - m[Pk]~*2) £p[M, Pk, m[P2]72] +
m[P2]~2 £n[M, Pk, m[P2]~2]))*2

GF/Sqrt[2.] Vbc Vecs a2 [Ne):;
GF/Sqrt[2.] Ves Vud al[Nc];

Above, is the square of the amplitude for decays of the type (B or
D)--> PP.

EM -> PV

In[17]:=
Amplitude[M , Pk_, V_, PV, Nc_] :=
(factoxr[M, Nc] m[M] p[M, Pk, V] 2 DC[V] fp[M, Pk, m[V]*2])~2
Above, is the square of the amplitude for decays of the type (B or
D)--> PV.

EM --> VP

Inf18):=
Amplitude[M , Vk_, P_, VP, Nc_] :=
(factor[M, Nc] DC[P] m[M]/m[Vk] p[M, Vk, P] *
(£IM, Vk, =[P]"2] + (m[M]"2 - m[Vk]~2) ap[M, Vk, m[P]"2] +
m[P]~2 an[M, Vk, m[P]~2]))"2

Above, is the square of the amplitude for decays of the type (B or
D)--> VP.
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EM -> VV

In[19]:=
Amplitude[M , Vk_, V2_, VV, Nec_] :=
(factoxr[M, Nc] DC[V2] m[Vv2])~2 *
(8 m[M]~2 pIM, Vk, V2]1~2 g[M, Vk, m[Vv2]+2]°2 +
2 £[M, Vk, m[Vv2]~2]+2 +
((m[M]*2 - m[Vk]~2 - m[V2]~2) f[M, Vk, m[v2]~2] +
4 m[M]*2 p[M, Vk, V2]*2 ap[M, Vk, miv2]+21)+2 /
(4 m[Vk]~2 m[V2]~2));

Above, is the square of the amplitude for decays of the type (B or
D)--> VV.

H Part 4 : Branching ratios definitions

In this part we define the transition probability per unit time (T =
gamma) which leads to the branching ratios.

In[20]:=
gamma[M , Ml , M2 , type , Nc_] :=
1/(16 Pi m[M]) Amplitude[M, M1, M2, type, Nc] *
phi[m[M1]/m[M], m[M2]/m[M]] /Bh

where phi[x, y] is the phase space correction factor defined below as
In[21]:=

phi[x_, y_] := Sqrt[(1 - (x + ¥)*2) (1 - (x - ¥)"2)]

Notice above that we devided T" by hh. This is to allow it to have the

appropriate units.

In order to get the branching ratio we just multiply I' by the mean

life time of the decaying particle.

In[22]:=
BranchingRatio[M , M1_, M2 , type , Nc_] :=
gamma [M, M1, M2, type, Nc] T[M] 100

We multiplied above by 100 in order to get the answer in %.
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o P a r t 5

In this part the branching ratios of several decays are evaluated.
Before that we define the values of the form factors for D-->K,K* at
zero momentum transfer and their uncertainities. They are organized
as {E691, E653, ELC, BES, BSW} respectively.

In[23]:=
nfl = {0.79, 0.71, 0.58, 0.90, 0.760};
nAl = {0.46, 0.53, 0.53, 0.83, 0.877};
nA2 = (0.0, 0.43, 0.19, 0.59, 1.147};
nav = {0.9, 1,06, 0.86, 1.43, 1.278};
In[24]:=
errfl = {0.078, 0.06, 0.04, 0.04, 0};
errAl = {0.05, 0.08, 0.03, 0.14, O0};
errA2 = {0.2, 0.15, 0.21, 0.14, 0};
erxV = {0.3, 0.30, 0.10, 0.45, 0};
HMD ->Kn=x

ON = Infinity

In[25]:=
BR[£f1_] = BranchingRatio[D, Kn, pi, PP, Infinity] //N

Out[25]=
2
10.8744 f1

In[26]:=
BR[nfl]

Out[26]=
{6.7867, 5.48178, 3.65814, 8.80825, 6.28104}

In[27]:=
error = 10.8744 (2 nfl errfl)

Out[27]=
{1.34016, 0.926499, 0.504572, 0.782957, 0}
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ON=3

In[28]:=
BR[£f1_] = BranchingRatio[D, Kn, pi, PP, 3] //N

Out[28]=
2
8.30014 f1

In[29]:=
BR[nfl]

Out[29]=
{5.18012, 4.1841, 2.79217, 6.72311, 4.79416}

In[30]:=
error = 8.30014 (2 nfl errfl)

Out[30]=
{1.02291, 0.707172, 0.385126, 0.59761, O}

®D --> Knp
ON = Infinity
In[31]:=

BR[£f1_] = BranchingRatio[D, Kn, rho, PV, Infinity] //N

OUt[31]=
2
17.2526 f1

In[32]:=
BR[nfl]

Out{32]=
{10.7674, 8.69705, 5.80378, 13.9746, 9.96512}

In[33]:=
error = 17.2526 (2 nfl errfl)

Out[33]=
{2.12621, 1.46992, 0.300521, 1.24218, 0}

79



Appendix_D

ON=3

In[34].'=
BR[£f1_] = BranchingRatio[D, Kn, rho, PV, 3] //N

OU[[34]=
2
13.1685 f1

In[35]:=
BR[nfl]

Out[35]=
{8.21845, 6.63824, 4.42988, 10.6665, 7.60612}

In[36]:=
error = 13.1685 (2 nfl errfl)

Out[36]=
{1.62289, 1.12196, 0.611018, 0.948132, 0}

MD --> Kn aln
ON = Infinity

In[37]:= i
BR[£1_] = BranchingRatio[D, Kn, aln, PV, Infinity] //N
Out[37]=

2
6.21736 f1

In[38]:=
BR[nf1]

Out[38]=
{3.88025, 3.13417, 2.09152, 5.03606, 3.59114}

In[39]:=
error = 6.21736 (2 nfl errfl)

Out[39]=
{0.766227, 0.529719, 0.288486, 0.44765, 0}
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ON=3
- In[40]):=
BR[f1_] = BranchingRatio[D, Kn, aln, PV, 3] //N

Outf40]=
2

4.74555 f1
In[41]:=

BR[nfl]
Outl41]=

{2.9617, 2.39223, 1.5964, 3.8439, 2.74103}
In[42]:=

error = 4.74555 (2 nfl errfl)
Out[42]=

{0.584842, 0.404321, 0.220194, 0.34168, 0}

BMD --> Kn* =«
In[43]:=
redpower[a x “n ] := a (Expand[x])“n
ON = Infinity
In[44]:=

BR[Al , A2 ] =
BranchingRatio[D, Kln, pi, VP, Infinity] //xedpower//N

Out[44]=
2
1.8868 (-2.76997 Al + 0.977799 A2)

In[45]:=
BR[nAl, naA2]
Out[45]=
{3.06333, 2.07083, 3.10248, 5.59605, 3.22674}

In[46]:=
error = 1.8868 2 (-2.76997 nAl + 0.977799 nA2) *
(2.76997 erxAl + 0.977799 errA2) //Abs

Out[46]=
{1.60624, 1.45589, 1.39572, 3.40984, 0)
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ON=3

In[47]:=
BR[Al , A2_] =
BranchingRatio[D, Kln, pi, VP, 3] //xedpower//N

Out[47]=

2
1.44015 (-2.76997 Al + 0.977799 A2)

In[48]:=
BR[nAl, naA2]

Out[48]=
{2.33816, 1.58061, 2.36804, 4.27133, 2.46289)

In[49]:=
error = 1.44015 2 (-2.76997 nAl + 0.977799 naA2) *
(2.76997 errAl + 0.977799 errA2) //Abs

Out[49]=
{1.22601, 1.11124, 1.06532, 2.60265, 0}

WD --> Kn* p

In[50]):=
errordef{aa_ Al“2 + bb_ Al A2 + cc_ A27%2 + dd_ vA2] :=
Abs[2 aa nAl + bb nA2] errAl +
Abs[2 cc nA2 + bb nAl] errA2 + Abs[2 dd] nV errV

ON = Infinity

In[51]:=
BR[Al , A2_, V_] =
BranchingRatio[D, Kln, rho, VV, Infinity] //Expand//N

OU‘[51]=

2 2 2
29.792 A1 - 5.04352 Al A2 + 0.396548 A2 + 0.652246 V
In[52]:=
BR[nAl, nA2, nV]
out[52]=

{6.8323, 8.02534, 8.3574, 19.5257, 19.4275}
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In[53]:=
errordef [BR[Al, A2, V]]

Out[53]=
{2.18665, 3.1175, 1.56052, 7.86705, O}

ON=3

,n[54].'=
BR[Al , A2 , V_] =
BranchingRatio[D, Kln, rho, VV, 3] //Expand//N

OUt[54]=

2 2 2
22.7395 A1 - 3.84959 Al A2 + 0.302675 A2 + 0.497843 V
In[55]:=
BR[nAl, naA2, nV]
Out[55]=
{5.21492, 6.12554, 6.37899, 14.9035, 14.8285}
In[56]:=
errordef[BR[Al, A2, V]]
Out[56]=

{1.66901, 2.37951, 1.19111, 6.00472, 0}

BB ->Kvy
ON = Infinity

In[57]:=
BR[fl_] = BranchingRatio[B, K, psi, PV, Infinity] //N
Out[57]=

2
0.116741 £1

In[58]:=
BR[nfl]

Out[58]=
{0.0728579, 0.058849, 0.0392716, 0.09456, 0.0674294}
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In[59]:=
error = 0.116741 (2 nfl errfl)

Out[59]=
{0.0143872, 0.00994633, 0.00541678, 0.00840535, 0}

ON=3

In[60]:=
BR[fl ] = BranchingRatio[B, K, psi, PV, 3] //N

Out[60])=
2
0.0268971 f1

In[61]:=
BR[nfl]

Oout[61]=
{0.0167865, 0.0135588, 0.00904817, 0.0217866, 0.0155357}

In[62]:=
error = 0.0268971 (2 nfl errfl)

Oout[62]=
{0.0033148, 0.00229163, 0.00124803, 0.00193659, 0}

HB->K*y
ON = Infinity
In[63]:=

BR[ALl , A2_, V_] =
BranchingRatio[B, X1, psi, VV, Iafinity] //Expand//N

Out[63]=

2 2 2
0.543113 Al - 0.426772 Al A2 + 0.109022 A2 + 0.0594436 V
In[64]:=
BR[nAl, nA2, nV]
Out[64]=

{0.163072, 0.142248, 0.157485, 0.324667, 0.228945}
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In[65]:=
errordef[BR[Al, A2, V]]

Out[65]=
{0.0963458, 0.0890457, 0.0638624, 0.199052, O}

ON=3

In[66]:=
BR[Al , A2_, V_] =
BranchingRatio[B, K1, psi, VV, 3] //Simplify//N
Out[66]=
2 2
0.125133 A1 =~ 0.0983282 Al A2 + 0.0251187 A2 +

2
0.0136958 V

In[67]:=
BR[nAl, nA2, nV]

OUt[57]=
{0.0375718, 0.032774, 0.0362845, 0.0748033, 0.0527488)}

In[68]:=
errordef[BR[Al, A2, V]]

Out[68]=
{0.0221981, 0.0205161, 0.0147139, 0.0458617, 0}

85



Bibliography

[1) M. Wirbel, B. Stech and M. Bauer, Z. Phys. C29, 637 (1985).

[2] M. Bauer, B. Stech and M. Wirbel, Z. Phys. C34, 103 (1987).

[3] A. J. Buras, J. M. Gerard and Riickl, Nucl. Phys. B268, 16 (1987).
[4] N. Isgur and M. B. Wise, Phys. Rev. D42, 2388 (1990).

[5]} M. Tanimoto, Phys. Rev. D44, 1449 (1991).

[6] P. Colangelo, G. Nardulli and N. Paver, Phys. Lett. B222, 293 (1989).

[7) P. Colangelo, G. Nardulli, N. Paver and Riazuddin, Z. Phys. C45, 575

(1990).
[S) G. Nardulli, G. Preparata and Rotondi, Phys. Rev. D27, 557 (1983).
[9] B. Grinstein, HUTP-91/A028.

86



[10] P. Cea, G. Nardulli and G. Preparata, Phys. Lett. 148B, 477 (1984).
[11] G. Nardulli and G. Preparata, Phys. Lett. 104B, 399 (1981).

[12) C. W. Bernard, A. X. El-Khadra and A. Soni, Phys. Rev. D 43, 2140

1991.

[13] C. W. Bernard, A. X. El-Khadra and A. Soni, BNL preprint BNL-45101,

1992.

[14] V. Lubicz, G. Martinelli and C. T. Sachrajda, Nucl. Phys. B356, 301

(1991).
(15] E691 Collaboration, J. C. Anjos et al., Phys. Rev. Lett. 65, 2630 (1990).
[16] E653 Collaboration, K. Kodama et al., Phys. Lett. B 274, 246 (1992).
[17] T. N. Pham, Phys. Rev. D 46, 2076 (1992).
(18] G. Kramer and W. F. Palmer, Phys. Rev. D 46, 2969 (1992).

[19] R. E. Marshak, Riazuddin and C. P. Ryan, Theory of Weak Interactions

in Particle Physics (Wiley-Interscience, New York, 1969).

[20) E. D. Commins and P. H. Bucksbaum, Weak Interactions of Leptons
and Quarks (Cambridge University Press, Cambridge, 1983).

37



[21] Otto Nachtmann, Elementary Particle Physics (Springer-Verlag, Berlin

Heidelberg, 1990).

[22] C. Itzykson and J. Zuber, Quatum Field Theory (McGraw-Hill, Singa-

pore, 1980).

[23] V. De Alfaro, S. Fubini, G. Furlant and C. Rossetti, Currents in Hadron

Physics (North-Holland Publishing Company, Amsterdam, 1973).

[24] D. C. Cheng and G. K. O'Neil, Elementary Particle Physics An Intro-

duction (Addison-Wesley Publishing Company, Massachusetts, 1979).

[25] Paricle Properties Data Booklet (American Institute of Physics, Berkely

and Cern, 1992).

[26] S. Wolfram, Mathematica: A System for Doing Mathematics by Com-

puter (Addison-Wesley Publishing Company, Redwood, 1988).

88



