SLAC-R-882

Study of Exclusive Semileptonic B Meson

Decays to Tau Leptons

Michael A. Mazur

SLAC-R-882

Prepared for the Department of Energy
under contract number DE-AC02-76SF00515

Printed in the United States of America. Available from the National Technical Information
Service, U.S. Department of Commerce, 5285 Port Royal Road, Springfield, VA 22161.



This document, and the material and data contained therein, was developed under sponsorship of the United States
Government. Neither the United States nor the Department of Energy, nor the Leland Stanford Junior University,
nor their employees, nor their respective contractors, subcontractors, or their employees, makes an warranty,
express or implied, or assumes any liability of responsibility for accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents that its use will not infringe privately owned
rights. Mention of any product, its manufacturer, or suppliers shall not, nor is it intended to, imply approval,
disapproval, or fitness of any particular use. A royalty-free, nonexclusive right to use and disseminate same of
whatsoever, is expressly reserved to the United States and the University.



UNIVERSITY OF CALIFORNIA

Santa Barbara

Study of Exclusive Semileptonic B Meson
Decays to Tau Leptons

A Dissertation submitted in partial satisfaction
of the requirements for the degree of
Doctor of Philosophy
in
Physics
by

Michael A. Mazur

Committee in Charge:
Professor Jeffrey Richman, Chair
Professor David Berenstein

Professor Claudio Campagnari

September 2007



The Dissertation of
Michael A. Mazur is approved:

Professor David Berenstein

Professor Claudio Campagnari

Professor Jeffrey Richman, Committee Chairperson

August 2007



Study of Exclusive Semileptonic B Meson Decays to Tau Leptons

Copyright (© 2007
by

Michael A. Mazur

il



Acknowledgements
Thank you. ..

To Jeff Richman, for putting an idea into my head and for letting me run
wild with this analysis, no matter how long it took and how impossible

it may have seemed at times.

To Claudio Campagnari, to Harry Nelson, to Yoram Rozen, and to David
Stuart for all the time spent discussing physics and everything else that

goes along with it. To every teacher I've had along the way.

To everyone at SLAC who took a moment to answer my questions, how-
ever naive they may have been; to everyone at SLAC who came to me
with questions, however naive you may have felt they were. I learned so

much from all of you.

To everbody in Pisa, for their infinite patience and all their help through-

out the years.

To my friends in the UCSB group, to Tae Min, to Adam, to Steve, to
Owen, to Wouter, and to Jeff, it’s been a pleasure sharing offices and

spending time together.

v



To my non-UCSB friends, to Stephanie and to Kris, to everybody in the
ROB who made my time there a bit more enjoyable, even if you didn’t

know it.

To the SLAC tours program and to everybody who came to visit the lab,
asking me questions and laughing at my jokes  you reminded me that
physics can be fun. To Emily and to Barb and to Mika and to Maura

and to Melinda and to Kelen and to Ellie, for being such great company.

To my friend Colleen, when I needed it the most, you've been there for

me

To Bryan, for all the cribbage, all the Ms. Pac-Man, the endless Chinese

food, all for the adventures through the years.

To Mom and Dad, Jonathan and Jessica for putting up with me and my

carrots for all these years.

alla vir, per chi sei, per tutto che abbiamo vissuto insieme e per tutto
che verra, per avermi completato, per avermi conosciuto come un pollo,
per il modo in cui mi fai ridere, per il 2% che non basta mai. Spero solo

di meritarti per sempre.



Education
2002

1999

1998
Research
2000 — 2007
1998 1999

Curriculum Vite

Michael A. Mazur

M.A. University of California, Santa Barbara, CA
M.S. University of Chicago, Chicago, 1L
B.S. Worcester Polytechnic Insititute, Worcester, MA

Member of the BABAR Experiment. Advisor Jeffrey Richman
Member of the KTeV Experiment. Advisor Yau Wah

Selected Publications

“Measurement of the Semileptonic Decays B — D7 v, and
B — D™W7=5,”, B. Aubert, et al. (The BABAR Collabora-
tion), submitted to the 2007 Europhysics Conference on High
Energy Physics.

“Measurement of the Average ¢ Multiplicity in B Meson De-
cay”, B. Aubert, et al. (The BABAR Collaboration), Phys.
Rev. D 69 052005 (2004).

vi



Abstract

Study of Exclusive Semileptonic B Meson Decays to Tau
Leptons

Michael A. Mazur

We present the results of a search for four exclusive semileptonic decays B —
D® 17, in 209 b~ of data collected with the BABAR detector, corresponding
to 232 million ete™ — 1(4S) — BB events. We select events with a D)
meson and a light lepton (e or p) recoiling against a fully-reconstructed B
meson. We perform a fit to the lepton spectrum and missing mass squared to
discriminate signal events from backgrounds, predominantly B — D™ ¢ 7,.
A control sample of identified D**/~ 7, events is included in the fit to estimate
the background contribution from these decays. We measure B(B — D7v) =
(0.86+0.244+0.11+0.06)% and B(B — D*rv) = (1.62+0.31+0.10+0.05)%,
where the errors are statistical, systematic, and normalization-mode related,

respectively, and where the results are expressed for the B lifetime.

Professor Jeffrey Richman

Dissertation Committee Chair
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Chapter 1

Introduction

Semileptonic B — X .~ 7, decays with ¢ = e, u and X, a charmed meson
(either D or D*) are among the most common and most thoroughly studied B
meson decays. Similar processes involving 7 leptons, however, have only been
observed inclusively  the X_. system has not been specifically identified.

The fact that these exclusive decays have never been observed is rather
surprising, given that their branching fractions are expected to be of order
1072; B meson decays with branching fractions 10* times smaller, such as
B — K/(¢*¢~ [1], have been measured. Experimental study of B — D®) 77,
is difficult because the 7 is too short-lived to be observed directly and because
at least two (and often three) neutrinos are produced in a signal event. The
missing four-momentum carried off by the neutrinos makes reconstruction of

signal events very difficult.
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Theoretical predictions for these modes in the Standard Model have a good
foundation. A great deal is known about the form factors for B — D" ¢ 7,
both from experimental measurements [2, 3] and from theoretical studies [4].
For ¢ = e, u, where the lepton mass is essentially negligible, there is one form
factor for B — D¢ 7, and three for B — D*{~7,. However, for B — D™ 7,,
one additional form factor, due to the large 7 mass, enters the amplitude for
each mode. These additional form factors, however, can be related to the
others using Heavy Quark Effective Theory (HQET) [5].

In this note, we present measurements of the branching fractions of four

exclusive B decays:

B — D'r 7, B - D'r 7,

B — D 7w, B - D*"r 7.,
as well as two isospin-averaged branching fractions,

B — Dt v, and B— D't U, .

1.1 Organization of this Document

In the remainder of this introduction (Chapter 1), we present a summary

of current theoretical and experimental studies of B — X.777,, and we give
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an overview of our analysis. Chapter 2 presents a theoretical treatment of
semitauonic B decays. In Chapter 3 we introduce the BABAR experiment.
Chapter 4 describes the data and Monte Carlo samples used in this analysis,
while Chapter 5 describes qualitatively the most important background pro-
cesses and our overall strategy to minimize their impact on our measurement.
Chapter 6 documents our signal selection criteria, and Chapter 7 presents a
number of studies we have done to test the validity of our Monte Carlo sim-
ulation within the context of this analysis. In Chapter 8 we introduce the fit
we use to extract a signal from our event sample, and in Chapter 9 we discuss
validation of the fit. In Chapter 10 we show how we extract the branching
fractions from the fit results. In Chapters 11 and 12, we discuss corrections
to the Monte Carlo and systematic errors. We show the fit to the data in

Chapter 13 and summarize our results in Chapter 14.

1.2 Standard Model Predictions

The standard model Feynman diagram for B — D®7 7. is shown in
Figure 1.1, and predictions for semitauonic decay branching fractions [6, 7] are

given in Table 1.1 (these values are largely consistent with older predictions [8,

9)).
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Table 1.1: Standard model branching fraction predictions for B — D" 77,
and B — X.r7,. The predictions for the exclusive B modes are taken
from [6], where the errors are based on the form factor model used; the
predictions for the B~ modes are based on the quoted B results, imposing
isospin symmetry and using the B~ B lifetime ratio in [10]. The prediction
for the inclusive mode is taken from Ref. [7], and the dominant uncertainty
comes from the experimental uncertainty on the total semileptonic decay rate
B — X /" 7,. See Chapter 2 for further details on these calculations and their
errors.

Decay Mode B (%)
B D r v 0694004
B D717, 1414+0.07
B~ —=Dr 7, 0.64+0.04
B~ — D7, 132+0.07
B = X7, 2.340.25

The branching fractions for B — D®) 77, are expected to be about 0.7%
and 1.4%, somewhat smaller than the dominant B — X /v decays, B — D/v
and B — D*{v, which have branching fractions of approximately 2% and 5%,
respectively [10]. These would still be, however, among the largest B meson
branching fractions, comparable to the dominant hadronic modes B — D™,
D®rr, and D™ 7rrr which have branching fractions between 0.3 and 1.3%,

and B — D(*)Dg*), with branching fractions between 0.6 and 1.8%.
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b

g

Figure 1.1: Standard model Feynman diagram for B — D" 77,

QO o . < '_'|

1.3 Previous Measurements

The exclusive decay modes B — D®) 77, have not yet been observed.
Inclusive measurements of the branching fraction b — X7 7, have been per-
formed by ALEPH [11], L3 [12, 13], and OPAL [14], yielding an average mea-
surement of (2.48 4+ 0.26)% [10]. These measurements are not inconsistent
with the prediction of Falk et al. [7], but it must be noted that the calculation
is for the inclusive B meson branching fraction, while the LEP experiments
measure the inclusive b quark branching fraction; the experimental result also
includes contributions from B, mesons and b baryons. The ALEPH collabora-
tion also measured a submode of the inclusive measurement, b — D**rFy X,
with a branching fraction (0.88 + 0.31 + 0.28)%; this is consistent with the
predictions of Kérner and Schuler [9]. The branching fractions measured by

the various LEP experiments are summarized in Table 1.2 and in Figure 1.2.
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Table 1.2: Semitauonic branching fractions measured at LEP. The errors
given are statistical and systematic, respectively. The two L3 measurements
use different experimental techniques.

Decay Mode Experiment B (%)

b— X17U,; ALEPH [11] 243 +£0.20£0.25
L3 [12] 1.7+£044+1.1
1.3 [13] 2.4+ 0.7+ 0.8
OPAL [14] 278 £0.18 £0.51
PDG average [10] 2.48 4+ 0.26

b—s D*rFyX ALEPH [11] 0.88 £ 0.31 = 0.28

" ALEPH
: L3
. L3

———— OPAL

R PDG

O 05 1 15 2 25 3 35 4 45 5
BF(b— Xtv) (%)

Figure 1.2: Measurements of the b — X777, from LEP experiments.
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These measurements all rely on the jet-like b decays at the Z° resonance.
Because the two b jets appear back-to-back, the missing energy due to the neu-
trinos will be spatially correlated with one of the jets. A b-tagging algorithm
is used on the opposite jet to distinguish Z° — bb events from other Z° — jj

events. The results of the ALEPH study are shown in Figure 1.3.

1.4 Sensitivity to New Physics

One of the most compelling reasons to search for the exclusive modes is
their potential sensitivity to a charged Higgs boson. The tree level b — ¢/~ 7,
process can be mediated by an H* instead of a W (as in Figure 1.4), and,
since the Higgs coupling is proportional to the particle masses, this effect may
be observed in decays involving 7 while remaining unobserved in the other
semileptonic modes.

Because the H* is a spin-0 particle, the Higgs contribution will be different
for the two decays B — D7 7, and B — D*7~7,. The relative proportion
of D to D* may therefore differ (by a potentially large amount) from the SM
value. The branching fractions for the two modes depend on the charged Higgs
mass, my, and on the ratio of vacuum expectation values, tan 3. In particular,

if we consider the dimensionless quantity
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Figure 1.3: Missing energy spectrum for the ALEPH B — X777, analy-
sis [11]. Points are data; histograms are simulation. Their Fp,;s signal region
is indicated, and is estimated to include 778 signal events out of 2094 total
events.
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g

Figure 1.4: Feynman diagram for B — D™®7 7_ in a two-Higgs doublet
model.

-
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Miura and Tanaka find that the ratio B(B — D7 7;)/B(B — Du 7,) de-
pends on @ as seen in Figure 1.5 [15]. The same behavior is seen in the D*
modes and in the inclusive mode, but the effect is smaller in these cases.

Grossman, Haber, and Nir have used the inclusive b — X 7v measurement
to place a model independent constraint on ); they find () < 41 at the 20
level [16].

The experimental prospects for observing B — D®)7~7_ have been dis-
cussed by the SuperKEKB Physics Working Group [17]. While their work
suggests that such measurements require integrated luminosities greater than

1 ab™!, we believe these conclusions are somewhat pessimistic, and that ob-
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~ 0.6} //
B
0.4]
MESM
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Figure 1.5: B(B — D7 7,.)/B(B — Du 7,) as a function of @) in the
MSSM, with the standard model prediction shown as a flat band. The shaded
area corresponds to a +1o variation in the experimental measurement of the
B — D form factor, which is the dominant uncertainty in the calculation. (a)
shows the total branching fraction ratio, while in (b), the denominator is only
integrated over the phase space region allowed in B — D77 7,. Note that,
within the present limit on @, the branching fraction of B — D7~ 7, may
differ from the standard model prediction by up to a factor of two in either
direction. Taken from Miura and Tanaka [15].

10
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servation of B — D™ 77 is possible with B-factory data samples available

today.

1.5 Methodology

Because of the large expected background from other B — X /"7, decays
and the lack of a 7 mass peak, we have designed very tight selection criteria. By
imposing such constraints on signal candidates, we hope to reduce, as much as
possible, the contamination due to misreconstructed or partially reconstructed
events.

The key to performing this analysis at BABAR is to use the so-called
“semiexclusive B reconstruction” technique to fully reconstruct one B meson
in a hadronic final state. This By,, sample includes more than 1000 different
final states, and yields approximately 2000 fully-reconstructed B mesons per
fb!.

After fully reconstructing the By,, candidate, we reconstruct D™ and 1
candidates from the remaining particles in the event. D) mesons are recon-
structed in a variety of hadronic modes, while 7 candidates are reconstructed
in the cleanest channels, the leptonic decays 7 — ¢~ 7,v,, in which only the

charged lepton ¢ is actually observed.

11
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D®)

Figure 1.6: Schematic view of a signal event.

A key part of the signature of a signal event is large missing four-momentum
due to the neutrinos. Our signal extraction will be based largely on the missing

mass squared, defined as

2 —

Miniss = (pmiSS)2 = (pT — Ptag — PpG) — pe)Q s (11)

where piag, pp, and p, are the four-momenta of the reconstructed By, DM,
and ¢ candidates, respectively. py is the four-momentum of the 7(4S), and is
determined by the colliding beam energies. A schematic view of a signal event
is shown in Figure 1.6.

Although working with the By,, sample results in a substantial reduction
in the number of events, the fully reconstructed B;,, meson provides powerful

kinematic constraints. Because the total momentum of the ete”™ — 7(45)

12
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event is known, we can use the reconstructed four momentum of the Bi,,
meson to infer the four momentum of the signal B meson, whose direction
would otherwise be unknown. A second advantage to the By, sample is that
we can account for all of the visible particles in the event, allowing us to reject

background events in which particles other than neutrinos may have been lost;

2
miss

these events have large m: ... and make signal extraction difficult. We can also
reject events in which the total visible charge is not zero; these events have
necessarily lost particles and must have been misreconstructed.

While semiexclusive B reconstruction selects a relatively impure sample of

B mesons (see, e.g., Figure 6.1), the additional selection on the recoil side of

the event cleans up this sample dramatically (see Figure 6.3).

2
miss

The use of m as a signal discriminant has one further advantage: we
can simultaneously extract the event yield for the dominant backgrounds B —
D®e 7, and B — D(*),ufﬁu. These background events only have a single

neutrino in the final state, so they will have m?. = 0. This allows us to

' miss
measure the ratios of branching ratios R = B(B — D7 7,)/B(B — D{ 7y)
and R* = B(B — D*r v,)/B(B — D*{"7,) in such a way that many of the
systematic errors cancel. We can then normalize these measurements to the

known branching fractions for B — D¢ v, and B — D*{ v, to extract our

final results.

13
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Expected Event Yields

Semiexclusive B reconstruction at BABAR has an efficiency of approxi-
mately 0.2%. If we assume a signal efficiency of approximately 30%  these
are high-multiplicity modes and we will need tight cuts to suppress background
— and that the branching fraction of D™ decays to reconstructible modes is

20%), then we expect, in the Run 1 4 BABAR data sample, roughly

Nexp = L -0zg-B(B — D1v) - B(DY™) - B(r — tvp) - €(Btag) - £(signal)

=200fb'-1.1nb-7x107-0.2-0.35-2x 107*-.0.3 , (1.2)

which yields 62 events in the D7~ 7, modes and, similarly, 96 events in D*7 "7,
If the effective signal-to-background ratio is not much worse than 1:2, then this
amounts to a 5 ¢ discovery for both of these modes.

For comparison, we repeat this exercise for the dominant background modes
B — D®¢~7,. The branching fraction for B — D¢~ 7, is larger than that for
B — D17, by a factor of 3 (for D*, a factor of 4), and these backgrounds are
not reduced by the factor B(t~ — ¢ 7yv,;). We therefore expect these back-
grounds to be about 20 times the size of our signal, rougly 1200 D¢~7, and
2000 D*¢~ 7, events (counting both e and ). Control of these backgrounds is

therefore a critical requirement of this measurement.

14
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1.6 Notation and Conventions

e Throughout this paper, the term “semileptonic” will refer exclusively to
decays to the light leptons, e and p; “semitauonic” will refer to decays
involving 7. More generally, the word “lepton” and the symbol ¢ will
almost always refer to e and p. The only exception to this will be
Chapter 2, where we will use ¢ to refer to all three charged leptons, and
we will explicitly differentiate between the light and heavy leptons where

appropriate.

e The term “tagged” will always refer to the B meson identified by the
semiexclusive B reconstruction algorithm described below. The other B
will be referred to as “signal,” or, when it is explicitly not a signal event,

as “recoil.”

e Because we can work in the rest frame of the signal B meson, we denote
quantities measured in this system with an asterisk, as in p;. Quantities
without an asterisk are measured in the lab frame, and we will explicitly

mention any use of the 7'(4S) center-of-mass frame.

e The charge-conjugate mode is always implied for any decay mode men-

tioned.

15
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e Crossfeed between signal and signal-like modes play an important role
in this analysis. Because of this, we need to differentiate between cor-
rectly reconstructed events and crossfeed. We will use the notation that
D*~7, = D*Y represents a correctly reconstructed B — D*°¢~ 7, event,
while D**/~ 7, = D" represents feed-down in which the D*" is misrecon-

structed as a DV.

e Throughout this document, we will use the symbol D** to refer inclu-
sively to both the broad and narrow D** resonances and to nonresonant

D®nr systems.

16
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Theory of Semileptonic B
Decays to 7 Leptons

Theoretical investigations of semileptonic B decays to final states with a 7
lepton have focused on possible constraints these processes could provide on
models with an extended Higgs sector. In such models, a charged Higgs boson
in the intermediate state produces an additional amplitude that interferes
with the usual W-mediated decay. The large mass of the 7 lepton greatly
enhances the sensitivity of the decay to the Higgs-mediated amplitude. In
contrast to b — sy decays, in which the SM decay is forbidden at tree level
and sensitivity to new physics occurs via loop diagrams, B — X777, decays
can have sensitivity to new physics even at tree level.

As a baseline, it is important to understand the SM predictions for semilep-
tonic decays involving a 7 lepton. We will briefly introduce the formalism of

exclusive semileptonic decays in Section 2.1, paying particular attention to

17
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the details which distinguish semitauonic decays from those involving light
leptons. In Section 2.2, we present expressions for the SM differential decay
rates for B — D{"7, and B — D*{"7;, and in Section 2.3, we discuss theo-
retical understanding of the form factors describing the B — D and B — D*
transitions. In Section 2.4, we use a particular form-factor model to predict
the distributions of several important kinematic and event-selection variables,
and to compare these distributions between the light leptons and the 7 leptons.
Finally, in Section 2.5, we discuss possible non-Standard Model contributions

to processes involving 7.

2.1 Formalism of Exclusive Semileptonic De-
cays

In the Standard Model, the leading-order Feynman diagram describing
B — DWr~7, is shown in Figure 1.1. In this diagram, the light antiquark
7 can be either a @, in which case the diagram shows a B~ decay, or a d, in
which case the decaying meson is a B°, and the ¢g system can hadronize as
either a D meson (D or D) or a D* meson (D*® or D**). The same diagram
can also be used to describe semileptonic decays to the light leptons, simply

by replacing the 777, system with either e"7, or p 7,,.

18
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2.1.1 Decay Kinematics

Two independent kinematic variables are used to describe the B — D/~ 1,
decay, while four are needed to describe the B — D*{~ 7, decay. One of these

variables is ¢2, the squared momentum transfer, defined as

¢* = (pp — Ppe)” = (pe +p9)” (2.1)

which is also equal to the squared mass of the virtual W~. The remaining
variables are decay angles which are defined in Figure 2.1. 6, is the polar
angle between the charged lepton momentum and the direction opposite the B
meson momentum, as measured in the rest frame of the virtual W, and is used
to describe both B — D{"7, and B — D*{~ 7, decays. 6y is the polar angle
between the D momentum and the direction opposite the B meson momentum,
measured in the rest frame of the D* meson, while y is the azimuthal angle
between the W* — ¢~ 7, and D* — D, decay planes,! both of which are only
defined for the B — D*/~ 7, decay.

The momentum transfer ¢? is linearly related to another frequently-used

variable, w, defined as the product of four-velocities

2 2 2
mp + My — 4

(2.2)

W=V Upe) = Y-
BITtp(«)

"We use the notation D* — D, as shorthand here; in D* decays to D, the definitions
of these variables are unchanged.

19
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Figure 2.1: Definition of the decay angles 6,, 6y, and y. The angle 6, is
defined for both B — D{~v, and B — D*{~v, decays, while the other two
angles are only defined for the B — D*{~v, case. The lepton and neutrino
are shown back-to-back because they are shown in the W* rest frame, where
the angle 6, is measured. Similarly, the D and the 7 are shown in the D* rest
frame, where the angle 6y is measured. The azimuthal angle y is measured
between the W* and D* decay planes, and is illustrated in the rest frame of
the B meson.

20
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This variable is particularly useful in HQET expressions for the form factors
(see Section 2.3) due to the fact that it is more natural to work with velocities
than momenta in HQET.

Another variable related to ¢? and w which is sometimes used is z, defined

as

Vit T2
Vu+1+vV2

The CLN model (also discussed in Section 2.3), which we use to describe both

(2.3)

zZ =

signal B — D™ 7%, and normalization B — D®/{~ 7, decays, expresses the
form factors as functions of z rather than of w. Because the allowed range of z
is much smaller than that of w (z varies from zero to ~ 0.07 for B — D™/~ 7,
decays, while w varies from 1 to ~ 1.6), the Taylor-series expansion of the
form factors is more efficient when performed as a function of z with respect

to w.

2.1.2 Decay Amplitude

We write the matrix element for the semileptonic decay Mg; — Xy 50 Uy

as the product of a hadronic and a leptonic current:

L _,—ig
M(Mgg = Xggl 7e) = ( Xyl —=Vaoru(1 = 75)Q|Mgg)

2V/2

x P* (q)u,

9 Yo (1= 75)v, (2.4)

2V/2

21
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where the operator () annihilates the quark @ (or creates @) and the W

propagator is given by

i(—g" + q"q" /MB,) g™

Pl’”j(q) = qQ o M2
w

(2.5)

The last expression for the propagator is appropriate when the energies are
much less than My,. We have used the form of the CKM element V¢ appro-
priate to the case in which a W~ is emitted (e.g., Vi or Vip); if a W were
emitted, as in ¢ — s or ¢ — d, the form of the CKM element is V. (e.g.,
Vi or V), but the absolute magnitude is taken in the end in any case. We

therefore have the phenomenological form for the matrix element

a
MMy — Xyl 7)) = *ZTZV;]/QL“HM, (2.6)

where Gr/v/2 = g?/8M2,. The leptonic current is exactly known
L = apy" (1 = vs)vy, (2.7)
and the hadronic current is given by
Hy = (Xgald'vu(1 = 75)Q Mgg)- (2.8)

We can use Lorentz invariance to construct the hadronic current from the
available four-vectors, which are momenta and spin-polarization vectors. The

Lorentz vector or axial-vector quantities thus formed have Lorentz-invariant
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coefficients (form factors) that are functions of ¢2. We will consider two main
classes of exclusive semileptonic decay: P — P'/v, where both P and P’ are

pseudoscalar particles, and P — V /v, where V is a vector particle.

2.1.3 Hadronic current for B — D

In the case of a P(Qq) — P'(¢'q){v decay, there are only two independent
four vectors, which we can take to be p+p’ and ¢ = p—p'. For these quantum
numbers, the hadronic current H* has no contribution from the matrix e