Lawrence Berkeley National Laboratory
Lawrence Berkeley National Laboratory

Title
Semileptonic Decays and Sides of the Unitarity Triangle

Permalink
https://escholarship.org/uc/item/02369619

Author
Bauer, C.

Publication Date
2008-07-11

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/0236q619
https://escholarship.org
http://www.cdlib.org/

Semileptonic Decays and Sides of the
Unitarity Triangle*

C. Bauer,"’ C. Bernard,” 1. Bigi3, M. Datta,’ D. del Re,’
B. Grinstein,” S. Hashimoto,” U. Langenegger,” Z. Ligeti,’
M. Luke,'’ E. Lunghi,11 P. Mackenzie,'* A. Manohar, "
T. Moore,"* D. Pirjol,15 S. Robertson,'® I. Rothstein,'”

L. Stewart,'8 M. Voloshin'®

'University of California, Berkeley; *Washington University; *Notre Dame University;
*University of Wisconsin, Madison; *University of Rome; 6University of California, San Diego;
"High Energy Accelerator Research Organization (KEK); *Stanford Linear Accelerator Center;

Lawrence Berkeley National Laboratory;'*Toronto University;''ITP - University of Zurich;
Fermilab;"*University of California, San Diego; '*University of Massachusetts
"Massachusetts Institute of Technology; '*McGill University; ''Carnegie-Mellon University;
"Massachusetts Institute of Technology;'’University of Minnesota

October 2003

*This work was supported in part by the Director, Office of Science, Office of High Energy Physics, of
the U.S. Department of Energy under Contract No. DE-AC03-76SF00098.

DISCLAIMER

This document was prepared as an account of work sponsored by the United States Government. While this document is believed to contain correct
information, neither the United States Government nor any agency thereof, nor The Regents of the University of California, nor any of their employees,
makes any warranty, express or implied, or assumes any legal responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not necessarily constitute or imply its endorsement, recommendation, or
favoring by the United States Government or any agency thereof, or The Regents of the University of California. The views and opinions of authors
expressed herein do not necessarily state or reflect those of the United States Government or any agency thereof or The Regents of the University of
California.



Semileptonic Decays and Sides of the
Unitarity Triangle

Conveners. U. Langenegger, Z. Ligeti, |. Stewart

Authors: C. Bauer, C. Bernard, I. Bigi, M. Datta, D. del Re,
B. Grinstein, S. Hashimoto, U. Langenegger, Z. Ligeti,
M. Luke, E. Lunghi, P. Mackenzie, A. Manohar,
T. Moore, D. Pirjol, S. Robertson, |. Rothstein,
I. Stewart, M. Voloshin

4.1 Theory overview

4.1.1 Continuum methods (OPE, HQET, SCET)
>A. Manohar <

The elements of the CKM matrix enter the expressions for the decay rates and mixing amplitudes of hadrons. In
some cases, the the theoretical expressions are free of strong interaction effects, for example the CP asymmetry in
B — J/) K9, so that measuring the CP asymmetry directly givesthe value of sin 23, with the error in the result given
by the experimental error in the measurement. In most cases, however, the experimentally measured quantities depend
on strong interactions physics, and it is absolutely essential to have accurate model-free theoretical calculations to
compare with experiment. A number of theoretical tools have been developed over the years which now alow us to
compute B decays with great accuracy, sometimes at the level of afew percent or better. These calculations are done
using effective theory methods applied to QCD, and do not rely on model assumptions.

Inclusive decays can be treated using the operator product expansion (OPE). The total decay rateis given by twice the
imaginary part of the forward scattering amplitude, using the optical theorem. In heavy hadron decays, the intermediate
states in the forward scattering amplitude can be integrated out, so that the decay rate can be written as an expansion
in local operators. The expansion parameter is 1/m g, the mass of the decaying hadron. OPE techniques have been
well-studied in the context of deep-inelastic scattering, where the expansion in powers of 1/Q? is called the twist
expansion. In inclusive B decays, the leading term in the 1/mp expansion gives the parton decay rate, and non-
perturbative effects enter at higher ordersin 1/mp.

The OPE can be combined with heavy quark effective theory (HQET) for greater predictive power in heavy hadron
decays. HQET is an effective theory for heavy quarks at low energies, and the HQET Lagrangian has an expansion
in powers of 1/my, the inverse heavy quark mass. The HQET Lagrangian is written in terms of the field b,,, which
annihilates a b quark moving with velocity v. One usually works in the rest frame of the heavy quark v = (1,0, 0, 0).
At leading order (m, — o0), the heavy quark behaves like a static color source. As a result, the leading order
HQET Lagrangian has heavy quark spin-flavor symmetry, since the color interactions of a static color source are spin
and flavor independent. The 1/m,; terms in the Lagrangian break the spin and flavor symmetries, and are treated
as perturbations. Since this is an effective theory, radiative corrections can be included in a systematic way. Most
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quantities of interest have been computed to 1/m; in the 1/my, expansion, and radiative corrections to the leading
term are typically known to order o2 or a2 3. In afew cases, the order o, corrections are known for the 1/m, terms.
The calculations can be pushed to higher orders, if thisis experimentally relevant.

The OPE can be combined in a natural way with HQET for inclusive heavy hadron decays, since both involve an
expansion in 1/m,. This allows one to write the inclusive decay rates in terms of forward matrix elements of local
operators. At leading order, the decay rate can be written in terms of the operator by*b, the b quark number current
in full QCD. The matrix element of this operator in B hadronsis oneto all ordersin Aqgcp/my, and al ordersin a.
At leading order, the inclusive decay rates of all b hadrons is the same. At order 1/m;, the only operator alowed by
dimensional analysis is the operator b, (iv - D)b,,, whose matrix element vanishes by the equations of motion. This
is an important result—non-perturbative corrections first enter at order A3, /m%, which is of order a few percent.
At order 1/m?, the inclusive rate depends on two non-perturbative parameters A; and A which are the heavy quark
kinetic energy and hyperfine energy, respectively. The same parameters \; » enter other quantities such as the hadron
masses. For example, the B*—B mass difference gives A, = 0.12 GeV?2. As the data become more precise, various
HQET parameters are pinned down with greater precision, increasing the accuracy with which the decay rates are
known.

HQET can aso be applied to study exclusive decays. Heavy quark spin-flavor symmetry puts constraints on the
form factors; e.g., heavy quark symmetry provides an absolute normalization of the form factor at zero-recoil for the
semileptonic decay B — D), up to corrections of order 1 /m3. Thereason isthat at zero recoil the decay proceeds
by ab quark at rest turning into a c quark at rest. Since the strong interactions at leading order in 1/m are flavor-blind,
the form-factor at zero-recoail is unity. Corrections to this result follow from the 1/m symmetry breaking terms. It is
known that there are no 1/m corrections, so the first corrections are order 1/m?. As for inclusive decays, the 1/m?
corrections are afew percent, so the exclusive decay can be used to obtain V,,;, to afew percent.

Heavy to light decays such as B — =, which is required for a determination of sin 2«a, are more difficult to treat
theoretically. Here the B meson decaysinto two fast moving light hadrons, and it is difficult to treat strong interactions
in this kinematic regime. A recently developed effective theory, soft-collinear effective theory (SCET) is being used
to deal with thissituation. SCET is an effective theory that describes fast moving quarks with momentum proportional
to the light-like vector n by collinear fields &,,. Inthe case of B — =, there are two back-to-back light-like vectors n
and 7 giving the directions of the two pions. The SCET fields needed to describe this process are collinear quarks and
gluonsin the n and @@ directions, &,,, A, &, A, aswell as soft quarks and gluons that describe the light degrees of
freedom in the B meson. The non-perturbative interactions of £, and A,, produce the pion moving in the n direction,
and the interactions of &; and Az produce the pion moving in the 7 direction. If one neglects the soft fields, the n
and 7 fields do not interact, so there are no final state interactions between the pionsin B — 7, and the factorization
approximation for the decay is valid. Soft gluons interact with all modes in the effective theory, and introduce fina
state interactions. The extent to which this affects the decay amplitude and final state interaction phase-shift is being
investigated.

SCET isalso applicable in inclusive decays where the final hadronic state has small invariant mass, and isjet-like. An
example isthe endpoint of the photon spectrumin B — X, decay, or electron spectrumin B — X, ev decay. SCET
alows one to systematically resum the Sudakov double logarithmic radiative corrections which become very largein
the endpoaint region.

The effective theories discussed here will be used later in this chapter to obtain detailed predictions for decay rates and
form factors.

4.1.2 Lattice QCD and systematic errors

>C. Bernard, S. Hashimoto, P Mackenzie <
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Systematic errors of lattice QCD computations come from a variety of sources. Many of these are associated with an
extrapolation from a practical lattice calculation (at finite lattice spacing, unphysically heavy quark mass values, and
finite spatial volume) to the real, continuum, infinite volume world, where the quark masses take their physical values.
There are also lattice systematics that are not directly connected to an extrapolation. These include the perturbative
error in connecting lattice currents to their continuum counterparts, and the “scale error” coming from the need to
determine the lattice spacing in physical units.

One possible | attice systematic that will not be included below is quenching, the omission of virtual (sea) quark loops.
Although the quenched approximation has been used in most |attice computations to date, one must remember that it
is an uncontrolled approximation, not systematically improvable. Indications are that it produces errors of 10 to 20%
on the phenomenol ogically interesting quantities we discussin this report. However, these are uncontrolled and hence
unreliable error estimates and completely unsuitable for use in connection with the precise experimental results that
a Super B Factory will make possible. We therefore consider only lattice computations in which the effects of three
light flavors (u, d, and s) of virtual quarks are included.

It isimportant to distinguish here between quenching and “ partial quenching.” Partial quenching [1, 2, 3] isasomewhat
misleading term in this context and simply means that the valence quark masses in the lattice simulation are not
necessarily chosen equal to the sea quark masses. As emphasized by Sharpe and Shoresh [3], as long there are three
light virtual flavorsin a partially quenched simulation, real-world, full (“unguenched”) QCD results can be extracted.
Thisisnot surprising, since the real-world situation isjust aspecia case (valence masses = sea masses) of the partially
guenched simulation. In fact, partial quenching is often preferable to simple ungquenching because it separates the
vaence and sea mass contributions and allows one to use the information contained in the correlations, for fixed sea
masses, of the results for different valence masses. Partial quenching will be assumed in lattice errors estimates given
in Section 4.5.2 and 4.6.1.

We now discuss the relevant lattice systematic effects in more detail.

Chiral extrapolation

The computer time required for a lattice simulation rises as a large power of 1/m,, 4 as these masses approach their
physical values. One must therefore work with larger masses and extrapolate to the real world. Chiral perturbation
theory (XPT) determines the functional form of the extrapolation and makes it possible to get good control of the
associated systematic error. (In the partially quenched case one must use the corresponding “partially quenched chiral
perturbation theory” (PQXPT) [1].)

As the physical values of the u,d quark masses are approached, there is significant curvature in essentialy all
interesting quantities that involve light quarks. The curvature comes from chiral logarithms that are proportional
to m2 In(m?/A?). Thisimplies that one must get to rather small quark mass (probably 7., 4 ~ ms/4 t0 m,/8) to
control the extrapolation. If only large masses are available (m,, 4 2, ms/2), we will be limited to 10% or even 20%
errors, a point that has been emphasized recently by several groups[4, 5, 6].

Thusit does little good to include virtual quark loop effects unless the u, d quark masses in the loops are significantly
lighter than m /2. To achieve this goal in the near term appears to require use of staggered quarks, in particular an
“improved staggered” [7] action. This fermion discretization is computationally very fast, and has a residua (non-
singlet) chiral symmetry that prevents the appearance of “exceptional configurations’—thereby allowing simulation
at much lighter quark masses than are currently accessible with other discretizations. There are, however, some
theoretical and practical problems with staggered fermions, which we address in Section 4.1.2 below.

Discretization

The lattice takes continuous space-time and replaces it with discrete points separated by lattice spacing a. The
leading a dependence for small a depends on the lattice action: improved staggered quarks have errors proportional
to acga?. There are aso formally subleading errors that can be quite important numerically. These are so-called “taste
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violations,” discussed in Section 4.1.2, which are O(a%a?). Precise (few percent) lattice calculations with staggered
light quarks will likely require detailed control of such taste violations.

Heavy quarks introduce additional discretization errors. We assume here that the heavy quarks are introduced with
the standard Fermilab approach [8], which has O(asa, a?) errors. Improvement of the heavy quarks is aso possible
[9, 10], although it is not yet clear whether such actions will be practical in the near term. Introducing heavy quarks
via nonrelativistic QCD (NRQCD) [11] is likely to produce comparable errors to the Fermilab approach, especially
for b quarks.

Finite volume

Since we can simulate only afinite region in space-time, there will always be some finite volume errors. The size of
such errors of course depends sensitively on the number of hadrons present. For this reason |attice computations with
more than one hadron in the initial or final state are probably out of reach in the next five years for al but the most
qualitative studies. Even on alonger time scale such calculations will continue to be very difficult.

For single hadrons, currently feasible volumes are enough to reduce finite volume errors to the few percent level
(without major sacrifice on discretization errors). Typicaly avolume V' > (2.5 fm)? is sufficient. We can do even
better for single-particle quantities whose mass dependence is determined by XPT, which also predicts the volume
dependence (for large volume). This allows usto correct for finite volume effects and reduce the errorsto anegligible
level. We will therefore ignore finite volume effects for single-particle states from here on.

Setting the scale

In simulations, the lattice spacing a is determined after the fact by comparing the result for aone dimensional quantity
with experiment. (Thisis equivalent to fixing Agcp or as.) Therefore, the lattice error in the quantity used to set the
scalewill infect al other dimensionful results. The best we can do today is probably from 7°(25 — 1S5) or T'(1P — 15)
splittings [12, 13], which lead to a roughly 2% scale error on other quantities, after extrapolation to the continuum
[14]. The scale error is usualy negligible on dimensionless quantities (like form factorsor f_/f5), but isnot strictly
zero because the error can enter indirectly through the determination of quark masses or momenta.)

Perturbation theory

Most interesting quantities require a weak-coupling perturbative calculation (or equivalent nonperturbative lattice
computation) to match lattice currents (or, more generally, operators) to their continuum counterparts. The light-light
leptonic decay constants (e.0., fr, fx) are exceptions: staggered lattice PCAC implies that the lattice axial current is
not renormalized, so lattice and continuum currents are the same. Thisis not true, however, for heavy-light quantities
such as fg or semileptonic form factors. To date, all such matching calculations have been done only to one loop,
leaving large errors (~10%). Some reduction (perhaps by a factor of 2) in these errors may be possible using smple
nonperturbative information [15]. However, it isnot obviousthat thistechniquewill be successful in the current case of
interest: light staggered quarks and heavy Fermilab quarks. So the range of possible errorsfrom aoneloop calculation
is ~5-10%. For simplicity, we use 7.5% as the nominal one-loop error in Sections 4.5.2 and 4.6.1 below; one should
keep in mind that the uncertainty on this error is significant.

To do better, two-loop perturbative calculations are required. But lattice perturbation theory is very messy, since the
actions are complicated and thereis no Lorentz invariance. “Automated perturbation theory” [16] is probably required.
There do not appear to be any fundamental impediments to this approach; however, some practical problems still need
to be overcome. In particular, the issue of infrared regulation is important. Currently, “twisted boundary conditions’
on the lattice fields in finite volume are used to regulate the IR divergences. In order to match to the continuum, one
should the use same twisted boundary conditions there. However continuum perturbation theory (e.g., dimensional
regul arization) with twisted boundary conditionsisdifficult, especially beyond oneloop. Sincethetime scale on which
the two-loop calculations will become available is therefore not clear, we present future error estimates both with and
without assuming the existence of two-loop matching. Luckily, many interesting quantities, e.g., ratioslike f5./f5,
are independent or nearly independent of perturbation theory.

THE DISCOVERY POTENTIAL OF A SUPER B FACTORY
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I ssueswith staggered fermions

Staggered fermions carry an extra, unwanted quantum number, “taste,” which is 4-fold remnant of the lattice doubling
symmetry. Taste symmetry is believed to become an exact SU(4) in the continuum limit, but is broken at finite lattice
spacing. The taste degree of freedom is not a problem for valence quarks, since one may choose specific tastes by
hand. But for sea quark effects, the only known method for eliminating the taste degree of freedom in simulationsisto
take the fourth root of the staggered fermion determinant. Because of taste violations, thisis not an exact reduction at
finite lattice spacing and is a non-local operation. Therefore some authors worry that it could introduce non-universal
behavior and lead to the wrong theory in the continuum limit. Although thereis no proof that the fourth-root procedure
is correct, there are several pieces of evidenceinitsfavor [12]. In particular, if the taste symmetry does become exact
in the continuum limit (which few doubt), then the fourth-root procedure is correct to all ordersin perturbation theory.

There is also a practica issue with staggered fermions: It is difficult to control the chiral extrapolations unless one
takes taste violations explicitly into account. Because taste violations are an artifact due to finite lattice spacing, this
represents an entanglement of chiral and discretization errors. To help disentangle these errors, one can fit the lattice
datato “staggered chiral perturbation theory” (SXPT) instead of ordinary continuum XPT. SXPT has been worked out
for the 7- K system [17, 18, 19]; it is necessary to obtain precise results for f,, fx, and the O(p*) chiral parameters
[14]. SXPT for heavy-light mesons is being worked out [20]. It is not yet clear whether the number of new chira
parameters due to taste violations in the heavy-light case will be sufficiently small that it will be as useful as in the
light-light case.

In estimating the expected precision of lattice computations (Sections 4.5.2 and 4.6.1), we give two versions: “ SXPT”
assumes that the heavy-light SXPT works as in the light-light case and is similarly useful; “No SXPT” assumes
that SXPT is not useful because of a proliferation of parameters, and one must disentangle chiral and continuum
extrapolations without its help (probably by extrapolating to the continuum first and then using ordinary XPT).

All estimates given below for the expected precision of lattice computations assume the that the staggered fermions
with the fourth-root procedure produce standard QCD in the continuum limit. If this assumption turns out to be
incorrect, there are safer but slower methods that could be used instead. The most likely choice appears to us to be
domain wall fermions (DWF), which are of order 100 times slower. (The precise factor is not known, largely because
DWF have not yet been used in extensive unquenched simulations.) From Moore's law alone, this could delay by as
much as a decade the attainment of lattice computations with the desired level of precision. However, despite the fact
that DWF have O(a?) errors, formally larger than improved staggered fermion O(aa?) errors, the coefficient of a?
seems quite small, giving discretization errors smaller than for improved staggered fermions. In addition, the DWF
discretization errors are not entangled with chiral extrapolation errors. Therefore, adelay of order five years, not ten,
seems to us a better estimate.

Gold-plated quantities

Given the above issues and systematic errors, only a small number of hadronic quantities are likely to be computed
with high (few percent) precision on the lattices in the next decade. Such quantities are called “gold plated” [12]. To
be gold-plated, a quantity must involve:

e At most one hadronin initial and final state.

e Stable hadrons, not near thresholds. Unstable particles require very large volumes and untested techniques to
treat decay products correctly; the same appliesto the virtual decay products of stable particles near thresholds.
Thus, for example, semileptonic form factorsfor B — p are excluded.

e Connected graphs only (valence quark lines connecting the initial and final state). Disconnected graphs are
difficult and noisy. The n is probably excluded, because one needs to include n-r" mixing, which is governed
by disconnected graphs.

THE DISCOVERY POTENTIAL OF A SUPER B FACTORY
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e Low momenta only. Momenta |pla > 1 lead to unacceptable discretization errors, so we are probably limited
to |p] < 1GeV. Thisimplies¢®> > 17 GeV? for B — « semileptonic form factors. (The minimum available
lattice momentum for fixed lattice size may also require |p] 2 350 MeV or more.)

e A controlled chiral extrapolation.

The gold-plated lattice quantities relevant to the Super B Factory are heavy-light leptonic decay constants (fz, fz.),
bag parameters for B — B and B,-B, mixing (Bg and Bg_), and the semileptonic form factors for B — 7 and
B — D. In addition, the semileptonic form factors for B — D* may also be possible because model dependence
from the unstable D* multiplies 7(1) — 1 and may be negligible.

4.2 Experimental overview

For precision studies of (inclusive) semileptonic B decays it is often necessary to apply an event selection procedure
providing an event sample enriched in B decays and suppressing events from continuum ¢g production (where ¢ =
u,d, s,c). Traditionaly, this has been implemented with the requirement of a high-momentum lepton, e.g., p >
1.4 GeV asmeasured in the center-of-mass system (CMS), indicating the semileptonic decay of a B-meson. With the
arrival of B factories, anew paradigm has become possible: event selection based on the fully reconstructed (hadronic
or semileptonic) decay of one of the B mesons[21]. In this approach, the fully reconstructed B,..., meson constitutes
a“tag’, and—in the 7’(4S) CM frame—the signal decay is observed in the “recoil” of the B,..., candidate. This
approach yields lower backgrounds because of a cleaner environment and offers excellent possibilities to determine
background control samples directly in data.

4.2.1 Recoil Physics
>D.del Re <

The study of semileptonic B meson decays B — X /v in the recoil of afully reconstructed B meson presents many
advantages. First of all, it assures a very clean environment to study the properties of the recoil. One of the two B
mesons from the decay of the 7°(4.5) isreconstructed either in a hadronic or semileptonic decay mode. The remaining
particles of the event originate from the decay of the other (recoiling) B meson. In the case of a semileptonic decay
of the recoiling B, the only missing particle is a neutrino. This implies that a requirement on the net charge of the
event (charge conservation) can be applied. In the case of hadronic tags, the missing mass (possibly scaled with
the missing energy) of the entire event should be consistent with zero. Moreover, since the kinematics are over-
constrained, the resolution on the reconstructed quantities, such as the mass of the hadronic system m x, can be
improved with kinematic fitting. The momentum of the recoiling B is also known (up to atwofold ambiguity for the
case of semileptonic tags) and therefore the lepton momentum can be boosted into the B rest frame. The charge and
the flavor of the B is known. Decays of B® and the B+ mesons can be studied separately. The correlation between
the charge of the lepton and the flavor of the B can be used to reduce backgrounds from B — D — ¢ events.

The only drawback is that the overall efficiency of this method is very low and is dominated by the B reconstruction
efficiency, a problem that is not longer relevant at very high luminosities. For this reason, the recoil approach seems
to beideal in a Super B Factory, since thisis the method with the smallest experimental uncertainty.

Hadronic tags

The sum of a few, very pure fully reconstructed hadronic modes (as done, for instance, in the BABAR B lifetime
analysis [22]) assures very high purity with minimum event selection bias, albeit at a very low efficiency. On the
other hand, a fully inclusive approach with high multiplicity reconstructed modes is not feasible since the level of
combinatorics would be too high. A compromise implemented by the BABAR experiment (see Ref. [23]) considers
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only arestricted mode set with alimit on the number of particles used and employs an algorithm that isasinclusive as
possible in combining the particles, neglecting the intermediate states, when possible.

B mesons decay predominantly into hadronic final states involving D mesons. Because the dominant B decay modes
ae B~ — D™y~ B — D®-y+ only these modes® are considered, where the Y+ system consists of at
most 5 charged tracks and two 7° mesons. For each possible track and 7° composition of the Y+ system, several

subsamples are identified depending on the possible resonant states in that sample. For instance, B — 5(*)7r+7r0 is

subdivided into two kinematic region, one with m (7 7%) < 1.5 GeV/c?, dominated by B — E(*)er decays and one
containing the rest of the events. This allows us to isolate samples in which the signal is enhanced with respect to
the combinatorial background (the m(7+7°) < 1.5GeV/c? sample, in the example above). Enumerating the D decay
modes separately, we must consider 1153 different modes.

In order to discriminate fully-reconstructed B candidates from the combinatorial background, two kinematic variables
are used. The energy difference AFE isdefined as

AE =Ej} —/35/2, (4.1)

where E; isthe energy of the B Candidate inthe 7°(45) CM frame and /s isthe CM energy. The AE distribution
for signal decays peaks at zero, while the continuum and part of the BB background can be parameterized with a
polynomial distribution. The resolution of this variable is affected by the detector momentum resolution and by the
performance of particle identification (since a wrong mass assignment implies a shift in AFE). Therefore it depends
strongly on the reconstructed B mode and can vary from 20 MeV to 40 MeV depending on the charged track and 7°
multiplicity in the reconstructed mode. We therefore apply a mode-dependent A E selection, astight as —45 < AE <
30 MeV for modes with charged tracks only and asloose as —90 < AE < 60 MeV for modes with two 7° mesons.

The beam energy-substituted massis defined as

where /s is the total energy of the ete™ system in the CMS and p* is the B candidate momentum in the CMS.
Since p%] < +/s/2, the experimental resolution on mgs is dominated by beam energy fluctuations. To an excellent
approximation, the shapes of the m g distributions for B meson reconstructed in afinal state with charged tracks only
are Gaussian. The presence of neutrals in the final state can introduce tails, due to preshowering in the material in
front of the calorimeter or due to leakage outside the active detector volume.

Since the mgg resolution is dominated by beam energy uncertainty while momentum resolution dominates the AFE
resolution, the two variables are practically uncorrelated.

As an estimator of the quality of a reconstruction mode we define the purity as the ratio of the integral of the signal
component in the m g fit over the total number of eventsin the signal region (P = S/(S + B)). We aso define the
integrated purity P;,¢ of agiven mode as the purity of all the modes that have greater or equal . These quantities are
computed before any other selection criteriaand areto be considered aslabel s of the decay mode. In eventswith several
B, candidates differing only by their submode, we choose the one with the highest value of P. If there are multiple
candidates in the same submode, the minimum A E criterion is used and one candidate per submode is selected. The
P variable is aso utilized to choose which of the 1153 modes is actually used in the analysis; the final yields depend
on this choice. For instance for the analysis presented in [23], a cut on P has been optimized and alarge set of modes
with low P have been removed. The resulting m g distribution for an integrated luminosity of 80fb~! is shown
in Fig. 4-1(a). In Table 4-1 the corresponding yields for four different levels of purity are summarized. As shown,
this reconstruction method can provide close to 40008/ fb~! of fully reconstructed B,..., mesons (1500 B° / fb~!
and 2500 B/ fb™'). The corresponding purity is about 26%, which is not an important issue, as the combinatorial
background

1Charge conjugate states are implied throughott.
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Figure4-1. Fittothemgs distributions of fully reconstructed hadronic B meson decays with (left) no requirement on
the recoil and (right) the requirement of one lepton with p* > 1.0 GeV in the recoil. Both plots are for an integrated
[uminosity of 80 fb~!.

Entries/ 2.5 MeV

depends strongly on the recoil itself. The situation improves a lot once requirements on the recoil are applied. For
instance, the requirement of alepton with a moderate momentum of p > 1.0 GeV removes most of the non-bb events,
while leaving the m g signal shape essentially unchanged, asillustrated in Fig. 4-1(right).

In Fig. 4-2(left) we show the extrapolation of the number of fully reconstructed hadronic B meson decays for large
integrated luminosities. The corresponding plot with the measured signal yields for afew selected processes (assuming
arough estimate of the selection efficiency on the recoil) is displayed in Fig. 4-2 (right). With 10 ab™!, even rare
decayssuchas B — Kvv or B — w7 have sufficient statistics to be observed.

Table4-1. Yields for fully reconstructed hadronic B decays for 80 fb~! at different levels of the single mode purity P
and integrated purity Pint.

Channel Pint > 80% | Pins > 50% P> 10% Selection asin [23]
BT — DX | 19120 + 170 | 54120 + 370 95204 + 660 100650 + 640
B - DtX 11070 + 130 | 25720 + 260 55830 + 480 62960 + 550
Bt — D*0X | 18600 & 170 | 44270 + 330 75350 + 580 82660 + 640
BY — D*tX | 20670+ 170 | 50300 =+ 340 55560 + 390 46380 + 310
Total B 37720 +£ 240 | 98390 + 500 | 170560 + 880 183310 + 905
Total BY 31740 +£ 210 | 76020 + 430 | 111390 + 620 109340 + 630
Total 69460 + 320 | 174410+ 660 | 281950 4+ 1080 292650 + 1100
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Figure4-2. Left: yields of fully reconstructed hadronic B meson decays for different levels of purity as a function of
the integrated luminosity. Right: number of selected signal events for different processes as a function of the integrated
luminosity. We assume a rough estimate of the selection efficiency on the recoil. The purity of the selected sample can
vary depending on the process.

Semileptonic tags
>D. del Re, M. Datta <

An dternative method of event tagging employs the reconstruction of semileptonic decays. The technique has a
higher efficiency compared to the fully hadronic approach, but it has some disadvantages due to a smaller number of
constraints. For instance, the presence of an extraneutrino does not allow the use of kinematic fits, and the momentum
of the recoiling B meson is thus known only with large uncertainty. Moreover, there is no equivalent of the mgg
variable, and thefit of yields and the subtraction of the continuum istherefore not possible. Reconstruction efficiencies
for both signal and combinatorial background must be estimated on Monte Carlo (MC) simulation and off-peak data,
but can be calibrated with control samples. On the other hand, the method can still allow for a direct determination of
therecoil (such astheinvariant mass of the X systemin B — Xl decays), sinceall visible particles are reconstructed.

In semi-exclusive semileptonic B tags, excited neutral D modes are not explicitly reconstructed, potentially leaving
unassigned neutral energy in the event. B~ candidates are reconstructed via the decay B~ — D%~ 7 X, where
the X system is either nothing, a 7° meson or a v from the D*° meson or an unreconstructed higher D meson
resonance. After imposing kinematic requirements on the D°-¢ combination, the X isusually either nothing or a soft
transition pion or photon from a higher mass charm state. The subsequent D meson decay is reconstructed as either
D - K—7nt,D° - K—ntatr~ or D’ — K—ntxY. These D° decay modes are chosen, since they provide both
the highest statistics hadronic decay modes and are the cleanest. The lepton ¢ denotes either an electron or a muon.

The exclusive semileptonic decays B~ — D*9¢~ 7, are a cleaner subset of D¢/~ v X tags. Due to the reconstruction
of all the tag side visible particles, the recail of this tagging mode is clean enough to search for signal decays with a
less clean signature.

To study neutral modes B’ — Dtivweusethe charged D meson decay D™ — K~ nTxn+. Also, athough we
do not require the reconstruction of a D* ¢~ 7, if an acceptable D*+ candidate can be formed by combining a found
DO with a soft pion, it is used in place of the D° candidate. If an acceptable D*+ candidate can be reconstructed,
it is considered a suitable B" tag. As mentioned, missing particles in the tagging B do not constitute a problem, as
long as all measured particles are properly assigned. The efficiency on this method is ~ 1% of 1'(4S) — BB events
(~ 0.35% for B’ and ~ 0.65% for B~). Even though the experimental systematic uncertainties are larger in this case,
this method can provide larger statistics, and can be very useful for the study of many modes with small branching
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ratios. The overlap between this sample and the fully hadronic oneis negligible; the two approaches can be considered
uncorrel ated.

4.2.2 Machinebackgrounds
>—S. Robertson <

Several analyses in which the signal decay mode contains one or more neutrinos rely heavily on the missing-energy
signature of the unobserved neutrino(s) as part of the signal selection. In the case of B — X, /v decays, the neutrino
four-vector may be explicitly reconstructed from the missing momentum and energy in the event, while for B* —
(T v, the neutrino is implicitly reconstructed by demanding that the four-vectors of all observed particle in the event
other than the signal candidate lepton can be summed to form a four-vector consistent with a B~ meson. For decay
modes such as BT — 77v and Bt — K™vw, in which there are more than one neutrino in the final state, the
signal selection similarly requires that there is large missing energy, and that all observed particles in the event can
be associated with either the signal decay, or a reconstructed B~ against which it is recoiling. Two factors therefore
strongly impact the performance of these analyses:

e Failure to reconstruct particles that pass outside of the geometric or kinematic acceptance of the detector.

e The presence of additional reconstructed energy in the event due to detector “noise” or reconstruction artifacts,
due to physics effects such as bremsstrahlung and hadronic split-offs in the calorimeter, or due to cosmics or
beam-related backgrounds.

In the next subsections, we discuss these two factors.

Acceptance and Hermiticity

Fiducia acceptance currently has the largest impact on missing energy reconstruction in BABAR, with an average of
~ 1 GeV of energy being missed per event. However, analyses suffering from backgrounds due to this mechanism
can require that the missing momentum vector point into the detector acceptance (cf. Fig. 4-14). More problematic
are backgrounds that have large missing energy due to a combination of sources, asisthe case for BT — 7Tv. In
this analysis, backgrounds typically arise from events in which one or more particles pass outside of the geometrical
acceptance, and additionally the event contains an unidentified K, in which case the missing momentum vector
can point in any direction. For this analysis, improving the acceptance does not result in a dramatic reduction in
the background rate. A study of the effect of instrumenting the BABAR forward B1 magnet with a “veto” detector
to increase the effective geometric acceptance indicated only about a 15% reduction of background, even assuming
perfect reconstruction efficiency for this detector and no occupancy due to beam backgrounds or QED processes.
Some gain would potentialy be realized in the signal efficiency if the tracking and/or calorimeter acceptance were
increased compared with the existing BABAR detector.

Occupancy

I ssues related to reconstruction artifacts are likely to be similar at PEP-11/BABAR and at a Super B Factory. Moreover,
these are not expected to be the dominant source of extra energy in a high luminosity environment. Potentially the
most serious issue is the presence of significant occupancy in the calorimeter, and to a lesser degree the tracking
system, due to beam backgrounds and “non-physics’ luminosity effects. BABAR data currently contains an average of
~ 1 spurious calorimeter cluster per event with atypical energy of 60 — 100 MeV. Most of this energy is the result of
single-beam lost-particle sources in the high-energy or low-energy rings, and linear scaling of these backgrounds
to the anticipated Super B Factory beam currents has the effect of increasing their contribution to the level of
~ 300 MeV/event, comparable to the total “extra energy” currently observed in BABAR data (i.e., including beam
backgrounds, bremsstrahlung, hadronic split-offs, etc.). Consequently, the missing energy resolution probably will not
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dramatically be degraded by this effect. However there is aso currently a significant beam background component
that scales with luminosity rather than with beam currents. This background is believed to be caused by extremely
low angle radiative Bhabha scattering producing particles that scatter into machine elements in the vicinity of the
Q2 septum chambers. A naive scaling of current background rates to Super B Factory luminosity would then imply
extremely high occupancy in portions of the calorimeter, potentially degrading the missing energy resolution to the
point that some or al of these analyses would not be not possible. Additional studies of this effect are needed;
missing energy reconstruction should be an important benchmark in designing machine elementsin the vicinity of the
interaction region.

4.2.3 Detector Simulations
>M. Datta, T. Moore <

A detailed simulation of the current BABAR detector has been employed for many of the high-luminosity studies
presented here. Thefull BABAR simulation includes adetailed detector model using the GEANT4 toolkit [24]. GEANT
4 provides simulations for both electromagnetic and hadronic interactions. The full detector response is simulated
in each sub-system so that the standard reconstruction algorithms may be applied to the ssimulated data. Machine
backgrounds are included by overlaying random trigger events from the real data on top of the simulated events. The
simulated samples of generic decays (BB, c¢, uds, €tc.) represent up to three times the existing data sample. Much
larger equivalent samples have been produced for specific signal decay modes.

In order to study the large data samples possible at a Super B Factory, afast MC simulation called “Pravda’ has also
been developed. This simulation begins by running the same event generators that are used in the full simulation.
Instead of employing the detector simulation and response code, however, the detector response to the final state
particles (charged tracks and neutrals) is parametrized. The charged track parametrization includes track smearing and
afull error matrix. The same BABAR analysis code that is run on real datamay aso be run with the Pravda simulation.

The Pravda simulation does have some shortcomings that may or may not be important depending on the analysis
considered. Because the reconstructed objects are parametrized from the true generator-level particles, there is no
simulation of fake tracks and calorimeter noise. Furthermore, beam-related backgrounds are not included. This
could have a significant impact on results obtained with the Pravda simulation, since we expect beam backgrounds to
increase with higher luminosity. We currently have no reliable estimate of this effect, but work is underway to improve
the characterization of these backgrounds. Studies of the Bt — v, analysis showed optimistic predictions for the
signal efficiency due to better than expected resolution on the event total energy. Nevertheless, we believe the Pravda
MC was adequate for these studies. The BT — 7T v, analysis, however, is critically dependent on the neutral energy
reconstruction which was found to be inadequate in the Pravda simulation (see Section 4.6.2 for more details).

43 b — cfv Inclusive and Exclusive Decays
>1|. Bigi <

|Vp| is known from inclusive and exclusive semileptonic B decays with afew percent uncertainty. The error islikely
to be reduced to the 1-2% level through more data and a refined analysis of energy and mass moments in semileptonic
and radiative B decays. Experimental cuts on energies and momenta introduce biases in the extracted values of the
heavy quark parameters; keeping those biases under control such that one can correct for them requires low cuts. The
recently proposed BPS expansion might open up a novel way to determine |V,;| from B — D/{v. If successful for
B — De/uv, one can use theratio I'(B — D7v)/T'(B — De/uv) as a sensitive probe for New Physics, where
the BPS expansion is essential in treating the hadronic form factors. Extracting | V.| from semileptonic B, decaysin
ete” — T (55) — BsB, would constitute a powerful check on our theoretical control.

We are witnessing how the study of B physics, which has been based on the paradigm of high sensitivity to subtle
and potentially new features of fundamental dynamics, is now also acquiring the aspect of high numerical accuracy.
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This development has been driven by two interrel ated phenomena, namely the availability of magnificent experimental
facilities that challenged theoretical technologies and, in doing so, inspired—actually pushed—them to become more
powerful. There is every reason to expect that this fruitful interplay will continue: theoretical technologies will be
further refined in response to even more detailed data.

One expression of this paradigm shift has the suggestion of a Super B Factory , an asymmetric e*e~ collider operating
near B production threshold with a luminosity of closeto 10%6s~'cm 2. Its justification has to be different than that
more than ten years ago for the current B Factories. one has to learn to harness the much higher statistics to shape a
Super B Factory into atrue precision tool for exploring dynamics. This means one has to strive for

e Mmore accuracy in extracting the sides of the CKM unitarity triangle,
e analyzing more decays—like B — De/uv, D v —and

e possibly cover new territory, namely ete~ — 1'(55) — B,B,.

It also means that one should not apply if oneis deterred by truly hard measurements.

The ‘1% challenge’ is the following: can we learn to predict certain observables with an O(1%) accuracy, measure
them, interpret the results and diagnose what they tell us about specific features of the underlying dynamics with
commensurate accuracy?

In taking up this challenge, we have to be aware that assumptions that are well justified on the O(10%) accuracy
level might no longer be adequate on the O(1%) accuracy level. Furthermore, the most convincing way that we
have established control over the systematics—be they experimenta or theoretical—is to determine the same basic
parameter in more than one independent way. Heavy quark theory [25, 26, 27, 28] is quite well positioned to satisfy
this demand, aswill beillustrated below.

We expect that |V, | will be determined with 1-2% accuracy soon at the current B Factories. We address it herein the
Super B Factory context mainly to describe what will be the status and to illustrate at the same time the new paradigm
of heavy flavor physics, which is based on two pillars:

e building arich database involving hard measurements,

e implementing overconstraints as much as possible.
In that spirit we briefly sketch important cross checks that could be performed in 7'(55) — B, B,.

4.3.1 OntheHeavy Quark Expansion (HQE)

B decays—mostly of the inclusive variety—can be described through an operator product expansion (OPE) in inverse
powers of the heavy quark masses and of the B meson expectation values of local quark and gluon field operators of
increasing dimension. Those are referred to as heavy quark parameters (HQP): the heavy quark masses—m,, m.—on
theleading level, the kinetic energy and chromomagnetic moments—.2, 1u¢,—to order 1/m¢, and the Darwin and LS

terms—p?,, p} s—to order 1/m3,, etc.

The important point isthat this set of HQPis‘universal’ in the sensethat it appearsin the HQE of ahost of transitions,
namely b — ¢ and b — wu semileptonic, radiative and even nonleptonic ones. These HQP can be extracted from the
shape of energy, mass, etc.distributions as conveniently encoded in various moments of different orders. In general
there is not a one-to-one correspondence between these HQP and the moments; i.e., the former are obtained from
nontrivial linear combinations of the latter. Likewise the HQP can be determined from different types of moments,
namely leptonic, hadronic or photonic moments. They can thus be greatly overconstrained, providing a high degree
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of quality control over systematics on the theoretical as well as experimental side. Once the HQP are obtained from
moments of B — X ¢v transitions, they can be used perfectly well for B — X, /v and B — X ~. Claiming that one
needs to measure moments of b — u decays to obtain the HQP for describing them would be incorrect.

More than one treatment of the HQE with different definitions of the HQP can be found in the literature. We use
‘kinetic' masses and other HQP with a hard Wilsonian cut-off scale ;1 ~ 1 GeV. Other authors [29] studied many
schemes, such asthe ‘1S and ‘PS masses, using HQET quantities A, » and four non-local correlators 7; _4 together
with p3,, p g in orders 1/mg, and 1/m,, respectively. In any schemes there are six hadronic matrix elements that
need to be determined from the data, in addition to |V, |. For practical applications, where only a handful of HQP truly
matter, there are simple expressions relating the two sets of HQP [30]. One should keep in mind the general caveat
that the role and weight of perturbative corrections is quite different in the various schemes.

432 |V

Three methods for extracting | V| from semileptonic B decays that can boast of a genuine connection to QCD have
been suggested: namely the ‘inclusive’ one relying on T's, (B), the ‘exclusive’ one employing B — D*{v &t zero
recoil, and a newcomer, namely treating B — D/v with the help of the “so-called BPS’ expansion, may become
competitive.

‘The Golden Way’: T'(B — X .v)

In the first step, one sets out to express the total b — ¢ semileptonic width in terms of a priori unknown HQP and
perturbative corrections, in addition to the sought-after |V,;,| in away that the higher-order contributions not included
cannot amount to more than 1 or 2%, which then denotes the theoretical uncertainty:

(B — X tv) = F(|[Va|;as, HQP : mg, pi2,...) £ (1 — 2)%|sn (4.3
This step has been completed. As shown in Ref. [31], to achieve the set goa of no more than 1-2% theoretical
uncertainty at this step the following features have been included:
e all order BLM together with an estimate of second-order non-BLM corrections to the leading term,

e contributions through order 1/m3,,

e without ignoring, asit isusually done, contributions from HQP of the type ( B|(b...c)(c...b)| B)—i.e., withlocal
operators containing a pair of charm fields explicitly—which could be labeled ‘intrinsic charm’. For otherwise
there would emerge a chain of higher-dimensional operators, whose contributions scale like A" /m3mn—3

instead of A" /m}.
The main stumbling block in decreasing the theoretical uncertainty is the fact that we do not know yet eventhe O(ag)
perturbative corrections of the leading nonperturbative contributions to n2, and p?, (aswell as ;2 for moments).

It had been customary for a number of years to impose a constraint on the b and ¢ quark masses that relates their
difference to that of the spin-averaged B and D meson masses.

o (1 1 Pp—7 (1 1 3
my —me = (Mp) = (Mp) + piz | 5— = omy ) T4 5~ ) tO(/mg), (4.4)
c c b

where 5 denotes the sum of two positive nonlocal correlators[32].

This procedure was legitimate and appropriate when one had to alow for very sizable uncertainties in the b quark
mass and the aim was to extract |V,,;,| with no better than 10% accuracy. However now my, is known with at least 2%
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precision, and the aim for |V,;| is considerably higher. The relation of Eq. (4.4) then turns into a weak spot or even a
liability. It should, therefore, no longer be imposed as an a priori constraint. One can, instead, check a posteriori to
what degreeit holds.

Using the measured value for I's 1, ( B) one then obtains avalue for |V,| asafunction of the HQP [31]:2

|Vcb|
0.0417

- SF ~ (14 6rg, 4n)[1 4+ 0.30(as(mp) — 0.22)] x
x[1 —0.66(my(1 GeV) — 4.6 GeV)
+0.39(m.(1 GeV) — 1.15 GeV)
40.05(12, — 0.35 GeV?) — 0.013(u2 — 0.40 GeV?)
—0.09(p3, — 0.2 GeV?) — 0.01(p3 g + 0.15 GeV?) (4.5)

0.1056 7B
F = 4.6
o \/ Bsr(B) 1.55ps’ (46)

where or, +, denotes the uncertainty in the theoretical expression for I' sz, (B). More specifically:

Orsy.th = £0.005|pert £ 0.012| 1w £ 0.004| 5 £ 0.007|1¢ ; (4.7)

the numbers on the right hand side refer to the remaining uncertainty in the Wilson coefficient of the leading bb
operator, the as yet uncalculated perturbative corrections to the chromomagnetic and Darwin contributions—thisisthe
leading source of the present theoretical error—higher order power corrections including limitations to quark-hadron
duality [33] and possible nonperturbative effects in operators with charm fields, respectively.

As amatter of practicality, the value of the chromomagnetic moment 12, is conveniently fixed by the B* — B mass
splitting.

In the second step one determines the HQP from energy and/or hadronic mass moments of different orders measured
in semileptonic b — ¢ and radiative B decays. They are of the types

M, (E)) = r*l/dElE,dr/dEl (4.8)
M, (E) = r*l/dEl[El — My (E)|"™dT' JdE; , n > 1 (4.9
M;(My) =T} / AM%[M2 — Mp ]dT /dM2 (4.10)
M, (Mx) =T71 /de([M)Q( — (MZ)]™dl' JdM% , n > 1. (4.11)

The DELPHI and BABAR analyses [34, 36] demonstrate the value of relying on severa lepton energy as well as
hadronic mass moments, since they provide valuable overconstraints, and, in particular, My (Mx ) aswell as M3 (Mx)
are senditive to different combinations of the relevant HQP than the other moments. The results can be stated as

follows:
0.0416

SF

where the second and third errors reflect the theoretical uncertainties in Eq. (4.7) (when added in quadrature) and in
the evaluations of the HQP from the moments.

Voo |iner = X [1 % 0.017|pp % 0.015|p() % 0.015] ] (4.12)

One might think that the theoretical uncertainties given in Eq. (4.12) are grossly understated. For an uncertainty of
~ 2% in the value of m,;, that emerged from the DELPHI analysis should contribute an uncertainty of ~ 5% in |V |;
i.e., this source aone should produce an error larger than allowed for in Eq. (4.12). The resolution of this apparent

2Analogous expressions in other schemes can be found in Ref. [29], yielding similar results. (Conveners)
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paradox liesin the fact that the width and the low moments depend on practically the same combination of HQP. This
can be made manifest by replacing m;, in Eq. (4.6) with, say, the first lepton energy or hadronic mass moments ( E;)
and (M%):

Ves|
0.042

F ~ 1— 1L70[(E;) — 1.383 GeV] — 0.075[m¢(1 GeV) — 1.15 GeV]

+0.085[12, — 0.35 GeV?] — 0.07[u2 — 0.40 GeV?]

—0.055[p%, — 0.2 GeV?] — 0.005[p3 5 + 0.15 GeV?] (4.13)
~ 1—0.14[(M%) — 4.54 GeV?] — 0.03[m.(1 GeV) — 1.15 GeV]

—0.01[pZ — 0.35 GeV?] — 0.1[u2 — 0.40 GeV?]

—0.1[p3, — 0.2 GeV?] 4 0.006[p3 g + 0.15 GeV?] ; (4.14)

2

i.e., once this substitution has been made, the sensitivity to m, has been greatly reduced, while the one to the other
HQP is still rather mild.

As a ‘caveat emptor’ it should be noted that the relationship between the moments and the HQP has not been
scrutinized to the same degree as the one between 'y, (B) and the HQP. Yet there are some general lessons to be
drawn fromit:

e Onehasto alow m; and m,. to float independently of each other rather than impose the constraint of Eq. (4.4).

e Harnessing different types and different order of momentsis essential to obtain the overconstraints that provide
a sensible measure for the theoretical aswell as experimental control one has achieved.

e The values of the HQP inferred from this analysis can be used in describing other widths as well like for
B — X, fvand B — X~. Theonly differenceisthat one hasto use adifferent linear combination of moments
to obtain my, rather than m,, — 0.65m...

The photon spectrum—cuts and biases

When measuring spectra to evaluate moments, experimental cuts are imposed on energies or momenta for good
practical reasons. Yet theoretically such cuts can have a significant nontrivial impact not reproduced by merely
integrating the usual OPE expressions over the limited range in energy or momentum, since there are exponential
contributions of the form e—¢2/#naed that do not appear in the usual OPE expressions; Q denotes the ‘hardness’ of
the transition, .4 the scale of nonperturbative dynamic (and ¢ a dimensionless number). Such contributions are
indeed quite irrelevant for Q > pip,44, in particular for Q ~ my, my, — m.. Yet the aforementioned cuts degrade the
‘hardness’ of the transition.

For B — X+ the first photon energy moment and the variance provide a measure of m; /2 and 12 /12, respectively.
Cutting off the lower end of the photon spectrum increases the former and reduces the latter in an obvious way. Yet
the impact of such acut is not fully described by the usual OPE expressions: for the degrading of the ‘hardness' is not
reflected there. One has Q ~ my, — 2E) ,; i.e, for E],, ~ 2GeV onehas Q < 1GeV, making these exponential

contributions significant; for higher cuts the OPE expressions quickly lose reliability and then even meaning.

A pilot study [35] of such effects has been performed, where it was found that they introduce abias, i.e., asystematic
shift in the values of m;, and ;2 extracted from the measured moments with a cut [37]. The good news is that this
bias does not imply the need to increase the theoretical uncertainties, but can be corrected for; eg., for E7,, = 2 GeV
the bias corrected and thus ‘true’ m,, is about 50 MeV lower than the bare value extracted from the moment using the
usual OPE corresponding to a ~ 1% upward shift; likewise one finds a correction of about 0.1 — 0.15 GeV? for 2,
i.e, a~ 25% shift, which is much larger than for the leading HQP m,.
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A much more detailed study is now underway [38]. Since one is merely analyzing a correction, terms ~ O(1 /m?é)
areirrelevant. Thus, there are only three relevant parameters with dimension—AMp — my, u2 and Q—and there must
be simple scaling behavior for the correction.

Some general conclusions can aready be drawn:

e One should strive hard in all moment analyses to keep the experimental cuts as lows as possible.

e Such biases in the experimentally truncated moments can be corrected for rather than be invoked to inflate the
theoretical uncertainties.

e Measuring moments with cuts in a range where the biases can be handled provides important cross checks of
our control over the systematics.

‘The Gold-Plated Way': B — D*/lv at zero recail

The second method involves measuring the exclusive reaction B — D* /v, extrapolate it to the zero recoil point® for
D* and extract |V, Fp«(0)]. The zero-recoil form factor has the important property that it is normalized to unity for
mg — oo and has no correction linear in 1/mg:

Fp-(0) =1+ O(as) + O(1/m3) . (4.15)

At finite quark masses there are corrections that lower the form factor. The drawbacks are that it contains an expansion
in powersof 1/m,. rather than just 1/m; or 1/(my,—m,.) and that non-local operatorsappear in higher orders. Different
estimates for Fip~(0) can be found in the literature:

0.89 =+ 0.06 Sum Rules [39]
Fp+(0) = ¢ 0.913 £ 0.042 BABAR Physics Book [40] (4.16)
0.91375-024+0-017 Quenched Lattice QCD [41].
The first value was obtained by applying the HQ sum rules and includes terms through O(1/mg)); the uncertainty
applies to adding errors linearly. The lattice result is obtained in the quenched approximation and includes terms
through O(1/m¢,); keeping only terms through O(1/mg,) reduces the central value to 0.89. One should also note

that the lattice analysis assumes that one can rely on an expansion in powers of 1/m,. (an assumption that is partially
checked for self-consistency).

With |V, Fip«(0)| = 0.0367 4+ 0.0013 and using Fp- (0) = 0.90 £ 0.05 for convenience, one obtains
|Veb|ewer = 0.0408 - [1 £ 0.035|cp %+ 0.06]shcor] (4.17)
to be compared with
[Veb|inet = 0.0416 - [1 £ 0.017| ez £ 0.015|p,, () £ 0.015|srgp] - (4.18)

The agreement between the two values represents a highly satisfying and quite non-trivial success of both the exper-
imental and theoretical analysis. At the sametime, it is our considered judgment that with F'p- (0) depending on an
expansionin 1/m.., thisexclusive method is running into a‘brick wall’ for the theoretical uncertainty of about 5%.

3This extrapolation is actually quite nontrivial, and needs to be redone carefully with better data.
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"TheCinderellaStory’': B — Dfv

Asis now well-known, QCD possesses heavy-flavor as well as spin symmetry for m¢g — oo. At finite values of mg
both are broken by terms ~ O(1/mg,) inT's.,(B) and in Fp-(0), asjust discussed. Thereaction B — D{v isusually
seen asa'poor relative’ of the more glamorous B — D* (v, sinceitsform factor hasacontribution linear in1/m¢ and
thus 1/m.. It isalso harder to measure, since the relevant rate is smaller, and one cannot benefit from the D* — D
‘trick’. Yet we might be seeing a‘ Cinderellastory’ in the making, namely the emergence of anovel approach alowing
us to calculate the nonperturbative contributions to the form factor Fp quite reliably.

The role of the ‘good fairy’ could be played by the so-called ‘BPS approximation [42]. If 42 = p2 were to hold
/u’7'r MG

exactly,* one would have

3
Gq-7|B) =0, ¢" = (4.19)

where 7 = id + gS/Y denotes the covariant derivative and o? the slope of the Isgur-Wise function.

The BPS limit cannot be exact in QCD. From the SV sum rules, we have inferred the general inequality p2 > uZ,; yet
one expects the difference to be of quite moderate size. Experimentally we have, indeed,

pé = (0.357503) GeV? ws. p2 = (0.4540.1) GeV?, (4.20)
which provides ameasure for the proximity of the BPSlimit through theratio (12 — uZ,)/u2. Thiscan be parametrized

through the dimensionless quantity
YBPS =V 0? — 0.75 , (4.21)

which is smaller than 1/2 for o> < 1. There are further suppression factors, yet even so the BPS treatment might
provides only a qualitative description for observables that receive contributions linear in vgps. Yet thereis awhole
class of quantities where the leading corrections are of order 13pg o (12 — p2)/u2. Among them is the form factor
describing B — D{v at zero recoil, analogous to Fp« (0) described above:

2/ Mg Mp
Fi = mf+(0) ) (4.22)
with the usual definition:
(D(pp)|(@ud)|B(pB)) = f+(a*)(pB +PD)u + f-(¢°)(PB —DPD)1 s 4= (PB—PD) - (4.23)

Inthe BPSlimit, . isnormalized to unity: 7y = 1+O(v4ps(1/m.—1/my)?). The power-suppressed contributions
are then very small; the more significant effect is due to perturbative corrections which produce a dight excess over
unity for 7, [42]:

p2(1 GeV?) —0.43 GeV?

Fio=1.04+0.13- + 0]expon 4.24
* 1 GeV? leap ( )
Theintrinsic limitation d|c.pon 1S due to ‘exponential’ terms

5|ewpon x (e—mc/uhad _ e—"Lb/Nhad)Q (4.25)

that have to exist, yet do not appear in the usual HQE expressions. A reasonable estimate for it isin the 1-2% range;
i.e, at present it seems possible that one could extract |V, | from B — D/{v at zero recoil with ahigher accuracy than
from B — D*{v. Thisrequiresthat ;2(1 GeV?) < 0.45 GeV? holds, i.e., itsvalue fallsinto the lower part of the
presently allowed range. In any case, this method has to be and can be validated by comparing the value of |V,;| thus

t‘f;This isnot arenormalization %e |§d§éndent statement, yielding concerns that have not been fully addressed. (Conveners)
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“From RagstoRiches’: B — Drtv

A success of this method in extracting |V.;| opens up an intriguing avenue to search for the intervention of New
Physicsin B — D7wv. It has been noted [43] that theratio B = T'(B — D7v)/T'(B — De/uv) could be changed
significantly relative to its Standard Model value by a contribution from a charged Higgs exchange. Its impact can
be parametrized in a two-Higgs-doublet model by the ratio R = My, tan3/My with tang denoting the ratio of the
two VEV'’s. The authors of Ref. [43] find sizable deviations from the Standard Model value of B for R > 10, which
could be realized even for My as high as 200 — 300 GeV for sufficiently large tang. There is a considerable ‘fly in
the ointment’, though. The authors argued that in the infinite mass limit the hadronic form factors drops out from
B. However that is not true at finite values of the heavy quark masses. In particular there are 1/m.. (and 1/m;)
corrections that are likely to be sizable; furthermore the rate for B — De/uv depends on the single form factor [,
whereas B — Drv isalso sengitive to the second form factor f_, since m. is nonnegligible on the scale of M.

Yet the BPS expansion—onceit is validated by |V,,|—allows usto relate these form factors, and thus predict the value
of I'(B — D7v)/T(B — De/uv) in the Standard Model. A ‘significant’ deviation—'significant’ probably means
larger than 10 %—provides evidence for New Physics.

Measuring B — 7vD appears feasible only at a Super B Factory due to the small branching ratio of B — 7vD
relativeto B — D*/{v, the absence of the D* ‘trick’ and the complication of having to identify the  lepton.

4.3.3 Quality control

The option to run at 1'(5S) — B,B, might turn out to be very valuable. The motivation would not be to perform
measurements that can be done at LHC and the Tevatron, such as searching for B, — B, oscillations and CP
asymmetries in Bs(t) — DsK, J/i ¢; instead one would perform measurements uniquely possible here. One is
the extraction of |V | from I's,(Bs) and Bs; — D*{v at zero recoil in close analogy to nonstrange B decays. This
is another example of following Lenin’s dictum “Trust is good—control is better!”. For comparing |V,;| as inferred
from B,, B, and B, decays provides a powerful check of experimental systematics and even more of theoretical
uncertainties like the often mentioned limitations to quark-hadron duality. Such limitations could be larger than
predicted due to the accidental “nearby presence” of a hadronic resonance of appropriate quantum numbers. This
would be a stroke of bad luck, but could happen. Due to the isospin invariance of the strong interactions it would
affect By — X v and B, — X lv equally (unlike By — X, fv vs. B, — X,{fv), but not B, — X sfv. Such a
scenario would revesl itself by yielding inconsistent valuesfor |V, | from B,, 4 and B, semileptonic decays.

4.3.4 Conclusions

The study of heavy flavor dynamics in the beauty sector has made tremendous progress in both the quantity and
quality of data, and in the power of the theoretical tools available to treat them. This progressiswell-illustrated by the
determination of |V,;|. The pieces are in place to extract it from I'(B — X_.¢v) with 1-2% accuracy. Thisis being
achieved by fixing the HQP appearing in the HQE through the shape of distributions in semileptonic and radiative B
decays as encoded through their energy and mass moments. Analyzing B — D*{v at zero recoil provides a valuable
cross check; yet both the procedure for extrapolating to zero-recoil and the evaluation of the form factor Fp-(0) have
to be scrutinized very carefully. Only dedicated lattice QCD studies hold out the promise to reduce the theoretical
uncertainty below the 5% mark; however, that is truly atall order, and requires a fully unquenched treatment, and a
very careful evaluation of the scaling in powers of 1/m..

These developments will happen irrespective of the existence of a Super B Factory . However their description is
highly relevant for discussions about a Super B Factory :

e The HQP my, u? etc. extracted from momentsof B — X /v and B — X~ are the basic parameters needed
for describing B — X, fv, B — vX4, B — X{T{~ etc., transitions.
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e Reproducing |V,;| within the stated uncertainty of 1 — 2% constitutes a valuable validation for Super B Factory
measurements.

e B — D/v hasbeen put forward as a second theoretically clean exclusive mode for determining |V |; to perform
an accurate analysis close to the zero-recoil domain presumably requires data from a Super B Factory .

e On a more genera level, it demonstrates the ‘high precision’ paradigm that has to be at the core of such
a program. For it illustrates how alleged high accuracy can be validated through overconstraints, namely
determining the basic parametersin many systematically different waysin various decays. Theselessons can be
fully carried over to extractions of other CKM parameters like |V,,;| and | V4]

e The huge statistics and hoped-for purity of Super B Factory data are required to measure B — D7v as a
sensitive probe for New Physics, most likely in the form of charged Higgs states.

e One should contemplate arun of ete~ — T(4S) — B,Bg, not only for cdibrating absolute B, branching
ratios, but also to extract |V, | from B, decays, asthefinal cross check of our theoretical control.

435 Experimental Prospects
>—U. Langenegger <

Recent preliminary measurements of the lepton spectrum [21] and the mass moments of the hadronic system [44]
presented by the BABAR and Belle collaborations using the recoil approach already show very competitive results
compared to the the traditional B tagging with high-momentum leptons. With statistics of 200-300 fb~?, the analyses
will probably become systematics-limited. At the moment, there are no prospects for substantial gains at higher
luminosities in the study of these decays.
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4.4 b — wu Inclusive Decays

44.1 Theory
>M. Luke <

A precise and model independent determination of the magnitude of the Cabibbo-K obayashi-Maskawa (CKM) matrix
element V,,;, isimportant for testing the Standard Model at B Factories via the comparison of the angles and the sides
of the unitarity triangle.

|Vas| isnotoriously difficult to measurein amodel independent manner. Thefirst extraction of |V,,;| from experimental
data relied on a study of the lepton energy spectrum in inclusive charmless semileptonic B decay [45], a region
in which (as will be discussed) the rate is highly model-dependent. |V,;| has also been measured from exclusive
semileptonic B — pfv and B — (v decay [46]. These exclusive determinations also suffer from model dependence,
as they rely on form factor models (such as light-cone sum rules [47]) or quenched lattice calculations at the present
time (for areview of recent lattice results, see [48]).

In contrast, inclusive decays are quite ssmple theoretically, and if it were not for the huge background from decays
to charm, it would be straightforward to determine |V,,;| from inclusive semileptonic decays. Inclusive B decay rates
can be computed model independently in a series in Aqcp/my, and as(my,) using an operator product expansion
(OPE) [49]. At leading order, the B meson decay rate is equal to the b quark decay rate. The leading nonperturbative
correctionsof order AéCD /m3 arecharacterized by two heavy quark effective theory (HQET) matrix elements, usually
caled \; and \,,
— 1 7 (s 2 — 1 N

A = pT (Blhy(iD)h,|B), Aa(p) = - (B|hyo"” G hy| B). (4.26)
The B — B* mass splitting determines \y(m;) ~ 0.12 GeV?, while a recent fit to moments of the charged lepton
spectrum in semileptonic b — ¢ decay obtained [50]

mpS = 4.8240.07g +0.117 GeV, A = —0.25 £ 0.0297 £ 0.05gy + 0.147 GeV? | (4.27)

where m}¥ is the short-distance “1.S mass’ of the b quark [51, 52]. (Moments of other spectra give similar results
[53].)

Since the parton level decay rate is proportional to mj, the uncertainty in m;, is a dominant source of uncertainty in
the relation between B — X, (v, and |V,,;|; an uncertainty in m; of 50 MeV corresponds to a ~ 5% determination
of |Vus| [51, 54]. Unfortunately, the semileptonic b — w decay rate is difficult to measure experimentally, because
of the large background from charmed final states. As a result, there has been much theoretical and experimental
interest in the decay rate in restricted regions of phase space where the charm background is absent. Of particular
interest have been the large lepton energy region, E, > (m% — m2,))/2mp, the low hadronic invariant mass region,
mx = /sg < mp [59], the large lepton invariant mass region q®> > (mp — mp)? [56], and combinations of these
[57]. Of these, the charged lepton cut is the easiest to implement experimentally, while the hadronic mass cut has the
advantage that it contains roughly 80% of the semileptonic rate [58]. However, in both of these cases, the kinematic
cuts constrain the final hadronic state to consist of energetic, low invariant mass hadrons, and the local OPE breaks
down. By contrast, in the large ¢? region the local OPE remains valid, although there are a number of other sources of
theoretical uncertainty.

The shape function region:  For the cuts B, > (m% —m%)/2mp and mx = /sy < mp, thelocal OPE breaks
down and the relevant spectrum is instead determined at leading order in Aqcp/my by the light-cone distribution
function of the b quark in the meson [59],

f) = B3 Lin-DYYB) @28

2mB
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where n* is a light-like vector. f(w) is often referred to as the shape function, and corresponds to resumming an
infinite series of local operators in the usual OPE. The physical spectra are determined by convoluting the shape
function with the appropriate kinematic functions:

1dI(B — X, (v,) 4
r de,  m /H(mb —2B; —w)f(w) dw + ... (4.29)
1dI(B — X (vy) 1 25% (3w — 251 /my)

L dsm '_m%/ o O(w—=su/my)f(w—A)dot... (4.30)

wheremy, — 2E; S Aqep, sa S Agepme, A = mp — my, and the ellipses denote terms suppressed by powers of
o, Or Agep/me. f(w) isanonperturbative function and cannot be calculated analytically, so theratein this region is
model-dependent even at leading order in Aqcp /M.

However, f(w) aso determines the shape of the photon spectrum in B — X~ at leading order,

1dT(B — X,7)
S0 f(w) may be determined experimentally from the measured B — X, spectrum and applied to semileptonic decay.
The CLEO collaboration [60] recently used a variant of this approach to determine |V,,;,| from their measurements of
the B — X~ photon spectrum and the charged lepton spectrumin B — X, (v,.

The relations (4.29-4.31) hold only at tree level and at leading order in Aqcp/mye, SO a precision determination
of |V,,s| requires an understanding of the size of the corrections. The most important radiative corrections are the
parametrically large Sudakov logarithms, which have been summed to subleading order [61]. In addition, contributions
from additional operators which contribute to B — X ;v have been calculated [62]. The perturbative corrections are
typically included by convoluting the partonic rate with the shape function f(w) [58]; however, the consistency of this
approach has been questioned in [63].

The subleading twist corrections have been studied more recently [64, 65, 66, 67, 68]. In [65, 66], it was shown that
there is a large O(Aqcp/ms) correction to the relation between the B — X+ spectrum and the charged lepton
energy endpoint region, shifting the extracted value of |V,,;| by ~ 10 — 15%. Since thisis a simple model estimate,
the corresponding uncertainty is not clear. In Ref. [67] it was shown that the variation of this estimate in a number of
models was quite small, suggesting asmall uncertainty in |V,,;,|. However, modelsthat give larger effects do exist [68].
A second source of uncertainty arises because of the weak annihilation (WA) contribution, which will be discussed
in more detail in the next section. These are formally sub-subleading twist effects, but are enhanced by a factor of
~ 1672 because there are only two particlesin the final state. However, the relevant matrix elements vanish under the
assumption of factorization; hence, as will be discussed in the next section, the size of the WA contribution is very
difficult to determinereliably. The authors of [66] estimated the corresponding uncertainty in |V,,;| to be at the ~ 10%
level (with unknown sign) for acut E, > 2.3 GeV. For both subleading effects, the fractional uncertainty in |V,;| is
reduced considerably asthe cut on E, islowered below 2.3 GeV.

Analogous corrections to the region between the B — X~ spectrum and the hadronic invariant mass spectrum were
considered in [68], and found to be much smaller. In the range of models studied, the subleading effects were at the
few percent level for acut myx < 1.55 GeV. The subleading effects are reduced as the cut is raised.

Lepton ¢? cuts:  Another solution to the problem of the breakdown of the local OPE is to find a set of cuts which
eliminate the charm background but do not destroy the convergence of the OPE, so that the distribution function f(w)
isnot required. In Ref. [56] it was pointed out that thisisthe situation for a cut on the dilepton invariant mass. Decays
with ¢ > (mp — mp)? must arise from b — v transition. Such a cut forbids the hadronic fina state from moving
fast in the B rest frame, and simultaneously imposes mx < mp and Ex < mp. Thus, the region selected by a
¢? cut is entirely contained within the m% cut, but because the dangerous region of high energy, low invariant mass
final states is not included, the OPE does not break down [69]. The price to be paid is that the relative size of the
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unknown A2, /mj termsin the OPE grows as the ¢ cut israised. Equivalently, as was stressed in [70], the effective
expansion parameter for integrated rateinside theregion ¢? > (mp —mp)? is Aqcp /me, ot Aqep /my. In addition,
the integrated cut rate is very sensitive to my,, with a +-80 MeV error in my,, corresponding to a ~ 4+10% uncertainty
in|Vus| [70, 57].

An additional source of uncertainty arises from weak annihilation (WA) graphs [71]. WA arises at O (A}, /my) in
the local OPE, but, as previous mentioned, is enhanced by afactor of ~ 1672, but vanishes in factorization. Assuming
factorization is violated at the 10% level gives a corresponding uncertainty in |V,,;| from apure ¢2 cut of ~ 10% [71];
however, this estimateis highly uncertain.® In addition, since the contribution isfixed at maximal ¢2, the corresponding
uncertainty grows as the cuts are tightened.

The theoretical uncertainties from a pure ¢ cut may be considerably reduced by considering more complicated
kinematic cuts: in [57] it was proposed that by combining cuts on both the leptonic and hadronic invariant masses
the theoretical uncertainty on |V,,;| could be minimized. For afixed cut on m x, lowering the bound on ¢ increases
the cut rate and decreases the relative size of the 1/m; terms (including the WA terms), while introducing only
a small dependence on f(w). Since this dependence is so weak, a crude measurement of f(w) suffices to keep
the corresponding theoretical error negligible. The sensitivity to m,, is aso reduced. With the representative cuts
¢? > 6 GeV?, mx < 1.86 GeV, the overall theoretical uncertainty in |Vap| Was estimated to be at the ~ 8% level,
assuming a +80 MeV uncertainty in m;. Tightening these cuts further increases the overall theoretical uncertainty;
estimates of the theoretical uncertainty for different cuts are given in Ref. [56].

Nonfactorizable terms and the determination of |V,,p|
>M. Voloshin <

The well-known difficulty of determining the mixing parameter |V,,;| from the inclusive semileptonic decay rate is
the need to cope with the overwhelming background due to the transition b — ¢. The suggested way to eliminate,
or strongly suppress, this background is to measure the rate of the decays B — X, ¢ v in restricted regions of the
phase space that are kinematically forbidden for B — X, £ v. Such kinematical cuts however leave as ‘usable’ only a
fraction of the total inclusive rate of the decays B — X, £ v, and the nonperturbative effects discussed in this section
become relatively enhanced in the restricted decay rate, while being quite small in the total probability of the decay.
Namely, the discussed effects behave formally as a delta function located either at the lowest end of the spectrum of
the hadronic recoil invariant mass my, or, equivalently, at the highest value of the ¢ for the lepton pair. In reality
these effects are spread over interval determined by Agcp, athough resolving such smearing is beyond the current
accuracy of the theoretical analysis.

The standard description [74, 75] of nonperturbative effects in the inclusive decay rates of a heavy hadron H
containing a heavy quark @ is based on the Operator Product Expansion (OPE) in inverse powers of the heavy quark
mass m, for the effective operator

Lo =2Im {z / d4:ceip””T{£}L,V(x),£W(O)}} , (4.32)

constructed from the weak-interaction Lagrangian Ly, in terms of which operator (at p? = mf;,) the total decay rate
is given by®

Ty =(Hq|Less |Hg) - (4.33)
Using in Eq. (4.32) theterm
CVVF Vub _
Lup = 7 @y, (1 —75)b) ¢, (4.34)

5After completion of this report, it was observed that the O(as) corrections to WA may actually dominate in the endpoint regions [72], as the
as /(47) suppression is compensated by amy, / Aqcep enhancement. At present there is disagreement as to whether the ©(0.1) suppression of the
tree level term discussed after Eq. (4.38) islifted at O(«s) [72] or not [73].

6 The non-relativistic normalization for the heavy quark states is used here: (Q|QTQ|Q) = 1.
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with ¢, = £+, (1 — ~5) v in place of Ly, one would find the total inclusive decay rate of B — X, (v. The
effective operator (4.32) is evaluated using short-distance OPE. The leading term in the expansion describes the
perturbative decay rate, while subsequent terms containing operators of higher dimension describe the nonperturbative
contributions. The term of interest for the present discussion isthe third one in this expansion, containing a four-quark
operator [74, 75, 76, 77] , -

2 wbl?m
b—uly — 7% ( %—A - Og'—P) ) (435)

where the following notation [78] is used for the relevant four-quark operators (normalized at © = my):

O%_ 4 = (bryuar)(@pyubr), O%_p = (braw)(@rbr),

Ty 4 = (Oct"vuqr) @t vbr),  T§_p = (brt"qr)(@Lt"0r) - (4.36)
(The operators T', containing the color generators ¢, will appear in further discussion.)

The matrix elements of the operators O* over the B mesons can be parameterized in terms of the meson annihilation
constant fz and of dimensionless coefficients B (“bag constants’) as

+ U +\ f%mB S ns + U +\ f%mB s ns
(BYOY_a|BY) = Z22E (Bi + BY"),  (BY104 p|BT) = L2 (B 4+ By), (437)
for the BT meson containing the same light quark (u) asin the operator, and
u f2 m S ns U f2 m S ns
(BalOY _a|Ba) = P57 (B} = BY*),  (BalO%_p|Ba) = 27 (B3 — By). (4.38)

for the B; meson where the light quark (d) is different from the one in the operator. In the limit of naive factorization
the “bag constants’, both the flavor-singlet (B*) and the flavor non-singlet (B™*) ones are al equa to one: B =
B = Bj = B3® = 1, and the matrix elements over the B mesons of the difference of the operators entering
Eq. (4.35) are vanishing. However the expected accuracy of the factorization is only about 10%, which sets the natural
scale for the non-factorizable contributions, i.e., for the deviations from the naive factorization. (Numerical estimates
of non-factorizable terms can be found in [79, 80, 81].) After averaging the operator in Eg. (4.35) one finds the
contribution of the non-factorizable termsto the rates of the B — X, £ v decaysin the form

G2 |Vip|? f2 m$ 6B° + 6B"
127 2 ’

_ G%|Vw|* fzmi 6B — 6B™

OT(B* —» X, lv) = OT(Bg — X, lv) = o

(4.39)
where 6 B° = B; — B and ) B™® = BY*® — B7*. These contributions can be compared with the ‘bare’ total decay
rate Ty = G% |Vip|?my /(19273):

6T'(B*) 167> f 0B* +6B"
FO - mf 2

0T (By) - 1672 f2 6B — §B"*
FO - m? 2

0.2GeV 0.2 ’
fB 2 §BS — §B™S
0.2GeV 0.2 '

2 S ns
z0.03( /v > 08"+

~ 0.03 < (4.40)
Thus non-factorizable terms may show up in the total decay rates only at the level of few percent. Nevertheless their
relative contribution in a kinematically restricted decay rate can be substantial and generally limits the precision of
determination of |V,,;| at the level of uncertainty of about 10% [82], at least until a better quantitative understanding
of such termsis available.

It should be emphasized that it would be incorrect to interpret the effects of the nonfactorizable terms as due to the
‘“Weak Annihilation’ of the ‘congtituent’ quarks: buw — ¢ v, since the amplitude of such a process is essentialy
zero for obvious chiral reasons. Rather, one might think of the discussed effects as arising from the interference
and annihilation processes involving the light ‘sea’ quarks in the B mesons, for which the chiral suppression is not
operative, and the expected smallness of order 10% arises due to the overall smallness of the ‘sea’ contribution.
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In lieu of agood theory of the non-factorizable terms, these can be studied experimentally. One straightforward way of
probing these terms is to measure the difference of the (similarly kinematically restricted) decay rates for the charged
B* and the neutral By mesons. According to equations (4.40), thiswould allow the extraction of the flavor non-singlet
coefficient 0 B™*. However, the most natural place to study these terms are the decays of D mesons, where the relative
contribution of the nonperturbative effectsis greatly enhanced.

In particular, it is well-known that there is a noticeable difference between the lifetimes of the strange D, and the
neutral D° mesons: 7(Dy)/7(D°) = 1.20 4 0.025, which cannot be described by spectator dependent effects in
Cabibbo-suppressed decay channels, or by the flavor SU(3) breaking [77]. Although this discrepancy can be attributed
merely to the overall inaccuracy of the OPE in the inverse of the charm quark mass’, a more constructive approach
would be to attempt to describe this differencein lifetimes as due to deviations from factorization (seealso in [ 77, 83]).
In the limit of flavor SU(3) symmetry, the difference of the dominant inclusive nonleptonic decay rates of D° and D,
mesons can be written [75] in terms of matrix elements of four-quark operators (normalized at x = m.) as

3 3
C.C (—53”5 A g;w) : (4.41)

2 el 2 £2
_ 2Gy cos*O.mZ fpmp
9m

0 J—
where 6. is the Cabibbo angle, C.. and C_ are the well known short-distance QCD renormalization coefficients for
nonleptonic weak interaction: C_ = C;? = (a(me)/as(mw))'?/%5, and the flavor non-singlet coefficients B and
¢ parameterize the following differences of the matrix elements:

S S f2 m ns S S f2 m ns
(TV_a)p, — (Tv_a)po = DTD €15 (T$_p)p., — (T5_p)po = DTD% . (4.42)
where the operators T are the same as in Eq. (4.36) with the b quark being replaced by c. (The parameterse; and e
both vanish in the limit of factorization.) It should be also mentioned that no attempt is being made here to allow for
the breaking of the flavor SU(3) symmetry, thus no distinction is made between the annihilation constants or masses
of the D, and Dy mesons.

The expression (4.41) for the difference of the total decay rates corresponds numerically to

fp

(D% — T(D,) =~ 3.
(D7) = T(Ds) 33(0.22G6V

? 3 3
) <—5B”S ~1 et + 1 6§S> ps~ 1. (4.43)
Comparing this estimate with the experimental value for the difference of the total decay rates: 0.41 + 0.05ps~*, one
arrives at an estimate of corresponding combination of the non-singlet factorization parameters:

3

ns ns 3 ns
- 0B — 151 +Z€2 %012, (444)

which agrees with the understanding that nonfactorizable contributions are at a level of about 10%.

The estimate (4.44) of the non-factorizable terms, however, can serve only as a semi-quantitative indicator of the mag-
nitude of the spectator effectsin theinclusiverate of the processes B — X, £ v described by a different combination of
the factorization parametersin Eq. (4.39) than in Eq. (4.44). A somewhat more direct test of the relevant combination
of the parameters would be possible from the difference of the total semileptonic decay rates of D, and D° mesons.
Indeed, in the limit of the flavor SU(3) symmetry this difference arises only in the decaysdueto ¢ — s ¢ v andisgiven
in terms of the operators normalized at 1 = m. as

2 .2 2 r2
D(D%) ~ T(Dy) = G MDD (s oy 3 (
s

fp
0.22GeV

2
) (—=6B™) ps~!. (4.45)

Given that the total semileptonic decay rate of the DY meson is approximately 0.16 ps—!, the discussed difference can
easily amount to a quite sizable fraction of the semileptonic rate, provided that |6 B"*| ~ 0.1.

7In this respect the situation is no better for the expansion of a constrained inclusive rate of the decays B — X, £ v [82].
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A measurement of the difference of the inclusive semileptonic decay rates of the D° and D, mesons would make
it possible to more reliably predict the difference of the corresponding decay rates between B° and B+ mesons:
rB° — X, tv)—T(B* — X, ¢v), which, according to the previous discussion, is dominantly concentrated in the
upper part of the spectrum of theinvariant mass of the lepton pair. At thelevel of accuracy of the present discussion the
only difference between the theoretical expressions for B and for D mesons arises through a different normalization
point of the four-quark operators in the equations (4.39) and (4.45). Taking into account the ‘hybrid’ evolution of the
operators containing b quark down to 1 = m,. givesthe relation between the non-singlet factorization constants:

B 8rl/2 41
N 9

2 (k2 1)

5B (my,) -

6B (me) + [€7°(me) — €5°(me)] (4.46)
wherek = (as(m.)/as(mp)). However, modulo the unlikely case that the difference of the constantse in thisrelation
is much bigger than the difference between the constants B, the renormalization effect is quite small, and most likely
is at the level of other uncertainties in the considered approach (such as the accuracy of the flavor SU(3) symmetry,
higher QCD corrections, contribution of higher termsin m_ !, etc.). Thus with certain reservations, one can use the

approximate relation § B™*(my,) ~ JB™*(m,) to directly relate the differences in the inclusive semileptonic decay

rates. 9 .o 3
AVl f5 mi
|Ves? fd2 m}

I(B® — X, ¢tv) —T(B* — X, (v) L (D) — Ta(Dy)] . (4.47)

A measurement of these differences of the semileptonic decay rates can provide information only on the flavor non-
singlet part of the non-factorizable terms. In order to probe the singlet part of these terms one should gain insight
into the absolute decay rate of individual particles rather than their differences. In doing this, it is also quite natural
to discuss the semileptonic decay rates of the D mesons, where the effect is larger than for the B mesons. Neglecting
the Cabibbo-suppressed transition ¢ — d /v, one can write the contribution of the non-factorizable terms to the
semileptonic decay rate of either of the non-strange D mesons as

_ G% fpmZmp 6B% — 6B

OTst(D) 127 2

(4.48)

%0.0Spsfl( M )2( o )2 5BS_5B715.

1.4 GeV 0.2GeV 0.2
Thus with ‘natural’ values of the parameters the effect of the non-factorizable terms easily reaches about one half of

the experimental semileptonic decay rate, eg., ' (D°) = 0.164 4+ 0.007 ps—*. Therefore an analysis of these rates
necessarily should include the non-factorizable terms even at their expected suppressed level.

The*full’ formulafor the semileptonic decay rate of a D meson, that includes the QCD radiative corrections up to two
loops [84], and the second term of the OPE of the effective operator (4.32) [85] reads as

G2 m3 m?2
(D) = 5575 (Ve (1= 872 ) + Vel

Qs s\ 2 A1+ uﬁ ug
X {1 — 2413 - 23.44 <?) ] <1 + 22 1= 525 | +Ta(D), (4.49)

c

where a; = ag(m.), 6T (D) is given by Eq. (4.48), and a certain inaccuracy has to be admitted in the treatment
of the cross terms between, e.g., the radiative corrections and the effect of the finite mass m of the strange quark or
between the radiative corrections and a part of the O(m_?) terms. This inaccuracy, however, is at the level of other
uncertainties involved in Eq. (4.49), e.g., due to higher perturbative terms, or the experimental uncertainties in the
data, and can be safely neglected in the present discussion. Finaly A, and Mf, are the standard parameters of HQET.
The ‘chromo-magnetic’ term Mg is determined from the mass difference between the heavy vector and pseudoscal ar

mesons. u2 ~ 0.37 GeV2, whilethe ‘Kkinetic’ term isless certain and should obey the inequality [86] (—A1) > 2.
12 ey the inequality 2

The contribution 6T5; (D) of the non-factorizable terms could be estimated from comparison of Eq. (4.49) with the
data, if not for the uncertainty of the first term, arising from the value of the charm quark mass m... A value of about
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1.4 GeV for the ‘pole’ mass of the charm quark originates from the charmonium sum rules [87]. If thisvalue is used
in Eq. (4.49), the first term accounts for only about one half of the experimental rate [79, 88]. In order to remedy this
contradiction without involving a substantial nonfactorizable contribution it was suggested [79] that the ‘pole’ value
of m, should be significantly larger, m. ~ 1.65 GeV, which can hardly be reconciled with the rest of phenomenology
of charmonium and charmed hadrons. In particular the mass parameter m.., entering EqQ. (4.49) can be deduced from
the mass formulafor a pseudoscalar meson:

AL+ ,Uﬁ
mq

provided that the parameters A and A, of the HQET can be determined. One way of experimentally determining these
parametersisfrom ameasurement of the moments of the lepton energy and of the hadronic recoil massin the dominant
semileptonic B decays. This technique was recently pursued by the CLEO experiment [89]. An analysis[90] of their
results in terms of Eq. (4.49) favors the ‘pole’ charm quark mass in the region around 1.4 GeV, and thus suggests a
large contribution of the non-factorizable term, reaching up to 0.5 — 0.6 (depending on the value of a,(m.)) of the
experimental semileptonic decay rate.

The discussion of the non-factorizable contribution to the semileptonic decays B — X, £ v presented in this subsec-
tion can be summarized by the following main points:
e The present poor knowledge of the non-factorizable terms can become a major source of uncertainty in deter-

mination of |V,,;|, limiting the accuracy of the knowledge of this mixing parameter at about 10%.

e The most favorable way of determining the flavor non-singlet part of these terms is from a measurement of the
difference of the semileptonic decay rates of the strange D, meson and the non-strange D mesons.

e The flavor singlet part of the non-factorizable terms can be estimated from the total semileptonic decay rate of
the D mesons with an improved knowledge of the parameters A and A; of the HQET. The latter parameters can
determined from moments of the spectrain semileptonic decays of the B mesons.
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Constraining weak annihilation contributionswith lattice QCD
>—C. Bernard, S. Hashimoto, P. Mackenzie <

It may become feasible in the future to use lattice QCD cal culaitonsto constrain the size of non-factorizable amplitudes
such as those due to weak annihilation. The necessary bag parameters B; and B, may be calculated using lattice
QCD. There is an exploratory quenched lattice calculation by Di Pierro and Sachrajda [91]. They used the lattice
HQET (static limit) and the matching between the continuum A B = 0 four-quark operators and corresponding lattice
HQET operatorsis done by one-loop calculation. Their results are

Bi(my) = 1.06(8),  Bay(my) = 1.01(6), (4.51)

which leads to B; — By = 0.05(10), assuming no error correlation. The result (4.51) is quite consistent with the
vacuum saturation approximation (or the factorization).

The quantity B; — By measures the violation of factorization. In the lattice calculation the sources of the violation are
the perturbative matching and the non-perturbative lattice matrix elements. In the perturbative matching, the violation
starts at one loop and thus the leading contribution to By — Bs is O(«). To control the systematic error to better than
10% one needs a two loop matching calculation. The non-perturbative calculation seems completely consistent with
the factorization assumption in the quenched approximation (for both AB =0 and 2 operators), as thereis no hint of
deviation in Eq. (4.51) from unity.

To improve the accuracy in the future one has to do (i) ungquenching, (ii) two-loop matching, (iii) further improvement
of lattice action and/or continuum extrapolation, just as in the lattice calculations of other quantities. (Note that the
result (4.51) does not contain the quenching error.) We may expect that the error is similar to that for the AB = 2
matrix element B, which is 8% for §(f2 Bp) (see Section 4.6.1). This means that the improvement over the current
guess, |B; — Bz| = 0(0.1), is unlikely to be significant enough in the near future to alow for either establishing
B; — By # 0 at aroboust level or to demostrate if | By — Bs| is smaller than expected.

442 Therelevanceof thedecay B — X v totheextraction of V,,,
>—|. Rothstein <

The extraction of |V,;| from inclusive B — X, decays is complicated by the fact that in order to reject the over-
whelming charm background one must cut the spectrum in a corner of phase space. This not only hurts statistically,
but also makes the theory much more complicated. In particular, when one cuts the spectrum close to the endpoint, the
rate becomes sensitive to the non-perturbative motion of the heavy quark inside the meson. This motion is described
by awell-defined universal matrix element called the “ shape function”[92], defined as

Flky) = (B(v) | Bub(ks —iD )by | B(v)): (4.52)

Thisfunction is interpreted as the probability for the b quark to carry light cone momentum fraction & in the meson.
The amount of sensitivity to this presently unknown function depends upon the choice of observable[93]. Cutting on
the lepton energy is simplest from the experimental point of view, sincein this case there is no need to reconstruct the
neutrino momentum. This method has the disadvantage in that it only contains ~ 10% of the rate, whereas a cut on
the hadronic mass [94] contains 70 — 80% 8 of therate. A cut on leptonic mass[95] is favored, sinceit is less sensitive
to large energy, small mass hadronic states, and thus the error induced by ignoring the shape function is in the noise.
The downsides of this cut are that the effective expansion parameter becomes A/m.., and not A/m;, [96], and that it
captures only 10 to 20% of the rate. Hybrid cuts [97] have been proposed to minimize the uncertainties due to the
ignorance of the shape function and formally sub-leading corrections.

We will only address the lepton energy and hadronic mass cuts, as these have order one sensitivity to the shape
function. Since the shape function is universal, it can, in principle, be extracted from one decay for use in ancther. In

8These percentages are estimates based upon models.

THE DISCOVERY POTENTIAL OF A SUPER B FACTORY



274 Semileptonic Decays and Sides of the Unitarity Triangle

particular, the cut rate for the decay B — X g + v may be written, at tree level, as

2Ecut:| /A |: 2Ecut :|

'y |——| = dky f(k)Ty | ————| 4.53
" |: MB 2F e —my +f( +) b mp + k+ ( )
where T, {% is the partonic rate with acut on = = 2E/my, at x, = 2E.,;/(my, + k4). A similar expression

can be derived for the semileptonic decay. Thus, one would hope to extract f(k,.) by fitting the end-point spectrum
in the radiative decay, and use it to predict V,,;. Indeed, most extractions to date follow the results in [98], where it
was assumed that the radiative corrections can simply be incorporated in (4.53) by changing I',, to include the one
loop QCD corrections. Unfortunately, as pointed out by [99], thisis incorrect, due to the fact the presumed relation
between the moments of the shape function and matrix elements of local operators does not hold beyond tree level.
When CLEO [100], BABAR [23] and Belle [101] performed their extraction, they assumed that the shape function
was constrained to have certain properties; these constraints followed from the af orementioned erroneous relationship
between moments and local operators. Thus, the true size of systematic errors for those measurementsis not clear. We
expect that extractions utilizing the hybrid cut will be less sensitive to this issue, and thus the errors made using this
method of fitting the shape function will be diminished in amplitude, though it is not clear by how much.

Fortunately, there is no need to extract the shape function in the first place, since by taking the ratio of the moments
of the radiative and semi-leptonic decay rates, we can eliminate the need for the shape function altogether [102]. It
has been shown that we can write a closed form expression for | V,,;, | in terms of the cut lepton energy spectrum as
[103, 104, 105]

-1
Vo2 3aC (my)? /1 dr /1 dr
= 1+H. drpg— dupW — , 4.54
where 1] . represents the corrections due to interference coming from the operators O, and Os [106] .
v as(me) [ ) | A0 (0) (44 _ 8n*
Hoiz = 2700 {07 + C5 'R(r2) + Cg ( g "7 ) (4.55)

and z%, is the value of the cut. In Eq. (4.55), all the Wilson coefficients, evaluated at m;, are “effective” as defined
in [107], and R(r2) ~ —4.092 4+ 12.78(m./my, — 0.29) [108]. The numerical values of the Wilson coefficients are:
Céo)(mh) ~ 1.11, C§0) (my) =~ —0.31, C’;U(mb) ~ 0.48, and Céo)(mb) ~ —0.15. The diagonal piecesfrom O, and
Og are numerically insignificant. The function W (up) is given by

uB

dxp (1 —3(1 —zp)?+ %(z - % - Elog(l - xB))) . (4.56)

2
W[”B}_“B/C 279 9 ug

Tp

This expression for V,,;, doesis not afflicted by large end point logs which were resummed and shown to have a small
effect on the rate [109, 103, 104, 110].

The expression for V,,;, for the case of the hadronic mass cut is given by [111]

Vi |>  6aCr(my)?(1+H),.) 6T (c)

mix

Visl?2 7 [lo(¢) + L1-(c)]

The expressions for I'(c), Iy(c) and I (c) can be found in [111]. The effect of resummation of the end-point logs
in this case was again shown to be negligible [112],[113]. Note that the dominant source of errors in both of these
extractions will come from sub-leading shape functions, which were studied in [114].

(4.57)

443 Experimental prospects
>—D.del Re<
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The BABAR experiment has already performed measurements of inclusive semileptonic B decays with statistical errors
comparableto the experimental systematic errors, whilethetheoretical error isalready dominant. Thisisdueto thefact
that even Cabibbo-suppressed inclusive semileptonic B decays are abundant at B Factories, but also due to the large
theoretical uncertainties affecting the study of inclusive decays in restricted regions of phase space. A substantial gain
in the overall error will only be achieved if the theoretical error can be better controlled—more data and measurements
in dedicated regions of phase can help in thisregard.

The recail approach should help in reaching this goal. It significantly reduces the experimental systematics, and, since
the level of background is lower, permits looser cuts on the phase space and multiplicity, thereby reducing theoretical
systematic uncertainties.

Inclusive char mless semileptonic B decays

In order to understand the level of sensitivity achievable in the study of inclusive charmless semileptonic B decays,
it isworth to briefly describe the measurement recently presented by the BABAR experiment [23]. It makes use of the
recoil technique and it is the |V,,;| measurement that, so far, obtained the smallest systematic uncertainty.

In this analysis, a semi-leptonic decay of one B meson (B,....i; ) isidentified by the presence of a charged lepton in
the recail of a B,..., candidate. In addition, the detection of missing energy and momentum in the event is taken as
evidence for the presence of a neutrino. The B — X, fv transitions are dominantly located in the low mass region
mx < mp. Undetected particles and mis-measurement of detected particles distort the measured mass distribution
and lead to alarge background from the dominant b — c/v decays. To improve the resolution in the measurement of
mx, this analysis exploits the kinematic constraints and simplicity of the BB state and uses the measured momenta
and energies of al particles in a 2C kinematic fit to the whole event. With the additional constraint that the missing
particle should have zero mass the hadronic mass m x is determined, largely independent of the unfitted missing mass
of the event. To extract the number of leptons from b — ufv transitions the data are divided into subsamples of
events, one that is enriched in b — w transitions by a veto on the presence of kaons in the recoil system, and the rest
of the sample, which is used to control the background. To derive the charmless semileptonic branching ratio, the
observed number of events, corrected for background and efficiency, is normalized to the total number of semileptonic
decaysb — qfv (here q standsfor ¢ or u) inthe B,..., event sample. Additional selection criteriaare imposed to select
b — ulv decays. They include constraints on the sum of the charges of all observed particlesin the events, correlations
between the sign of thelepton and the flavor of the reconstructed B meson, requirement on the missing momentum and
mass, and most importantly a veto on strange particles. This BABAR analysis, based on 82 fb™!, selects ~ 170 signal
events signal eventsfor mx < 1.55 GeV (see Fig. 4-3) , with a signal-to-background ratio that correspondsto ~ 1.7.
Theinclusive branching ratio comesout tobe B(B — X (v ) = (2.2440.27(stat)£0.26(syst)+0.39(theo)) x 1073,
that can be trandated into |V,,,| = (4.62 & 0.28(stat) + 0.27(syst) & 0.48(theo)) x 10~3. Even at these moderate
luminosities, the systematic error islarger than the statistical error.

The experimental systematic error will be improved in the future. It is dominated by detector effects that will be
better understood with more experience. A substantial component of this uncertainty is due to imperfect knowledge of
semileptonic branching ratios (B — D***)[1) and to the D meson decay branching ratios (D — X )—measurements
which will improve with more data, leading to a reduction in the related systematics. A quite large error due to the
MC statistics will decrease as soon as more simulated events become available. A reasonable estimate is that the total
experimental systematic error can be below 5% for the rate (and half of that for |V,,;|).

This measurement technique will be only limited by the theoretical uncertainty but even this error can be improved.
Thecleanliness of the technique allows ameasurement of them x spectrum with agood resolution. By adding statistics
not only the m x integral but also the m x shape can be measured allowing the extraction of the theoretical parameters
my, and a (as suggested in [115]), reducing the uncertainty due the extrapolation to the full spectrum. Moreover new
theoretical papers[57] suggest adifferent cut in the phase space. A combination of acut on ¢ > (mp—mp)? (i.e. on
the virtual W invariant mass) and acut on mx should decrease the theoretical error. Finally a combination of the m x
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Figure 4-3. Left: ax? fit to the mx distribution. Right: perspectives for the error on |V,| as a function of the
accumulated luminosity as described in text.

spectrum and the photon spectrum in b — s+ decays [116, 104, 106] could be used to perform a |V,,;,| measurement
with suppressed uncertainty related to the shape function.

In summary, we expect the total error on |V,,;| to decrease down to 5-10% within several years. In Fig. 4-3 an
extrapolation to higher luminosities is presented. The analysis method corresponds to that presented in [23], with the
addition of acut on ¢ > 10 GeV. We assume a systematic error of 6%. The plot clearly shows how this inclusive
measurement cannot be improved by increasing the statistics above 1-2 ab™!, unless systematic errors are further
reduced.

Inclusiverareradiative B decays
>—U. Langenegger <

The measurement of the photon energy spectrum in inclusive radiative decays B — s+ providesadirect determination
of the shape function of the b quark. The first and second moment of this spectrum are related to the mass of the b
quark and HQET parameters describing its Fermi momentum within the hadron. From atheoretical point of view, it
would be most desirable to measure the photon spectrum down to the lowest possible energies.

The experimental challenge here is on the one hand the small branching fraction of about 3 x 10~#, and on the other
hand, the very large background both from continuum ¢g production (where ¢ = u, d, s, ¢) and from BB events.
Both background spectra rise exponentialy towards lower energies and therefore lead to an experimental spectrum
truncated around E., > 2 GeV. There are two distinct types of analyses, semi-exclusive and inclusive.

In semi-exclusive analyses, the hadronic final state X, in B — X, decays is reconstructed as the sum of severa
exclusive modes. This allows a measurement of the photon energy in the B meson rest frame with an excellent E.,
resolution, but is sensitive to only 50% of al X, states. The dependence on the modeling of the included hadronic
final states constitutes the major difficulty in the analysis.

In inclusive analyses, the continuum ¢g background is rejected with high efficiency by selecting (“tagging”) events
based on B decay signatures (see Section 4.2). Thisincludes (1) high-momentum leptons and (2) afully reconstructed
hadronic B decay.
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In the first case, the photon energy is measured in the 7°(45) restframe with a resolution of about 100 MeV. In
the current BABAR analysis based on 82fb™!, it is expected to determine the mean photon energy with an error of
about 1.2% (without background and efficiency contributions), dominated by the statistical error. Here, the spectrum
is measured for energies £/, > 2.0 GeV.

In the second case, the photon can be boosted into the B meson rest frame, and, due to the overconstrained kinematics,
better resolution, compared to the lepton-tagged analysis, can be achieved. Because of the low efficiency for hadronic
tags, the event yield is substantially lower: for 82fb~' atotal of about 60 events is expected. Comparable statistical
errors to the lepton-tagged analysis are expected for an integrated luminosity of about 1ab~!. Nevertheless, this
approach is very valuable as it offers the potentia to lower the threshold for the photon energy and, more importantly,
allows the best resolution in the measurement of the photon energy.
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45 b — wu Exclusive Decays (m, n""), p, w, €tc.)
451 Theory

>—C. Bauer, |. Stewart <

Branching ratios of exclusive semileptonic B decays proceed via the heavy-light current wI'b, and are proportional to
the square of the magnitude of the CKM matrix element V,,;,. However, the relevant matrix element of thisb — «
current for exclusive processes depends on non-perturbative hadronic physics parameterized by form factors, which
are needed in order to extract CKM information from these decays. For decays to pseudoscalars P or vectors V' these
form factors are defined as

2 2 2 2

— m —m m —m
(P) a8 Bw) = f+(@) [pg‘ b= MBI qﬂ] + o) MBS g,
* | =, n 2V 2 s VPO _*
V. dBn) = 2Ll (), s,

*

£\ [— J— € - . 6*'
V(. iay 15 Blr)) = 2my Ao(a?) 5 0" + (i + muv) Ar(g?) [eﬂ— ngqﬂ}

* 2 2
€ -q " mep —m
— Aa(q%) prepmrp— [pé, e e Vgt ] : (4.58)

where ¢# = p’; — p* is the momentum transfer to the leptons. Decay rates to particular exclusive final states can be
written in terms of these form factors. Decays to pseudoscalar mesons are given by

d0(B — P(o)

FIPP
dg? dcos 6 =V |2#511129# (@), (4.59)

where ¢ = y, e and an f, term would be proportional to m? and has been dropped. For the anal ogous decay's to vector
mesons one finds

dI'(B — Vp)
dg? dcos 6

GElpve?

= V| o5
768m3m2,

(1+cos0)?|Hy |> 4+ (1 — cos 0)*|H_|* + 2sin? 9H0|21 ) (4.60)

where the three helicity amplitudes are given by

He(q?) = (mp +my)Ar(¢?) 5 —PBIVL_ 2y

(mp +my)
+my) Alpv *m3
H2:(m37 2—2—2142—7314 4.61
O(q ) 2qu2 (mB my, q ) 1((] ) (mB +mV) ( ) ( )
In Egs. (4.59-4.61) the three momenta are related to ¢
Amplppy[® = (¢* —mh —mpy)* — dmpmpy . (4.62)

Given knowledge of the form factors, a measurement of the exclusive semileptonic branching ratios can be used to
determine the CKM parameter |V,,;|.

M easurements of the heavy-to-light form factors themselves are also important ingredients in the description of many
other exclusive B meson decays. In addition to parameterizing the semileptonic decays they appear in rare radiative
decayssuchas B — K*y, B — pvy, B — K*)¢+¢~ and B — m¢*¢~. They also play acrucial rolein factorization
theorems for nonleptonic B — M M’ decays, with M () light pseudoscalar and vector mesons, which are important
for measurements of CP violation.
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Figure 4-4. Regions of validity in ¢ for different model independent methods for the B — = form factors.
The abbreviations are Heavy Quark Effective Theory (HQET), Soft-Collinear Effective Theory (SCET), and Chiral
Perturbation Theory (ChPT). The curve shown for f (q*) isfor illustration only.

For rare decays suchas B — K*y, B — K*{T¢/~,and B — K{¢*¢~ additional form factors appear via tensor
currents. They can be defined by

fr(d?)

(P(p)[q o™ q,b|B(py)) R [ (P + ") — (mB —mB) "], (4.63)

(V(p,e")gioc" qb|B(pe)) = —2T1(q%) i€ €} (D)5 Pos
(V(p,e)gic" v5q,0|B(ps)) = Ta(q?) [((mB —mi,) € — (€ - q) (p)y + p")]

q2

+T3(q%) (¢* - q) {(J“ - m(pff +p“)} :
B~ My

Although the phenomenology and experimental methods for rare decays differ from the semileptonic decays, the
theoretical description of the form factorsin Eq. (4.63) is no more difficult than those in Eq. (4.58). Thus the theory
techniques explored in this section apply equally well to both cases, and in certain kinematic cases actually provide
useful relations between the two. For a detailed discussion of rare decays we refer the reader to Chapter 2.

Exclusive form factors depend in a complicated way on the details of the hadronic states, and their computation has
been traditionally performed using QCD inspired phenomenological methods, such as quark models (for examples
see[117]). Predictions for form factors can also be obtained with QCD sum rules[118, 119, 120, 121, 122, 123, 124],
which we do not discuss here. For the level of precision obtainable from a high-luminaosity asymmetric B-factory we
expect that reliance on model independent methods with well understood theoretical uncertainty will be crucial. Inthis
chapter we focus on results for form factors obtained with HQET, SCET, chira perturbation theory, and lattice QCD
over theregionsof ¢2 shownin Fig. 4-4. The best tool available to determine the heavy-light form factors directly from
first principles QCD isthe lattice. Asillustrated in Fig. 4-4 precision control over the systematics of both the heavy
B and light meson is currently only projected for smaller recoils, where the light meson is not too energetic in the
B’srest frame. Lattice methods with amoving B meson have recently been proposed [125, 126, 127] which have the
potential to improve the precision of form factor determinations at lower values of ¢2, however these methods are not
included in the projections discussed here. The prospects for lattice determinations of the form factors are discussed
in section 4.5.2.

Additional constraints on the form factors can be obtained with the help of expansion parameters derived from Aqcp,
mpg, and Eyr. Here ¢ = m% + m2, — 2mpE)r, where E) isthe energy of the light meson M in the B-meson rest
frame, and their is a one-to-one correspondence between values of £, and ¢2. Different expansions are appropriate for
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different regions of ¢> and are made systematic with the help of several effective field theoriesas shownin Fig. 4-4. For
the region where E; /A < 1 isagood expansion parameter SU(2) heavy baryon chiral perturbation theory (ChPT)
can be used to compute the form factorsfor B — 7 and SU(3) heavy baryon chiral perturbation theory can be used for
B — K [128, 129, 130].° Here A ~ 1 GeV isof order the chiral symmetry breaking scale. For examplefor B — 7
one obtains

_ /B g=Mp _fB o
fe-f= P L= gs) (4.64

where f_ = (fo — f1)(m% —m2)/¢*, A = mp- — mp, and g, isthe B* Br coupling. Analysis beyond leading
order can be found in Refs. [131, 132, 133].

The results in Eq. (4.64) are only valid in a very limited range at large ¢2 or small E,.. For the larger region where
my > Er ~ Aqcp we can make use of heavy quark effective theory, HQET. Although HQET does not provide a
normalization for any of the form factors it does give important relations between different form factors. The HQET
form factor form factor relations are discusssed further in section 4.5.3.

For the other end of the spectrum, namely large recoil or small ¢2, the power expansion in HQET breaks down since
the light meson gets too energetic. In this region another effective theory is applicable, known as the soft-collinear
effective theory (SCET) [134, 135, 136, 137]. The expansion parameters here are Aqcp/En and Agep/mp. In
section 4.5.3 we discuss the LO predictions of SCET for heavy-to-light form factors, as well as reviewing the large
recoil SCET form factor relations.

Finally, dispersion relations combined with analyticity provide important constraints on the shape of form factors over
the entire region of ¢2 [138, 139, 140, 141]. We do not review these methods here.

452 Latticeform factors (|pa| < 1 GeV)

>C. Bernard, S. Hashimoto, P Mackenzie <

The estimates for future lattice precision presented in this section and Section 4.6.1 on leptonic decay constants are
based largely on a DOE planning document prepared by S. Sharpe, C. Bernard, A. El-Khadra, P. Mackenzie, and
R. Sugar.

We assume three levels of computation based on improved staggered simulations with np = 3 flavors of dynamical
sea quarks:

e “MILCO." These are existing configurations generated over the past four years by the MILC configurations. A
complete analysis of heavy-light quantities on these lattices will probably take one to two years.

e “MILCL" Thislevel will take ~ 6 Teraflop-years and require machines now being built under the DOE SciDAC
project [142]: the Columbia QCDOC and large clusters at Fermilab and Jefferson Lab. We estimatethat thislevel
will be completed in three to five years from the present,including time for analysis of heavy-light quantities,

e “MILC2" This level will take ~ 50—100 Teraflop-years and require the next generation of machines. We
estimate that this level will be completed in five to eight years from the present, including time for analysis of
heavy-light quantities.

As mentioned in Section 4.1.2, dynamical domain wall fermions provide a safer, but slower, alternative to improved
staggered. A level “DWF1” of dynamical domain wall fermions (or equivalent) at comparable mass and lattice
spacings to MILC1 may have comparable precision to MILC2 because DWF have smaller discretization errors and
are free from taste-violation issues. This may require ~ 600-1000 Teraflop-years and the “next next” generation of

9For SU(3) it is obvious that precision results would require going beyond leading order in the chiral expansion.

THE DISCOVERY POTENTIAL OF A SUPER B FACTORY



4.5b — u Exclusive Decays (r, ), p, w, €etc.) 281

machines, finishing perhaps ten or twelve years from the present. In other words, our guess is that use of DWF, as
opposed to improved staggered fermions in lattice QCD computation, would delay the available lattice precision by
roughly five years.

Tables 4-2, 4-3, and 4-4 show estimates of precision attainable for lattice calculations of semileptonic form factors
with data sets MILCO, MILC1, and MILC2, respectively. These are meant to be average errors for the form factors at
fixed ¢2 in the allowed range of momentum. We focus on the gold plated quantities B — = and B — D; it is possible
that the errorsin B — D* will not be much larger than for B — D. Asdiscussed in Section 4.1.2, we give two
alternatives for perturbative errors (one-loop and two-loop) and two aternatives for chiral extrapolation errors: (no)
SXPT assumes that staggered chiral perturbation theory is (is not) useful.

Table 4-2.  Estimated percent errors for form factors at MILCO level: one to two years from the present. “Light q”
includes light quark chiral and discretization errors. “Heavy Q" means heavy quark discretization errors. B — m form
factors are for restricted range 0.5 GeV < pr < 1 GeV (in B rest frame), but can have any bilinear current.

~

guantity | statist. | scale light ¢ heavy Q pert. th.

no SXPT | SXPT 1-loop | 2-loop
B — wlv 4.5 1 6 3 3 75 2
B — Dty 1 05 2 1 1 25 0.7

Table 4-3. Same as Table 4-2, but for MILC1 level: three to five years from the present. B — 7 momentum range is
slightly larger than for MILCO: 0.35 GeV < p» < 1 GeV (in B rest frame).

quantity | statist. | scale light ¢ heavy @ pert. th.

no SXPT | SXPT 1-loop | 2-loop
B — wly 3 0.7 4 2 2 75 2
B — Dtv 0.6 0.5 2 1 0.6 25 0.7

Table4-4. Same as Table 4-3, but for MILC2 level: five to eight years from the present.

qguantity | statist. | scale light ¢ heavy Q pert. th.

no SXPT | SXPT 1-loop | 2-loop
B — wly 15 0.5 2.7 13 15 7.5 2
B — Dty 0.3 0.3 14 0.7 0.5 25 0.7

Table 4-5 shows total lattice form factor errors under various assumptions, together with our best guess of which
aternatives are most likely to berealized in practice. It must be kept in mind that the errors themselves are uncertain,
by afractional amount which isat least ~ 30% and rises with time into the future.
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Table4-5. Estimated totadl lattice errors in percent under various assumptions. Momentum ranges for B — 7 are same
as in Tables 4-2, 4-3 and 4-4. Where there are four entries per column they correspond to: (1) no SXPT and 1-loop
perturbation theory, (2) SXPT and 1-loop perturbation theory, (3) no SXPT and 2-loop perturbation theory, and (4) SXPT
and 2-loop perturbation theory. Our best guesses of which alternative will in fact be realized are surrounded with boxes.

guantity | now 1-2yrs. 3-5yrs. 5-8yrs.
MILCO MILC1 MILC2

Bty | 15 ||11],10,87 | 9,9,6,(5 | 8843

B—Dv | 6 | 4,332 |332[L6]]332[12

45.3 Heavy-to-light form factorsin SCET
>—C. Bauer, D. Pirjol, |. Stewart <

In the absence of perfect theoretical computations, it is of interest to exploit the existence of model-independent
relations among form factors. Such relations can be established in two kinematical regions, corresponding to the
limits of a) energetic and b) dow final light hadron. These two situations are described in terms of two effective
theories. a) the Soft-Collinear Effective Theory (SCET) and b) the Heavy Quark Effective Theory (HQET). Inthisand
the following section we consider these two types of predictionsin turn.

In the large recoail region, the existence of symmetry relations for heavy-light form factors was first suggested by
Charles et al. in Ref. [143], formalizing earlier results obtained in the quark model [144]. The derivation here was
based on an effective theory, LEET [145], which unfortunately is flawed since LEET does not correctly capture the
IR physics of QCD in the case of energetic mesons. An analysis of the leading order contributions in perturbation
theory [146] showed the existence of calculable corrections to these “symmetry” relations. Rather than following
the historical order of events, we review the results obtained from the all-order effective theory treatment based on
SCET [135, 147, 148, 149, 150, 151, 152, 153, 154].

For small values of ¢2 aweak current gPr~*b can be matched onto the leading order SCET current
GPrAMb = / dw C) [EW], PrTh, = / dw OO I (4.65)

h, isthe usual field in HQET and [¢W],, is a gauge invariant collinear field with label momentum equal to w. There
are only three independent Dirac structures I', since both the ¢ and the h,, are two component spinors. The matrix
element of this operator between a B meson state and a collinear light meson state vanishes, since the interpolating
field for acollinear light meson contains two collinear fermions. This fact on the one hand explains the suppression of
the form factor in the large recoil region, but it also makes the SCET analysis difficult, since a good understanding of
subleading effects are needed.

The analysis of the form factors is performed in a two step matching procedure, where one first matches QCD onto
atheory called SCET], containing collinear particles with off-shellness p* ~ QAqcp and usoft particles with off-
shellness p? ~ AQCD [155]. In SCET; the heavy to light current has to appear in a time-ordered product with an
interactions which turn the soft spectator fermion in the B meson into a collinear fermion. These interactions appear
at subleading order in SCET [156]. It turns out that the first non-vanishing time-ordered product occurs two powers of
A suppressed, and one therefore also requires the subleading heavy-light current in SCET, Jffl)wg, which depends on
two label momentaw; and ws, aswell asthe subleading SCET Lagrangian. Combining these results, one conveniently
divides the resulting time-ordered product into two terms

/ d*y T1J) (0 / dy / AT (0),iL1 (y), iLke (2) + 0Ll (2)]
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T (wr) = i [ @ yT, L, 0028 () (460

To proceed, these time-ordered products are matched onto four quark operators in SCETy;. The form factor is the
matrix element of the resulting operator in SCET ;.

FE-M _ /dw CO () (MITT ()| B) + /dw1 /dwg O (wr, wn ) (M|TE (w1, w5)| B - (4.67)

where in this equation it is understood that the 7} are matched onto operators in SCETy; before taking the matrix
element. Thereis still some discussion in the literature how to properly factorize T; and match it onto operatorsin
SCET;;. Thiscan be avoided by simply defining the matrix element

(P|T{ ()|B) = 7-p (- p)d(w—T-p),
(VLT |B) = m-p ¢y (- p)d(w —7-p) (4.68)

he functions ¢(7 - p), (7 - p), (1 (7 - p) are called soft form factors, and the reason for there only being three soft
form factorsis dueto the fact that each of the three independent Dirac structuresin the SCET current givesriseto only
one type of meson by parity and angular momentum.

For T, one integrates out the modes with p? ~ QAqcp, which giveriseto ajet function. The exact structure depends
on what kind of meson and which Dirac structure appear in the matrix element. The general structure, however, of
such amatrix element is

1 e’}
(MT(wr,wn) [ B) = L8125 [ o [ ait detora ki on@oh 5w twa-mop) (@69
n-p 0 0

In this expression, the jet function Jr (w1, z, k™) depends on the Dirac structure of the suubleading current J&)dl o

and can be expanded in a seriesin a;(y/EAqep). Inserting (4.68) and (4.69) into (4.67) we obtain the result for a
genera form factor

fild®) = C(Q)CM(QA, 4%) + / drdzdky O (2, Q%) J; (2, 2, ki )6 (ks )02 () (4.70)

As explained before, the coefficients C;; are calculable in an expansion in (@), the jet functions J; are calculable
in an expansion in a,;(QA) and the remaining elements in these expressions denote the non-perturbative parameters.
They are the well known light cone wave functions of the B meson and the pseudoscalar or vector meson, as well as
the soft form factors explained earlier.

Below we summarize the factorization results for the B — P and B — V form factors (following the notation
in Ref. [150] and Ref. [151]). We use below the notations of [150] for the Wilson coefficients of SCET; operators
C;(E), B;(x, z). For decays to pseudoscalars

f+(B) = (OY” + m%cé”) + Oé”) ¢F (4.71)
+N0/dacdzdl+ {2ET;BmB [35“) _ ﬁBév) _ mBm—B2EB§U)] d(x—2)
#2250 - 2 p) - 5| f e s e @ob ()
S = (o + 2R o) ¢ @72
+N0/dmdzdl+ {mBm_BQE [Bl + %Bé”) + mBmBQEBzgv)] d(x —2)
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2E v m - E v v
+ 22150 - 2= - 5| Lo l)on(@65 )
fria®) = (¢ - e — ) ¢ (4.73)

mp
mp+mp

! E
+No / davdl; {— B = B — 2B + BY| s(x - ) - Z~[B{Y) + B{ - B, ﬂ Ty (@, 2,16 b (L )o(x)
0

my

with Ny = fzfpmz/(4E?). The corresponding results for the B — V form factors have a similar form

mp v
Vi) =
1 1 _( E v
—NL/ drdzdl, {—2351 I5(a — 2) + —(2B§1) + B ))} Ji(w,2,10)05 (1)L (x)
0
mp -+ my a
TAl(q2) = Cf )CK

! 1 _(a E a a
Ny [ dodty |~ 3B00 )+ 2B+ BE)| a5 105006, @)
0

a m - E a a
Aol¢?) = <C£ T e >> o (4.74)

mp

! —2E _(a —F _(a o
+N) | dxdzdiy { [mBB§ ) + mBiBé ) + B:,E )] Oz —z)
0 mp m

B
2F oy, mp—FE
-2 [_BQ n TBB§2) + B } } o5 (L4 )oy (@)

mpE a1 2y _ @, E @ A v
MAQ(Q ) — i(mB +my)Ai(¢”) =— Gy + mchz +C my( (4.75)
! —2F E
+my N / drdzdl, { {mBBY’) — =B - Bg“)} 8z — )
mpg mpg
) E
B0 2Bl - B | b L00b000 @)
mp mp
t mp—FE t
T() = Jeta(e?) = {c) - "2 Eef) o by (@76
1 —
Iny / dzdzdl, { {Bét) + mBEBg”] 5z — 2)
2 0 mp
2B —E
- [285? +2BY + B + By + == (B + Béf})] } Ji(@, 2, 1) 5(14)6 (@)
BTy(¢*) - 2 Ta(q%) = ~(Cf = 65" = O ymu ¢ @.77)

1
+my N / dzdzdl { [BP ~BY 2B ¢ Bgﬂ 3z — 2)
0
°F
F22800 4+ B) - BY) 0.5 10050)01(@)

where N, = mp/(4E?)fp [ and N = mp/(4E?)fg fv. Toall ordersin a,(Am,) there are only 2 jet functions.
One of them J; contributesto B — P, V|, and other one J contributing only to B — V. At tree level they are

equal Jy 1 (z,3,11) = T%E ——6(z — 2), but in general they are different,

xly
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The Wilson coefficients satisfy Cl(’i)g = Cf‘i)3 and B§U_)4 = B{‘Zl in the NDR scheme. Reparameterization invariance
constrains them as B4 = ¢ pl»e) — _gcl»e) B = ¢V B = 2clV B = —2cV [157, 150].
Attree level they are given by (") = 1, B =1, B = —1, BY) = 1.

From the above discussion it is clear that while SCET does not allow us to calculate the shape or normalization of
the heavy-light form factors, it does give predictions amongst different form factors. In particular, relations between
form factors arising in decays of B mesons viatensor currents, such as B — K*~ and form factors required for the
extraction of |V,,;| can be derived. This allows to get the necessary information about the form factors from decays
which are independent of |V,,;|. First steps at understanding quark mass effects in SCET have been carried out in
[158]. Model independent relations that survive including the leading SU(3) violation in the light-cone distribution
functions were given in [159].

The generic structure of the SCET factorization theoremis
fild®) = CP(Q) (@A, 4%) + / dudzdk, C\} (2,Q)J; (2,2, k) oh (ke )6 (). (4.78)

Both terms in the SCET factorization formula scale like (A/Q)?/2, such that their relative numerical contributions
could be comparable. In the absence of the factorizable term, all 10 B — P,V form factors are determined by only
three unknown “soft” form factors ¢, C\‘I/ ,¢Y, and thus satisfy symmetry relations [143, 146, 135]. In general they
are however broken by the factorizable terms, which are not spin-symmetric.

Two of these symmetry relations turn out to remain valid, even after including the factorizable terms. This can be seen
by a simple helicity argument [160] or by examining the factorization theorems

(mp + mv)2

o). Ti(¢%) = 251(¢%) . (4.79)

V(g®) = o5

These relations are broken only by power corrections of O(A/Q), which can, however, be numerically sizable ~ 30%.

An important point is related to the convergence of the convolutions appearing in the factorizable term in Eq. (4.78).
This issue is connected to the asymptotic behaviour of the light-cone wave function ¢z (k) and of the jet functions
J(z, z, ky), issues which were studied in Refs. [153] and [152], respectively.

We comment next on the important issue of the relative size of thetwo termsin Eq. (4.78). Dueto the explicit factor of
as(pe) (With 2 ~ QA) appearing in the jet function ./, one might be led to take the point of view that the factorizable
term is a small correction to the nonfactorizable contribution [146], and therefore the symmetry relations would be
satisfied to a good approximation. However, this point of view neglects the possibility of similar O(«s(AQ)) terms
being present in the ¢ functions, which in principle receive aso contributions from the collinear scale p2 ~ QA.
Recently, in Ref. [154] it was argued that no effects from the collinear scale are present in ¢, which would indicate that
thefirst term in Eq. (4.78) dominates. However, amore definitive conclusion requires the resummation of the Sudakov
logs present in the coefficients C'(0-1),

An extreme case of Sudakov suppression is assumed in the pQCD approach [161, 162]. Here one takes the point
of view that the nonfactorizable term is suppressed as m; — oo by the Sudakov logs contained in the Wilson
coefficients CZ@, which effectively renders the form factors calculable in perturbation theory. Such a conclusion
could be invalidated by the fact that similar Sudakov logs (not yet computed) are present also in the factorizable term
C\}). Seealso Ref. [163] for a detailed discussion of Sudakov effects in this context.

In the following we will not make any assumptions about the relative size of the two termsin Eq. (4.78). Eventually
the soft form factors ¢ will be obtained from model computations or lattice QCD. However, even in the absence of
such information, the factorization results have significant predictive power. For example, using as input the form
factor £, (¢?) asmeasured in B — mev, theremaining B — 7 form factors can be computed using the explicit form
of the factorization formulae in Ref. [150] and ¢ g (k+.), dr ().
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Figure4-5. Symmelry breaking correctionsto the B — = form factor relations showing (a) Ao (E) and (b) A1 (E),
and to the B — p form factor relations showing (c) Ay, (E), (d) As(F) and () Ara(FE). The shaded region
corresponds to the variation in the collinear scale .. used to define the jet function between 0.54 and 2.18 GeV, with the
choices of hadronic parameters defined in the text.

Toillustrate this approach, we present explicit resultsfor form factor combinations from which the soft matrix elements
¢ cancel out, and are therefore calculable. Working at tree level in matching at the scale @, but to al ordersin the jet
function, there are 2 such combinations for the B — P form factors

mp

Aio(E) = ﬁfO(E) - f+(E), Air(E) = f+(E) fr(E). (4.80)

and 3 combinations for the B — V form factors

Avr (B) = -2 V(E) = T1(E),
Aa(E) = myAo(E) + mmiE Ay (E) — %(mB +my)Ai(E)

Aar(E) = myAo(E) + ET3(E) — %Tz(Ef (4.81)

We show in Fig. 4-5 illustrative results for these form factor combinations, working at tree level in matching at the
scale Q and inthejet function. X° In computing these resultswe used f5z = 180 MeV, f, = 131 MeV, fo =210 MeV,

£;-(1.47 GeV) = 152 MeV, (k1) 5 = (350 MeV) ! and af = af = a§" = 0.2.

10Editors note: Recently one-loop correctionsto the jet functions became available [164], which substantially reduce the scal e dependence shown
inFig. 4-5.

THE DISCOVERY POTENTIAL OF A SUPER B FACTORY



4.5b — u Exclusive Decays (r, ), p, w, €etc.) 287

454 Form factor relationsfrom HQET
>—D. Pirjol <

In the low recoil region for the final meson, corresponding to maximal ¢> ~ (mp — mar)?, heavy quark symmetry
can be applied to describe the transition process. For the heavy-to-heavy form factors, such as those parameterizing
B — D™y decays, the normalization at zero recoil is fixed from the symmetry, with the leading power corrections
of order A/m, vanishing for certain form factors [165]. No such information is available for heavy-to-light form
factors, although some results can be established in a model-independent way.

The heavy mass scaling of the form factors can be straightforwardly derived from the mass dependence of the |B)
statesimplicit in their relativistic normalization | B(p)) ~ /my,. These relations are simpler when expressed in terms
of the form factors defined in [166] (as opposed to the more commonly used form factors used in the preceding
section). The scaling of the B — P form factorsis

FrE)Y+ f(BE)~my ' ?,  fo(B)—f(B)~my?,  s(E)~m (4.82)

and for the B — V form factors

FE) ~m)?,  g(B)~my % 0y (B) —a(B) ~m, '*, ap(E)+a_(B) ~m, 2,
9+(E) = g_(B) ~m)/* . g (E) + g_(B) ~m, "/*, h(E)~m,** (483

Wetake the argument of the form factorsasthelight meson M = P,V energy E rather than ¢ = m%+m?2, —2mpE.
In the low recoil region it scalesas £ ~ A.

Heavy quark spin symmetry implies also the existence of symmetry relations among form factorsat fixed E [166, 167].
There is one such relation for the B — P form factors

(P-1): f1(E) - f-(E) — 2mps(E) ~ O(m, /%) (4.84)

and threerelations for the B — V form factors

(V-1): g4 (E) — g—(E) + 2mpg(E) ~ O(m; /?) (4.85)
(V-2): g:(E)+g-(E) ~ 2Bg(E) -~ f(E) ~ O(m; ") (486
(V-3): ay(E) —a_(E) —2g(E) + 2mph(E) ~ O(m; *'?). (4.87)

Theleading power correctionsto the heavy quark symmetry relations Eqgs. (4.84)-(4.87) are also known from Ref. [ 168].
Contrary to naive expectations, they have a very smple form and depend only on the form factors of the dimension-4
currentsgi D, (5)b. We discussin the following one possible application of these symmetry relations, and give a brief
description of the A/m;, improved form factor relations.

The HQET symmetry relations are relevant for a method discussed in Refs. [169, 170] for determining the CKM
matrix element |V,,;| from exclusive B decays. This method combines data on semileptonic B — pfv and rare
radiative decays B — K*¢*{~ near the zero recoil point, and |V,,;| is extracted from the ratio [169, 170]

dr(B = pev)/dg® 87 |Vio|? 1 AP @2 (mp +my)? 1

= — - 4.88
0B = K 0H)/a2 — oF [VaVisP [GoPE 1 [Orol? [AF=K" (@)F (mp +mx- ) 11 A2) 00

The parameter A(q?) contains the contribution of the radiative penguin O; to the B — K*e*e~ amplitude, and
is computable at leading order in 1/m,; with the help of the symmetry relations Egs. (4.85) and (4.86). The SU(3)
breaking in theratio of form factors on the right-hand side A% ™7 (¢2) JAB—X" (42) can befixed using a Grinstein-type
double ratio [171] and data on semileptonic D — K*(p)er decays.
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The leading power correction to the symmetry relations Egs. (4.84)-(4.87) depends on the B — M matrix elements
of dimension-4 currents. They are parameterized in terms of 2 form factorsfor B — P

(P)|7iD uho| B(p)) = 6,4 (B)(p+ 1) + 6-(B)(p — '), (4.89)

and four form factorsfor B — V transitions
(V' ,m)[@iD,b|B(p)) = d(E)ie"* n;p,p, (4.90)
(V@' ,mgiD,sblB(p)) = di(E)n); + dy(B)n* - p)(p +9),) + d—(B)n* - p)(pp — P)) . (4.92)

In the heavy quark limit, not all these form factors are independent; using the constraint vh,, = h,, and the equation of
motion for the heavy quark field iv - Dh,, = 0, the number of independent subleading form factors is reduced to one
for B — P,and3forB — V.

d
d

Furthermore, the B — 7, K subleading form factors 6 (E) can be computed in a model-independent way at leading
order in the heavy mass and the chiral expansion [172, 168]. On the other hand, the corresponding B — V form
factors have to estimated with the help of quark models or lattice QCD.

Theimproved HQET symmetry relations can be obtained from operator identities of the type
i0 (Giouub) = —(my + mg)qyub — 2qi D ub + i0,,(qb) , (4.92)

which follows from a simple application of the QCD equations of motion for the quark fields. Takingthe B — V
matrix element one finds the exact relation

91(q%) = —(mp + mg)g(q®) + d(¢®) - (4.93)

Counting powers of m; and keeping only the leading order terms reproduces the symmetry relation (V-1) + (V-2)
among vector and tensor form factors [166, 167]. Keeping also the subleading terms of O(mb’l/ 2) givesthe improved

version of the form factor relation Eq. (4.85)

(V) : g4 (E) — g_(E) + 2mpg(E) = ~2(E — D)g(E) — miBﬂE) +2d(E) + O(m;*%)  (494)

Similar improved versions of the other symmetry relations can be found in Ref. [168]. We quote here only the analog
of (V-2) Eq. (4.86), which hasimplications for the method of determining |V,,;| using exclusive decays (see Eq. (4.88))

(V-2): 94(B) +9-(E) = 2B9(E) ~ = f(B) = ——{(2E* ~m}) = (A~ m)}g(E) (499
0B T m)f(B) - 22 d(B) + 2 di(E) + O(m )
mp mp mp

The improved symmetry relation Eq. (4.94) can be used to determine the tensor form factor g, (¢?) in terms of the
vector and axial form factors f(q?), g(¢*) as measured in exclusive semileptonic B — V /v decays. Combining the
symmetry relations Egs. (4.85), (4.86) in order to extract g at next-to-leading order in A/m,, requires the knowledge
of the leading correction of O(mb_l/ 2) to Eq. (4.85) (since the latter is of the same order as the terms shown on the

RHS of Eq. (4.86)).

Therelations Egs. (4.94) and (4.95) were used in Ref. [173] to estimate the subleading corrections of O(A/m;) to the
| V| determination using Eq. (4.88). These corrections can be aslarge as 5%, and are dominated by the unknown form
factor dy(¢?) of qi(l_)ﬂg,b. Quark model estimates of this matrix element suggest that the correction is under a few
percent, and more precise determinations (lattice QCD) could help to reduce or eliminate this source of uncertainty.
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Therare B decaysb — sy and b — seTe™ receive significant long-distance effects arising from cc¢ and uu quark
loops. In Ref. [174] it was proposed to treat these effectsin the small recoil region using an operator product expansion
in 1/Q, combined with HQET. This method is similar to the computation of eTe~ — hadrons, and alows model-
independent predictions of the e™ e~ invariant spectrumin B — K *)¢+¢~ decaysin the small recoil region.

Theresults of [174] are applied to a method for determining V,,;, from combined exclusive B decays, first proposed in
[175, 176]. This method isimproved here in two ways: @) combining the OPE method with recent resultsin the theory
of b — seTe™ decays, the complete next-to-leading perturbative corrections can be included; b) power corrections
of order A/Q and m?2/m? are included with the help of corrected heavy quark symmetry relations derived earlier in
[177, 178]. The resulting uncertainty in |V,,;| from this determination is dominated by scale dependence and is of the
order of 15%.

455 SU(3) breakingin B—p/K*~,p/K* £t£~, doubleratios, and |V;4/ V|
>—B. Grinstein <

Theradiative decaysb — d and b — s are dominated by the short-distance top-quark penguin graph. Using SU(3)
symmetry to relate the relevant form factors, it has been suggested to use a measurement of the ratio

2

(B = m) Rsu(s) (14 A) (4.96)

LTB=p) |V
T(B—K7) |V
to determine the CKM matrix element V;,. There are two theoretical sources of uncertainty in such a determination,
coming from long distance effects (parameterized by A) and SU(3) breaking in the form factor and kinematics

(contained in Rgy(3)). In Ref. [179] the different sources of long-distance contributions to the decays in Eq. (4.96)
have been classified using a diagrammatic approach, essentially equivalent to a SU(3) flavor analysis.

Thefigure above defines the different long distance contributions asannihilation (4), W exchange (£), penguin (Pq(l)),
penguin annihilation (P A) and gluonic t-penguin (M (); the crosses indicate where the photon emission may take
place at leading order in 1/my,, and the superscripts on P, and M refer to whether the photon is emitted from the
quark in the loop (“(1)") or not (“(2)"). Particular processes are affected by some, but not necessarily all, of these
long distance “ contamination.” For example, the weak annihilation amplitude A contribute only to the B+ radiative

decays,
AB™ = p7y) = MO (BD + QuPP + A) + M (BD + QuPP) + XV (P + QuM®),  (497)
AB™ = K*7) = AD(BY + QU + A4) + A\ (PD + QuPE) + A7 (B + QuM®),  (4.98)
while W-exchange contributes only to B decays,

V2AB® = p%) = XD(PD 4+ QPP — E — PA,) + AP (PY) + QuP® — PA.) + AV (P, + QuM®),
(4.99)

VBAB® = ¢®7) = -AD (P + QuPP + E + PA,) — AD(PWD + QuP? + PA.) — NV (B, + QuM®@).
(4.100)

Perhaps more interestingly, some amplitudes contain no annihilation or 1 exchange contamination:;
AB’ = E) = MO (P) + QuPP) + AV (PY + QuPP) + A7 (P + QuM®),  (4.100)
A(B, = K9) = -AD(P + QPP) = M (PD + Q.PP) = NV(B + QM) (4102)

u

We have used the shorthand Ag',’) =V,,V,, and, noting that P, and M (1) appear always in the same combination, we
have defined P, = P, + M),
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T

(o] (o)
Weak Annihilation A (%) W-exchange E()
b @ > q3
- | DO <i
« « (o1 (o)
Penguin P") and P.?) Penguin Annihilation PA
b q
——J—

< <
<€ <€

Gluonic t-Penguin M (1 and M (2)

Photon heIICIty |Pt)\| ‘Pc)\‘ |Pu)\| ‘A)\l ‘E)\‘
A=1L 1.8 0.16 0.03 0.6 0.05
A=R 0 0.04 | 0.007 | 0.07 | 0.007

The table above shows an estimate of the individual amplitudes (in units of 105 MeV) contributing to B — py
decays for different photon helicities. The V' — A structure of charged currents in the standard model gives a strong
suppression to right handed helicities. This could be used as a probe of New Physics. The dominant amplitudes, with
left handed photons, show an interesting pattern of magnitudes, |P;| > |Ax| > |P.a| > |Ex| = |Pu|- Asexpected,
the short distance contribution — the top-penguin — dominates.

Including the CKM factors, the weak annihilation amplitude contributes about 15% to the B — p~ decay amplitude.
It is possible to show that the annihilation amplitude factorizes (to leading order in 1/m;) and the relevant hadronic
matrix element can be related to the measurable decay rate of the radiative leptonic decay B — ~er. Although this
amplitude can be estimated theoretically [180], for a model-independent determination of |V;,] it is preferable to use
measurements of this process.

In order to determine the CKM ratio |V;4/V;s| the leading top-penguin amplitude, can be determined in terms of the
form factors for B — pfv semileptonic decays using the form factor relations at large recoil (see the appropriate
section in this report).

Keeping the dominant contributionsin Egs. (4.97)-(4.98) one can write for the amplitudes of the radiative decays

A(B™ — p7 1) = VigViP(1 4 eei(@tPa)y (4.103)
A(B_ — K*_'VL) = V;gd‘/tzp/ (4104)
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where the penguin amplitudes P, P’ include the effects of charm loops. The weak annihilation amplitudeis negligible
in B-— — K*~ v because of its small CKM coefficient. Using these expressions, the factors appearing in the ratio
Eq. (4.96) are given by

AN SUORY :
Rsu(z) = TR ~ g(BK*)(O) =0.76 £ 0.22, A =2c4c08¢p4cosa+ey, (4.105)
+

where the tensor form factor g, (¢?) is defined in Section 4.5.3. Model estimates give for the weak annihilation
contribution € 4 = 0.12 which leads to an error of 12% in V;4. The SU(3) breaking factor Rgy () has been computed
using QCD sum rules and lattice QCD. The result quoted above is from the UKQCD collaboration [181].

The issue of SU(3) breaking in heavy-light form factors is also relevant for a method for determining V,,;, from rare
radiative and semileptonic B decaysin the low recoil region. This has been discussed in some detail in Section 4.5.4;
we comment here on the SU(3) breaking effects. Thismethod requirestheratio of exclusive decay rates[182, 176, 183]

d0(B — pev)/dg>  [Vial? 872 1 R ) (4.106)
dU'(B — K*0+0-)/dg? [V Vis|? a? [Col? +[Crol? [fE=K (y)|2 1+ Aly) '

where y = Ey /My and ¢? isthe invariant mass of the lepton pair. C; are coefficients of interactions in the effective
Hamiltonian for b — see decays [184, 185, 186, 187]. In the SU(3) symmetry limit the ratio fZ—7(y)/fE—K (y) is
unity. Since SU(3) isviolated at the 30% level, a better approach is to measure the corresponding ratio in D decays.

The double ratio
_ B/ PR () ms(/l_/l>
P )/ PR () Ay e my

is protected both by heavy quark symmetry and by SU(3), so even if each of these is good only to about the 30%

level, the ratio is unity to better than 10%. Calculations in heavy meson chiral perturbation theory [188, 189] show
that double ratios are typically protected at the few percent level [132, 190, 191].

R(y) (4.107)

—1+0(

To summarize, the leading uncertainty in the extraction of CKM ratios from I'(B~ — p~v.)/T(B~ — K* 7 7)
is due to SU(3) symmetry breaking. The largest long distance correction, of order 15% in the amplitude, is from
weak-annihilation, but can be computed reliably by measuring the photon energy spectrumin B — ev+y. Form factor
uncertainties are eliminated in B — K*eTe™ using double ratios with the corresponding D decays. A method for
determining V,,; using these decays contains SU(3) breaking effects which can be eliminated by combining B and D

decays.

45.6 Experimental prospects
>-D. del Re <

Exclusive charmless semileptonic B decays have been previously studied by the CLEO [192], Belle [193] and BABAR
[194] collaborations. All these measurements are performed by the reconstruction of one half of the event. One
hard lepton in the event is identified and the charmless meson present in the semileptonic decay is reconstructed.
Requirements on the missing mass of the event are also imposed. Since these requirements alone do not sufficiently
reduce the background, significant restrictions on the lepton energy and other variables are applied. Asaconsegquence,
an extrapolation to the full phase space is needed thereby introducing large theoretical systematic uncertainties, that
are dready bigger than the statistical errors. If higher integrated luminosities are recorded, this approach will not allow
us to improve the error on these branching ratios and on |V, |.

The recoil method can thus play an important role in the study of exclusive charmless semileptonic decays in the
Super B Factory era. This approach assures a sample with amuch higher purity than in previous measurements. Since
the level of background is low, no kinematic cuts are required, and nearly the full phase space is analyzed. Thus,
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the dependence on form factors and on the different decay models in the extraction of the branching ratiosis largely
eliminated. In terms of total error, the recoil method will surpass the traditional approach for an integrated luminosity
of about 500 fb*, well before the projected advent of a Super B Factory.

B — X, fv decays

In the following study, we propose a method very similar to the inclusive approach presented in section 4.4.3. A
preliminary result based on this analysis has been already presented in [195]. Asin the inclusive case, we select events
with one or more leptons in the recoil. A very loose cut on the lepton momentum is applied (p* > 1 GeV). We also
apply cuts on the charge conservation and missing mass squared of the event. We inclusively reconstruct the invariant
mass of the X system and apply additional constraints on charged particle multiplicity, in order to select specific
resonances. For instance, we require no tracksin the B~ — 7%¢* v case and two tracks for B~ — p°¢*v. Moreover,
we apply cuts based on the neutral energy in the recoil to separate resonances with identical charged multiplicities
(such as p® and w).

This technique selects a very clean sample of exclusive charmless decays. In Fig. 4-6 the result of a detailed generic
Monte Carlo event sample of an equivalent integrated luminosity of 500fb~! is shown for the modes B+ — #°lv ,
B* — wlvand B* — “p% v (here “ p°” indicates a combination of 7 7~ with m..+.- in the window 0.65 <
M- < 0.95GeV/c? at generator level). The signal-to-background ratio is much better than in the standard
exclusive analyses. The B* — 70lv case, for instance, is basically background-free. A projection of the total error

50~ 60 70F
[ signal E signal [ signal
D= i Ow o O
40 Db->ulnu(olh) b Db->ulnu(olh) 5 Db->ulnu(0[h)
r r 500
x [Jocinu sof- [Joseinu f [Joseinu
30? .olher r .olher 40:* .olhev
[ e data 30; * data 30: * data
20~ r £
[ 20F 20F
100 r E
: 4 It SESS i <‘:E T
of E oF
P PO I O B N B B B ot A N S B U FUUE NN ETT N
0.040.060.08 0.1 0.120.140.160.18 0.2 0.220.24 0.2 0.4 0.6 0.8 1 1.2 1.4 03 04 05 06 07 08 09 1 11 12
Mx(GeV) Mx(GeV) Mx(GeV)

Figure4-6. Measurement of exclusive charmless semileptonic decays in the recoil of afully reconstructed hadronic B
decay (detailed MC simulation for 500fb™ ). Projections in the m x variable of the result. Veertical dotted lines represent
the signal region. The plots show B* — 7°lv (left), BT — “p°” lv (middle), and BT — wlv (right).

on the exclusive branching ratio as a function of the accumulated luminosity is shown in Fig. 4-7 for B* — 70lv .
A systematic uncertainty of 3% for B* — 7%l has been assumed. The extrapolation indicates how the error can be
significantly reduced at a Super B Factory .

A study of the kinematic quantities can aso be performed, as has been done by the CLEO collaboration [192], but the
recoil approach offers the advantage of analyzing the full phase space. In Fig. 4-8 the measured ¢ spectrum for the
B’ — ntvcaseonaMC sample equivalent to an equivalent integrated luminosity of 2ab™" is compared with the
distribution expected by using different models. With these statisticsit is possible to have sufficient sensitivity to reject
certain models. However, as mentioned in Section 4.5.2, lattice QCD should provide model-independent cal culations
for form factors on a timescal e well-suited for this type of analysis.

This method can be further improved by performing a purely exclusive analysis on the recoil, and reconstructing the
resonances, instead of inclusively reconstructing the X system. A gain in efficiency is achievable using thistechnique,
especially in Bt — 7%+ v.
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Figure4-7. Projections of the error on the exclusive branching ratio as a function of integrated luminosity.

B — X, 7v decays

The recoil technique, together with large data samples, also permits the study of more difficult exclusive decays, such
as B — w7, which presents many additional challenges due the presence of a r. First the branching ratio for this
decay should be 6 times smaller than the equivalent ¢/ decays. In addition, instead of electrons and muons which
can be simply identified, we have 7 leptons whose decays involve additional neutrinos, thus destroying the powerful
constraint from the missing mass squared. Preliminary studies show that, since the discrimination from b — cfv is
much less effective in this case, additional efforts are needed to reduce the charm background, and make the analyses
feasible. Furthermore, the background from Cabibbo-favored semileptonic decays should be studied with a full MC
simulation (to account for the presence of, e.g., K¢ in these decays).

Figure 4-8.

T/dq?

Left: Theoretical expectations for the ¢*-spectrum in B = nte v decays for different calculations
[192]. Right: The ¢*-spectrum in B~ ativ decays (detailed MC simulation for an integrated luminosity of 2 ab™?).
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4.6 Purely Leptonic Decays
46.1 B — uv and B — tvtheory: fpfrom lattice QCD

>C. Bernard, S. Hashimoto, P Mackenzie <

The estimates for future lattice precision presented in this section parallel those in Section 4.5.2 on semileptonic form
factors. In addition to expected errors for the leptonic decay constants f, and fp,, we include estimates for errors
on the combination relevant for B-B mixing, fg+/Bg, where B is the bag parameter for B mesons, as well as the

ratios fp,/fp and
¢ f8.\/Bs.
fBvVBs

As in Section 4.5.2, we assume three levels of computation, MILCO, MILC1, and MILC2, based on improved
staggered simulations with ny = 3 flavors of dynamical sea quarks.

Tables 4-6, 4-7, and 4-8 show estimates of precision attainable for lattice cal culations with data sets MILCO, MILC1,
and MILC2, respectively. Asin Section 4.5.2, we give two alternatives for perturbative errors (one-loop and two-loop)
and two aternatives for chiral extrapolations errors: (no) SXPT assumes that staggered chiral perturbation theory is
(is not) useful.

Table 4-6. Estimated percentage errors for form factors at MIL CO level: one to two years from the present. “Light q”
includes light quark chiral and discretization errors. “Heavy Q" means heavy quark discretization errors.

quantity | statist. | scale light ¢ heavy Q pert. th.
no SXPT | SXPT 1-loop | 2-loop
/B 3 2 5 25 3 75 2
fvVBg 4 2 55 3 3 85 25
fB./fB 1 - 5 25 1 - -
S 2 - 55 3 1 _ _

Table4-7. Same as Table 4-6, but for MILC1 level: three to five years from the present.

guantity | statist. | scale light ¢ heavy Q pert. th.
no SXPT | SXPT 1-loop | 2-loop
/B 2 15 3 15 2 75 2
fvVBg 3 2 35 2 2 85 25
fs./fs | 08 - 3 15 0.8 - -
13 2 - 35 2 1 - -

Table 4.6.1 shows the total lattice errors of the leptonic decay constants (and related quantities) under various assump-
tions, together with our best guess of which alternatives are most likely to be realized in practice. It must be kept in
mind that the errors themselves are uncertain, by afractional amount which isat least ~ 30% and rises with time into
the future.

THE DISCOVERY POTENTIAL OF A SUPER B FACTORY



4.6 Purely Leptonic Decays 295

Table4-8. Same as Table 4-6, but for MILC2 level: five to eight years from present.

quantity | statist. | scale light ¢ heavy Q pert. th.
no SXPT | SXPT 1-loop | 2-loop
B 1 1 2 1 15 7.5 2
fBvBg 13 2 25 1 16 85 25
fB./fB 0.5 - 25 1 0.5 - -
¢ 1 - 3 1 0.6 - -

Table 4-9. Estimated total lattice errors under various assumptions. Where there are four entries per column they
correspond to: (1) no SXPT and 1-loop perturbation theory, (2) SXPT and 1-loop perturbation theory, (3) no SXPT and
2-loop perturbation theory, and (4) SXPT and 2-loop perturbation theory. Where there are two entries per column the
quantity is free from perturbative errors, and the entries correspond to: (1) no SXPT and and (2) SXPT. Our best guesses
of which alternative will in fact be realized are surrounded with boxes.

quantity | now 1-2yrs. 3-5yrs. 5-8yrs.
MILCO MILC1 MILC2
5 15 | 10,(9,7,6 | 9,85 8,8, 4,
f8vBg | 15-20 | [12],11,8,7 | 10, 10,6, 9,9,5,
fo./fz | 6 53| 3[2| 3[1)
3 7 164 4, 3,[15]

4.6.2 Experimental prospects
>—M. Datta, T. Moore <

The purely leptonic decays BT — ¢*v, have not yet been observed experimentally. These decays are highly
suppressed in the Standard Model due to their dependence on |V,,;| 2. Furthermore, helicity suppression introduces
a dependence on m? where m, is the lepton mass. Assuming |V,,;| = 0.0036 [196] and f5 = 198 MeV [197], the
Standard Model prediction for the B+ — 7+, branching fraction is roughly 1 x 10~%. Due to helicity suppression,
BT — pfy, and BT — eTv, are further suppressed by factors of 225 and 107, respectively. The Standard Model
predictions have an uncertainty of about 50% from the uncertaintiesin |V,,;| and f5. The small Standard Model rate
expected for BT — eTv, iseven beyond the sensitivity of a Super B Factory . Although searches for BT — e™v,
are still interesting as tests of New Physics, only the 7 and muon modes are discussed below.

BT — (%, decays produce a mono-energetic lepton in the B rest frame with a momentum given by

2 9
pe= BT (4.108)
2mB

In the case of Bt — ptv,, the muon momentum is approximately m /2 = 2.645 GeV/¢, which provides a strong
experimental signature. By contrast, the decay of the 7+ lepton produced in BT — 77 v, decays resultsin additional
missing energy from the additional neutrino. The absence of strong kinematic constraints resultsin amore challenging
experimental analysis. Thus, despite the larger branching fraction for BY — 77 v, the two decay modes have
comparable physics reach. Since very different analysis techniques have been devel oped for these searches, they will
be discussed separately in the following sections.
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Bt - r7tu,

In this section we briefly describe the analyses performed in the BABAR experiment for the search of the decay BT —
7Fv, and discuss the potential of similar analyses in the scenario of a Super B Factory .

The Bt — 77 v, decay has very little experimental constraint, due to the presence of multiple neutrinos in the final
state. Therefore, inthe 7" (4.5) CMS, the decay of one of the B mesons (referred asthe “tag” B meson) isreconstructed
and the signature of BT — 7+u, decay is searched for in the recail. In the BABAR experiment, both hadronic and
semileptonic tags (cf. Section 4.2.1) have been used in analyses based on a data set of about 80 fb™*.

In the analysis with hadronic tags [198], the T lepton is identified in both Ieptonic and hadronic decay modes: 7+ —
etvr., Tt - pty ., s atr, Tt — 7ta00., rt — rtr—xtU,. Thisset is somewhat restricted in events
with semi-exclusive semileptonic tags because of the higher background level (see below).

In the recoil all remaining particles are required to be consistent with coming from B — 7+ v decay. The selection
criteria require that there be no extra charged particles besides one(three) track(s) from = decay, and little neutral
energy in the calorimeter, after excluding the energy of any neutrals coming from the decay of the tag B and the .
Particle identification is used to identify leptonic and hadronic — decays. Signal selection criteria vary among the
analyses using different tag B samples and 7 decay modes. Continuum suppression cuts, ~ or(and) 7% multiplicity
requirements, etc. are also used in different analyses.

A GEANT4-based MC simulation is used to study the signal efficiency and to estimate backgrounds. The MC
simulated events used for background estimation corresponds to roughly three times the luminosity of on-resonance
data. The current analyses are optimized for 80 fb~! on-resonance data luminosity. On larger data sets at a Super
B Factory , stricter selection criteria can be applied to improve the signal-to-background ratio. The main sources of
background in all analyses are missing charged track(s) and undetected K9’ (s).

Signal selection efficiencies for range from 23% for  — ev v, to 7% for 7 — w7~ 7w+ v, decay mode. The total
signal selection efficiency is 11.3 %, which results in an overall selection efficiency of 0.028% when including the
Breco tag efficiency. For adataset of 82 fb™!, we expect about 1.8 signal events and 38 + 5.0 background events.

For semi-exclusive semileptonic B tags [199], only the leptonic 7 decay modes are identified. The signal selection
efficiency is~22.5% and the overall efficiency, including systematic corrections, is (5.60+0.25(stat.) £0.44(syst.)) x
10~*. With adataset of 82fb™!, thisleads to an expectation of 40 signal events with a background of 274 events. The
analysis uses an unbinned maximum likelihood fit to extract signal and background yields. The probability density
functions (PDFs) for signal and background are obtained from the distribution of the neutral energy remaining in the
calorimeter, after excluding neutrals associated with the tag side (Fe.+rq) in signa and background MC simulation,
respectively. Figure 4-9 shows the ..., distributionsin signal and background MC and in on-resonance data. The
PDFs are shown in figure 4-10.

In the signal region E.,;.. < 0.35 GeV, the expected number of background from data sideband extrapolation is
39.9+2.8 and the expected number of signal eventsis ~ 5, assuming abranching fraction of B(B+ — 7Fv,) = 107
With a luminosity of 82fb™!, the observed number of events in the signal region is 47. The maximum likelihood fit
to thedatayields 10.9 £ 7.5 signal events and 258.1 + 17.4 background eventsin the tota fit region of E.,., < 1.0
GeV, consistent with signal and background expectations.

We next discuss expected signal and background for Bt — 771, decay at luminosities of 2 ab~! ina Super B Factory
. The estimates are done under the assumption that the detector performance at a Super B Factory will be same asthe
performance of the BABAR detector.

We take the expected numbers of background and signal events at 80 fb~! of luminosity (see above) and extrapolate
those numbers to a luminosity of 2ab™'. For this estimate, 7+ — 7777, and 7+ — 7tx~ 717, decay modes
are excluded, due to worse signal-to-background ratios in these two modes. The estimated number of signal and
background events for different tag B are listed in Table 4-10.
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Figure4-9. E..irq, the neutral energy remaining in the calorimeter after excluding neutrals associated with the semi-
leptonic side. In the above distribution all analysis selection criteria are gpplied. The normalization of the signal MC
sampleis arbitrary.

Table 4-10. Expected number of signa and background events at 2 ab~! of integrated luminosity, obtained by
projecting estimations from current BABAR analyses.

Tag B decay mode 7 decay modes Expected number Expected number
of background events of signal events
for B(B* — rv,) =104
B~ — DWOX~ |t = ety o, pty, o, 559 34
oot
B~ — D% vXP° Tt = etvrr, pty, vy 974 122
(Begtra < 0.35 GeV)
B~ — Dy ™ = etvrr, pty, sy, 547 74
Tt = aton

As discussed above, the analysis using semi-exclusive semileptonic tags (B~ — D%/~ v X°) performs a maximum
likelihood fit to extract signal and background yields. Toy MC experiments are used to study the signal sensitivity
of the likelihood fit at a Super B Factory . Toy MC samples are generated using the current PDFs (figure 4-10). By
scaling the number of eventsin thefit region of F..... < 1.0 GeV (see above), one expects about 6568 background
events and about 151 signal eventsat 2 ab~". For each toy MC sample the number of generated background and signal
events are obtained from Poisson fluctuation of those expected number of events. The same PDFs are used to fit the
toy MC samples in order to obtain signal and background yields. The distributions of number of fitted signal and
background events for 5000 such toy experiments are looked at. The mean and the rms of the distribution of number
of fitted signal events from the toy experiments are 152 and 38 respectively, while for the distribution of the fitted
number of background events, the mean and rms are 6568 and 38 respectively. Based on these studies, we expect
about 40 significance for the signal at 2ab™".

A large sample of background and signal events also have been generated using the fast (Pravda) MC simulation.
The Pravda MC does not presently have a realistic simulation of the detector response to neutral particles. Figure
4-11 shows a comparison of the distributions of quantities related to neutral simulation between detailed and fast MC
simulation. Quantities related to neutral energy, such as number of 7° mesons associated with the signal side, E. ¢rq,
etc., are some of the major signal-defining quantities for identifying B~ — 7+ v, signal. Since these distributions in
fast MC simulation are quite different from those in the detailed MC simulation (which isin good agreement with data
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Figure 4-10. The signal PDF (left) fitted to E..ro from the signa MC sample and the background PDF (right) fitted
to E.xirq from the background MC sample. All selection criteria are aoplied to the events in signal and background MC
samples. The normalization of the signal MC sample is arbitrary and the normalization of the background MC sampleis

fixed to the integrated luminosity of 80 fb~?!.

from the BABAR experiment) any estimation using fast MC simulation will not be realistic and reliable. Thus the fast

MC sample has not been used.
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Figure 4-11. (a) Distributions of number of reconstructed photons in the event, compared between detailed MC
simulation (solid line) and fast MC simulation (dots) (b) Distributions of number of reconstructed =° associated with
signal side, compared between detailed MC simulation (solid line) and fast MC simulation (dots). (c) Distributions of
remaining neutral energy E..tr., cOmpared between detailed MC simulation (solid line) and fast MC simulation (dots).
The distributions related to simulation of neutrals are compared for detailed MC and fast (PRAVDA) MC simulations.
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The distributions for fast MC simulation are quite different than those for detailed MC simulation.

From our studies, the potential of BT — 7% v, decay in a Super B Factory looks promising. The major issues

concerning these analysis are the following.

e Search or observation of BY — 77v, signa are highly sensitive to quantities related to neutral particles. A
detailed simulation of the calorimeter response, beam background at high luminosity environment etc. will be

useful to get amore realistic estimation of the signal sensitivity at a Super B Factory .
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e Since the major source of background are from missing tracks and undetected K mesons, detector coverage
and neutral identification will affect the signal sensitivity.

With an integrated luminosity of 2ab™!, we expect to observe B+ — 7+ v, with 40 significance.
Bt — /,ﬁ’uu

The existing upper limits on the B* — n*v,, branching fraction from CLEO [200], Belle [201], and BABAR [202]
were all obtained using similar analysis techniques on data samples collected at the 7°(4.5) resonance. In this section,
we describe the existing BABAR measurement and estimate the sensitivity of asimilar technique with a5 ab—! sample
collected at a Super B Factory. The high luminosity study was carried out using the Pravda fast Monte Carlo described
in section 4.2.3. We also briefly discuss the prospects for measuring B* — p*v,, using asample of eventsin which
the other B in the event has been fully reconstructed, similar to the BT — 7t v, analysis.

Asnoted above, BT — ptv, isatwo-body decay so the muon is monoenergetic in the B rest frame. Since B mesons
from 7'(4S) — BB are produced with relatively low momenta (=~ 320 MeV/c), the T(45) rest frame is a good
approximation to the B rest frame. Therefore, the existing analysis begins by selecting well-identified muon candidates
with momentum near mp/2 in the '(4S) rest frame. The neutrino goes undetected so we can assume that all
remaining particles are associated with the decay of the other B in the event, which we denote the “companion”
B. Signal decays can then be selected using the kinematic variables AE and energy-substituted mass mggs (see
section 4.2.1).

After removing the muon candidate from the event, the companion B can be reconstructed from the remaining visible
energy. To aid the event energy resolution, only loose selection criteria are applied to the remaining charged tracks and
neutral calorimeter clusters. In the BABAR analysis, the companion B includes all charged tracks that are consistent
with being produced at the interaction point and all neutral calorimeter clusters with energy greater than 30 MeV.
Particle identification is applied to the charged tracks in order to select the appropriate mass hypothesis and thus
improve the A E' resolution. Events with additional identified |eptons from the companion B are discarded since they
typically arise from semileptonic B or charm decays and indicate the presence of additional neutrinos. Figure 4-12
shows distributions of AE and m s for the BABAR on-resonance data, background MC and signal MC samples after
muon candidate selection. For a properly reconstructed signal decay, we expect mgg to peak near the B mass and
the energy of the companion B to be consistent with the beam energy so that AFE peaks near 0. In practice, energy
losses from detector acceptance, unreconstructed neutral hadrons and additional neutrinos result in the signal AF
distribution being shifted toward negative AE, while the mgg distribution develops a substantial tail below the B
mass.

Once the companion B is reconstructed, we can calculate the muon momentum in the rest frame of the signal B. We
assumethe signal B travelsin the direction opposite that of the companion B momentumintheY'(45) rest framewith
amomentum determined by the two-body decay 7°(4S) — BB. Figure 4-13 shows the muon candidate momentum
distribution in the B rest frame, p,,, for al muon candidates in the signal MC. The dashed curve is the momentum
distribution of the same eventsinthe 7°(45) rest frame.

Backgrounds may arise from any process that produces charged tracks in the momentum range of the signal muon.
The two most significant backgrounds are found to be B semi-leptonic decays involving b — uuv transitions where
the endpoint of the muon spectrum approaches that of the signal, and non-resonant ¢g (“continuum”) events where a
charged pion is mistakenly identified asamuon. In order for continuum eventsto populate the signal region of AE and
mgs, there must be significant energy loss, mainly from particles outside the detector acceptance and unreconstructed
neutral hadrons. We reduce these backgrounds by tightening the selection on the muon momentum. The momentum
spectrum of the background decreases with increasing momentum, so we apply an asymmetric cut about the signal
peak, 2.58 < p, < 2.78 GeV/ec.

The continuum background is further suppressed using event-shape variables. These events tend to produce a jet-
like event topology, as opposed to BB events, which tend to be spherical. We define a variable, 6%, which is the
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Figure4-12. Thedistributions of AE and mgs for on-peak data and M C samples after muon candidate selection. The
signal distributions are overlaid (dashed histograms) with an arbitrary normalization.

g 8

8

Entries/0.01 GeV/c
N
S

0 AN T
22 24 26 28 3
Muon Candidate p* (GeV/c)

Figure4-13. The muon candidate momentum distribution in the reconstructed B rest frame for all muon candidates in
the signal MC. The dashed curve is the momentum distribution of the same eventsin theY (4S) rest frame. The arrows
indicate the selected signal region.

angle between the muon candidate momentum and the thrust axis of the companion B inthe 1°(4.S) rest frame. For
continuum background, | cos 67| peaks sharply near one while the distribution is nearly flat for signal decays. The
polar angle of the missing momentum vector in the laboratory frame, 6, can also discriminate against continuum
backgrounds. In continuum decays, the missing momentum is often due to undetected particles that were outside the
detector acceptance. Therefore, we require that the missing momentum is directed into the detector’s fiducial volume.
Figure 4-14 shows the BABAR on-peak data and MC distributions of | cos 62| and | cos 8,,|. For comparison, the signal
MC is overlaid with an arbitrary normalization.

We select Bt — ptw, signa events with simultaneous requirements on AE and mgg, thus forming a “signal box”
defined by —0.75 < AE < 0.5 GeV and mps > 5.27 GeV/c?. After applying all selection criteria, the BT — it v,
efficiency is determined from the simulation, after correcting for discrepancies between the data and MC, to be about
2.1%. The amount of background expected in the signal box is estimated to be 5.01-% events, by extrapolating from
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Figure4-14. Thedistributions of | cos 67| and | cos 0, | for on-peak dataand MC. The events in these plots have passed
the requirement 2.58 < px < 2.78 GeV/c. The signal distributions are overlaid (dashed histograms) with an arbitrary
normalization.

the signal box sidebands. From the MC simulation, we expect that this background is composed of approximately
57% light-quark (vw, dd, s3), 23% cc, and 20% BB events. In the on-resonance data we find 11 eventsin the signal
box which resultsin an upper limit of B(BT — u*v,) < 6.6 x 10~ at the 90% confidence level.

To estimate the sensitivity to BT — p*v, at a Super B Factory, this analysis has been repeated using a sample of
approximately 5 ab~! simluated with the Pravda fast MC simulation. Here we have assumed 90% muon efficienciecy
and 1% pion misidentification at the Super B Factory .

The reliability of the Pravda simulation has been evaluated by comparing the event yields expected for the current
analysis (80 fb~") with the full simulation. For these comparisons, we have applied the current BABAR muon identi-
fication performance to the Pravda simulation. In general, the results are in reasonable agreement. In the signal box,
Pravda predicts 7.6 background events where we find 5.3 in the full simulation. In the “grand sideband” defined by
-3.0<AE <15 GeV andmgs > 5.23 GeV/c?, we see 257 Pravda background events as compared to 200 in the
full simulation. Although, the background totals are in adequate agreement, we do observe some notable discrepancies
in particular modes. For example, the BY — utv, and B — 7~ v, efficiencies are overestimated in Pravda by
roughly a factor of 2. Furthermore, the Pravda simulation appears to neglect interactions of neutral hadrons in the
calorimeter. Therefore, we see an enhanced background rate from processes involving neutral hadrons. The increase
inthe signal efficiency islikely dueto the lack of detector related backgrounds such as fake charged tracks, calorimeter
noise and beam backgrounds, which improves the event energy resolution. We actually expect these backgrounds to
increase with luminosity but we currently have no estimate of this effect.

With higher luminosity, the optimum values of analysis cuts may change. Therefore, we have re-optimized the cut
on | cos 07| (the most effective variable for continuum rejection) using signal boxes of various sizes. The optimum
combination was found to be | cos 05| < 0.6, —0.5 < AE < 0 GeV and mps > 5.27 GeV/c?. Therefore, the AE
range of the signal box has decreased but all other cuts retain essentialy the same value as in the current analysis.
We aso found a small benefit by requiring the total event charge to be 0. With this combination of cuts we find
asignal efficiency of approximately 4% in the Pravda simulation. For a5ab™! data sample, this simulation yields
approximately 90 signal and 210 background events in the signal box. The background composition is significantly
different than that found in the full simulation. Because we have assumed an improved muon identification probability,
aswell as afactor of two improvement in the pion misidentification rate, the background is now roughly half BB as
opposed to being dominated by continuum. We also note that about 85% of the continuum background involves a
neutral hadron.
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Figure 4-15 shows the distributions of mgg and p,, for signal and background MC. In each plot, &l other cuts have
been applied. Note that a large contribution from b — cfv decays would normally be evident in the p,, distribution.
However, those decays do not produce muons in the momentum range of the signal, so they have been neglected here.
Also, the sharp peak in m s dueto BB events with fake muons is due mostly to decays such as Bt — K%z+. This
decay mode is enhanced due to the lack of simulation of neutral hadrons in the Pravda MC.
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Figure4-15. Thedistributions of m s andp,, for signal and background PravdaMC simulation, normalizedto5 ab™*.
In each plot, all other cuts have been applied.

With alarger data sample we would likely extract the signal yield using a maximum likelihood analysis rather than
the “cut and count” method employed so far. As a simple example, we have performed a binned likelihood fit to
the p,, distribution from the Pravda simulation. The background PDF was assumed to be a single Gaussian function
while the signal distribution was fit to a double Gaussian. The parameters of the Gaussians were fixed and a fit was
performed for the signal and background normalizations. For a sample of 5ab™?, the signal yield is extracted with
approximately 15% statistical uncertainty, assuming the Standard Model branching fraction. If the branching fraction
(or, equivalently, the signal efficiency) were a factor of two larger(smaller), the statistical uncertainty is expected to
be about 10(30)%. These results could likely be improved with a simultaneous fit to p,,, AE, and mgg. Based on
these results, |V,,;| could be extracted with a statistical uncertainty of 5-15% assuming f5 has been calculated to the
necessary precision.

We have also considered searching for B* — v, using a fully-reconstructed tag B as described for the B —
7t analysis. The reconstruction efficiency for this type of analysis is too small to be useful with existing data
samples but may become feasible for the larger data samples provided by a Super B Factory. The primary benefit of
this “recoil” method is that the backgrounds can be significantly reduced by requiring the existence of another fully
reconstructed B. The B* — 7+v, analyses have demonstrated B tagging efficiencies of 0.25% for the hadronic
modes and 0.31% for the semi-leptonic modes. Furthermore, due to the simplicity of the Bt — n*v, signa side
(1 charged track), we might expect some improvement in the tagging efficiency and reduction of the combinatorial
background.

Given agood tag B, the signal-side selection for thisanalysis should be quite ssmple. We have considered, for example,
requiring only one remaining charged track that passes muon identification and satisfies 2.6 < p,, < 2.7 GeV/c. Note
that the p,, selection has been tightened, because having a fully reconstructed tag B provides much better knowledge
of the B rest frame. Therefore, the p,, resolution is significantly improved. We expect about 91% of the signal muons
to be reconstructed due detector acceptance, about 90% to pass muon identification, and about 95% to pass the p,,
requirement yielding atotal signal-side efficiency of about 78%.

Given the above tag-side and signal-side efficiencies, we expect a total signa efficiency of about 0.5% for a recoil
anlysis. Therefore, inasampleof 5ab™*, we expect about 10 signal eventsto passall cuts, assuming asignal branching
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fraction of 4 x 10~7. The expected background has been investigated by applying the above signal-side selection to
the existing semi-leptonic Bt — 7+, analysis. In roughly 200 fb—! of generic BB MC and 50 fb~! of continuum
MC, both in the full simulation, we see no background events passing al cuts. If we optimistically assume that the
backgrounds are negligible, the signal branching fraction could be measured with a statistical uncertainty of about
30%.

In conclusion, fast MC studies indicate that the branching fraction for B — p*v, could be measured with a
statistical uncertainty of 10-30% with a 5 ab~! data sample collected at a Super B Factory . The measurement
could be performed using either an inclusive reconstruction of the companion B, asin the current analysis, or afully
reconstructed companion B. At present, the inclusive analysis is better understood and appears to give a smaller
statistical uncertainty. Assuming that the theoretical uncertainty in f can be significantly improved in lattice QCD
caculations, |V,,;| could be determined to 5-15% in this mode. As the theoretical uncertainties here are very different
from those in semileptonic B decays, this provides avery powerful alternate routeto |V,,;|. The critical considerations
for the detector design are maximum hermiticity, neutral hadron identification, and, of course, muon identification.
Finally, we do not expect these measurements to be possible at hadronic machines such as LHCb and BTeV, due to
the necessity of neutrino reconstruction. Therefore, a future Super B Factory has the unique opportunity to observe
leptonic B decays, and thus constrain the Standard Model parameters |V,,;| and f5.

463 B — ~LU, v0He—, vy
>—E. Lunghi <

The decays B — ~ev, B — ~v and B — ~ee are extremely rare modes that are nevertheless within the reach of a
Super B Factory. Rough estimates of their branching ratios give: B(B — ~vev) ~ 1076, B(B — 47) ~ 3 x 1078,
B(B — ~ee) ~ 107 + 1071, The absence of hadrons in the fina state facilitate the analysis of QCD effects;
indeed, it can be shown that al these modes factorize up to power corrections.

B — ~vev

The effective Hamiltonian responsible for this decay:

4G F
Heg = — Vi (upy*d e v 4.109
f-f 7 v (Wry"br) (€rvuvr) ( )

arises at tree level in the Standard Model. The amplitude for the B — ~ev transition can be exactly parameterized in
terms of the following photonic form factors:

S 010:) T b 1B0) = deass <5 03 5 fir(E-) (@110

v-e*

£ T8 1B0) = [0+ ") = €50+ 0] FalB) + 0 55 fams, (4111)

where ¢ is the photon polarization. The last term in (4.111) is a contact term that compensates the photon emission
from the electron line. In Refs. [203, 204, 205] it was shown that, at leading order in Aqcp/E and at &l ordersin o,
the form factors fy, 4 (E,) are equal at all ordersin perturbation theory and factorize into the product of hard Wilson
coefficients and a universal convolution of ajet function with the B meson light cone distribution amplitude (LCDA):

fv(Ey) = fa(Ey) = C(Ey) / A€ J(Ey,€) ¢5(8) = C(Ey) I(E,), (4.112)

where C(E,) is the hard coefficient, J is the jet-function containing terms of the type (log &)™ /€ with n > 0 and
¢p(€) isthe B meson LCDA (see Ref. [204] for details).

Since we do not expect any sizable New Physics correction to a Standard Model tree level amplitude, this decay
will provide us with valuable pieces of information on the first negative moment of the poorly known B meson
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LCDA[206]: )\;1 [ ¢B(£)/€. This quantity is important because it enters factorization formulas for several rare
B decays (B — (p, K*)y, B — pev, B — Km, B — =, ...). Unfortunately, the convolution I(E.,) evaluated
at O(a,) depends on the first two logarithmic moments of ¢p aswell (J ¢B(&)logé/c and [ ¢pp(£)log™/€). This
could limit the accuracy of the extraction of A, from this measurement (See Ref. [207] for a detailed description of
this problem).

Note that the above result are valid for large photon energy (Aqcp/E~, << 1); acut in the photon spectrum (E,. <
E, < mp/2) is necessary to restrict to the theoretically clean region. Using the parametrization of the B meson
LCDA given in Ref. [206], we obtain the follow approximate expression, valid in theregion 1GeV < E.. < mp/2,
for the integrated branching ratio:

mB/2

2
/ dE B — w’) =102

2 -1
>‘B 2
97 —4.08 E 65 E2,] . 411
(2.15Ge\/> [5.97 — 4.08 E. + 0.65 EZ | (4.113)

Vub
3.9x10-3

Using the QCD sum rules estimate )\;1 = (2.15 & 0.5)GeV ™! [206] and a photon cut-off of 1 GeV we obtain
B(B — ~vev) ~ 1.8 x 10~ with O(100%) uncertainties coming mainly from )\;1 and V.

Note that a first principles computation of the fy, 4 form factors on the lattice would allow for a direct test of the
relation fy (E.,) = fa(E,) and shed some light on the size of the incal culable power corrections.

B — ~v

The decay B — ~~ arises, in the Standard Model, at loop level and is mediated by the same effective Hamiltonian
that governsb — d- transitions:

2
Hop = 25E (th Zco + VoV ZQ—O;‘) : (4.114)
i=1

where the most relevant operators are

Oy = (dpy*er)(€ryube) (4.115)
07 = o—smol(dLo”bp)Fyy (4.116)
Os = 5 g;z my(dL T 0 bg) G, (4.117)
The matrix element of O can be parameterized in terms of the following tensor form factors:
00,2 0B = iy (0 0)° 94 () + i =™ (0~ 0)% 9 ()
—2(e* - p) M(E, )igpapp™q” - (4.118)

From the results of Ref. [204] it follows that the three tensor form factors g4 and h factorize at al ordersin o, and are
proportional to the convolution integral I(E.,). Therefore, the following ratios are clean of hadronic uncertainties up
to power corrections:

9+(Ey) _ 1Qd< _a,Cr  E, 2F, )

v(E)  2Q, == E, —my/2 log ——= - +0(a3) (4.119)

9-(By) = —g+(Ey) + 0(a2) (4.120)
h(Ey) = 0+ 0(a3). (4.121)

The situation is more complicated for the matrix elements of other operators (the most relevant are O, and Og), and
theissue has not yet been addressed at all orders. In Ref. [207] the authors show explicitly that all diagrams that would
lead to non-factorizable effects are indeed suppressed by et least one power of Aqcp/mp.
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From a phenomenological point of view, it is more useful to normalize the B — ~~ branching ratio to B(B — ~vev).
This ratio alows for a determination of the Wilson coefficient C¢ with precision similar to the inclusive channel
B — Xgv. Infact, the latter mode is plagued by non-perturbative contributions to the matrix elements of the four-
guark operators induced by up quark loops [208].

Finally, note that some power suppressed contributions to the amplitude B — ~+ are nevertheless computable. They
are responsible for the presence of adirect C P asymmetry of order —10% (see Ref. [209] for further details).

B — ~ee
This mode is described by the effective Hamiltonian Eq. (4.114) with the inclusion of the semileptonic operators

Og = (dry"br) (eype) , (4.122)
O10 = (dry"br) (Evuse) - (4.123)

The analysis of this decay follows closely that of B — ~~. In this case as well, a complete proof of factorization
at al orders has not been completed yet. The shape of the dilepton invariant mass spectrum is very similar to the
B — Xjee case; in particular, the presence of non-perturbative ¢g rescattering results in the presence of resonant
peaks corresponding to the tower of ¢¢ resonances (J/2, v, ...). In analogy with b — (d, s)ee modes, it is, therefore,
necessary to place cuts on the dilepton invariant mass distribution.

Moreover, factorization theorems are only valid in regions in which the photon energy is large or, eguivalently, in
which the dilepton invariant mass is small. This region is also free from effects induced by bremsstrahlung from
the external leptons. The analysis of the high invariant mass region has to rely on other methods (see for instance
Ref. [210]).

An important observable is the forward—backward asymmetry of the dilepton system. The measurement of a zero in
the spectrum provides a determination of the sign of the Wilson coefficient C<. In this case as well, considering the
ratio to the leading B — ~yer mode allows to reach a precision comparable to the inclusive B — X zee channels.
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4.6.4 Experiment
>—U. Langenegger <

The leptonic decays modes B — ~+, and B — (7 £~, B — (v~ are extremely rare and have not yet been observed
experimentally; they come within reach at a Super B Factory. The first two modes will not benefit from analyses on
therecoil of a B,..., candidate due to their very small expected branching fraction. Here progress will only come with
adifficult improvement of the background rejection in the traditional reconstruction of the signal decay.

The best current experimental upper limit on B — ~+ hasbeen determined at B(B — ~7) < 1.7x 10~° by the BABAR
collaboration [211]. Here, the dominant background processes are continuum g production (where ¢ = u, d, s, ¢). At
some point, even the rare decay B° — 727 will constitute a background for this decay mode.

No limits exist yet for the decay — ~¢¢~. Here, the backgrounds consist both of continuum processes and radiative
B meson decays (combined with a misidentified pion).

The study of B — /v~y has a substantially larger expected branching fraction, but is complicated by the unmeasured
neutrino. At a Super B Factory, a large background in the electron channel is due to two-photon processes. This
background is much reduced for the muon channel. Eventually, events tagged by the fully reconstructed hadronic
decay of a B meson will provide the best environment to measure this decay.

47 Summary

On the experimental side, the Super B Factory will definitely establish the method of “recoil physics’ as the primary
approach for the precision study of semileptonic B decays. Here, BB events are selected by the full reconstruction of
a hadronic B decays (serving as event tags), thus allowing the study of a semileptonic decay of the second B meson
in the event. While the overall efficiency for this approach is small, thisis no longer a limiting factor at a Super B
Factory.

The inclusive determination of |V,;,| will reach statistical and experimental systematic errors below the 3% level
even before the arrival of a Super B Factory and will be limited by the theoretical errors. With unguenched lattice
QCD calculations for the form factors, the measurement of exclusive charmless semileptonic B decays will provide a
premier opportunity for the model-independent determination of |V;,;|. The statistical error of the recoil methods will
approach the detector systematic error of about 2% only at the Super B Factory, especially for those decay channels
most amenable to lattice QCD calculations. The total error on |V,,;| will be limited by theoretical uncertainties only
after several years at a Super B Factory.

The measurement of leptonic B decays will provide complementary determinations of |V,,;| a the Super B Factory.
The observation of B — 77 is expected to be achievable aready at luminosities of around 2 ab™'. It is difficult to
predict the precision of the determination of |V,,;| with this decay mode, as detailed background simulation studies are
necessary for areliable assessment of the experimental systematic errors. The decay B — uv offers a much cleaner
experimental environment, though at a much reduced rate due to helicity suppression. It allows for a statistics-limited
determination of |V, at the level of about 10% at an integrated luminosity of about 5ab™*, if unquenched lattice
QCD calculations provide fp with the necessary precision. Here, analyses based on the recoil method will surpass
traditional analyses only after several years at a Super B Factory.
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