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Executive Summary

The grand challenge of elementary particle physics is to identify the fundamental elements of
Nature and uncover the ultimate theory of their creation, interactions and annihilation. To
this end, all elementary particles and the forces between them should be described in a unified
picture. Such unification naturally requires a deep understanding of physical laws at a very
high-energy scale; for instance the unification of electroweak and strong forces is expected to
occur at around 10'® GeV, which is often called the GUT scale.

It is unlikely that the GUT scale will be realized at any accelerator-based experiment even
in the distant future. However, there are a few very promising ways to promote our grand
challenge. One such approach is to elucidate the nature of quantum loop effects by producing
as many particles as possible. This provides the rationale to pursue the luminosity frontier.

There is no doubt that past experiments at the luminosity (or intensity) frontier of the age
have yielded epoch-making results. This good tradition has been followed by Belle and BaBar,
experiments at energy-asymmetric ete~ B factories KEKB and PEPII, which have observed C'P
violation in the neutral B meson system. The result is in good agreement with the constraints
from the Kobayashi-Maskawa (KM) model of C'P violation. We are now confident that the KM
phase is the dominant source of C'P violation. In 2003 the KEKB collider achieved its design
luminosity of 1x10%* cm™2s~!. The Belle experiment will accumulate an integrated luminosity
of 500 fb~! within a few years. This will suffice to determine the Unitarity Triangle with a
precision of O(10)%. Various other quantities in B meson decays will also become accessible.
In particular, the first observation of direct C'P violation in charmless B decays is anticipated.

Over the past thirty years, the success of the Standard Model, which incorporates the KM
mechanism, has become increasingly firm. This strongly indicates that the Standard Model
is the effective low-energy description of Nature. Yet there are several reasons to believe that
physics beyond the Standard Model should exist. One of the most outstanding problems is the
quadratically divergent radiative correction to the Higgs mass, which requires a fine tuning of
the bare Higgs mass unless the cutoff scale is O(1) TeV. This suggests that the new physics lies
at the energy scale of O(1) TeV. There is a good chance that LHC will discover new elementary
particles such as supersymmetric (SUSY) particles. With this vision in mind, we raise an
important question “what should be a role of the luminosity frontier in the LHC era ?”

To answer the question, we note that the flavor sector of the Standard Model is quite suc-
cessful in spite of the problem in the Higgs sector. This is connected to the observation that
Flavor-Changing-Neutral-Currents (FCNCs) are highly suppressed. Indeed, if one considers a
general new physics model without any mechanism to suppress FCNC processes, present ex-
perimental results on B physics imply that the new physics energy scale should be larger than
O(10%) TeV. This apparent mismatch is called the new physics flavor problem. To overcome
the problem, any new physics at the TeV scale should have a mechanism to suppress FCNC
processes, which often results in a distinctive flavor structure at low energy. Therefore, the
indispensable roles of the luminosity frontier are to observe deviations from the Standard Model



in flavor physics, and more importantly, to distinguish between different new physics models
by a close examination of the flavor structure. Comprehensive studies of B meson decays in
the clean ete™ environment provide the ideal solution for this purpose, which is not possible at
LHC nor even at the future linear collider.

These provide the primary motivation for SuperKEKB, a major upgrade of KEKB. Its design
luminosity is 5 x 103> cm~2s~!, which is 50 times as large as the peak luminosity achieved by
KEKB. Various FCNC processes, such as the radiative decay b — sv, the semileptonic decay
b — slT1~, and the hadronic decays b — sqq and b — dgq, can be studied with unprecedented
precision. All of these processes are suppressed in the Standard Model by the GIM mechanism,
and therefore the effect of new physics is relatively enhanced. New observables that are currently
out of reach will also become accessible. In addition to B meson decays, FCNC processes in 7
and charm decays will also be studied at SuperKEKB.

The Belle detector will be upgraded to take full advantage of the high luminosity of Su-
perKEKB. In spite of harsh beam backgrounds, the detector performance will be at least as
good as the present Belle detector and improvements in several aspects are envisaged. Table 1
summarizes the physics reach at SuperKEKB. As a reference, measurements expected at LHCb
are also listed. One of the big advantages of SuperKEKB is the capability to reconstruct rare
decays that have 7’s, 7’s or neutrinos in the final states. There are several key observables in
Table 1 that require this capability. Also important are time-dependent C'P asymmetry mea-
surements using only a K g and a constraint from the interaction point to determine the B decay
vertices. Examples include BY — K*0(— Kgﬂo)% 7T0Kg and KgKgKg. These fundamental
measurements cannot be carried out at hadron colliders.

Figure 1(a) shows a comparison between time-dependent C'P asymmetries in BY — J/¢K?,
which is dominated by the b — cés tree process, and B? — gng, which is governed by the b —
s5s FCNC (penguin) process. It demonstrates how well a possible new C' P-violating phase can be
measured. Such a new source of C'P violation may revolutionize the understanding of the origin
of the matter-dominated Universe, which is one of the major unresolved issues in cosmology.
Figure 1(b) shows correlations between time-dependent C'P asymmetries in B® — K*°y and
B — qﬁKg decays in two representative new physics models with different SUSY breaking
scenarios; the SU(5) SUSY GUT with right-handed neutrinos and the minimal supergravity
model. The two can be clearly distinguished. This demonstrates that SuperKEKB is sensitive
to a quantum phase even at the GUT scale. Note that these two models may have rather similar
mass spectra. It will therefore be very difficult to distinguish one from the other at LHC. If
SUSY particles are discovered at LHC, the origin of SUSY breaking will become one of the
primary themes in elementary particle physics. SuperKEKB will play a leading role in such
studies.

We emphasize that the example above is just one of several useful correlations that can be
measured only at SuperKEKB. The true value of SuperKEKB is a capability to observe the
pattern as a whole, which allows us to differentiate a variety of new physics scenarios. It is
so to speak “DNA identification of new physics’, in that each measurement does not yield a
basic physical parameter of the new physics but provides an essential piece of the overall flavor
structure. This strategy works better when we accumulate more data. Thus the target annual
integrated luminosity of 5 ab™! is not a luxury but necessity, and stable long-term operation of
SuperKEKB is necessary to meet the requirements.

Determination of the Unitarity Triangle will also be pushed forward and will be incorporated
in the global pattern mentioned above. This can be done at SuperKEKB using redundant
measurements of all three angles and all three sides of the Unitarity Triangle. In particular, ¢o
measurements and V,,;, measurements require the reconstruction of 7% mesons and neutrinos and



Observable SuperKEKB LHCb
(5ab=1) (50 ab=1) | (0.002ab~1)
ASyko 0.079 0.031 0.2
AS, ko 0.049 0.024 X
ASKgKgKg 0.14 0.04 X
AS,ox0 0.10 0.03 x
sin 2y (Bs — J/v¢) X X 0.058
Sicor 0.14 0.04 x
B(B — Xsv) 5% 5% X
Acp(B — X7) 0.011 5x1073 X
Cy from AFB(B — K*E+£7) 32% 10%
ClO from AFB(B — K*€+£7) 44% 14%
B(Bs — putu™) X X | 4o (3 years)
B(BT — KTvv) 5.10 X
B(B* — Drv) 8% 2.5% X
B(B® — Drv) 3.50 9% X
sin 2¢1 0.019 0.014 0.022
¢2 (mm isospin) 3.9° 1.2° X
oo (pm) 2.9° 0.9° X
$3 (DK ™)) 4° 1.2° 8°
¢3 (Bs = KK) X X 5°
¢3 (Bs — DsK) X X 14°
|Vas| (inclusive) 5.8% 4.4% X
B(r — wy) <1.8x107°®

Table 1: Summary of the physics reach at SuperKEKB. Expected errors for the key observables
are listed for an integrated luminosity of 5 ab™!, which corresponds to one year of operation,
and with 50 ab™!. ASy is defined by ASy = (—£7)Sy —8/pK0, Where £y is the C'P eigenvalue of
the final state f. For comparison, expected sensitivities at LHCb with one year of operation are
also listed if available. The x marks indicate measurements that are very difficult or impossible.

are thus unique to a Super B-Factory. An inconsistency among these measurements implies new
physics. Figure 2 shows the expected constraints at 50 ab~!. An ultimate precision of O(1)%
will be obtained at SuperKEKB.

We thus conclude that the physics case at SuperKEKB is compelling. It will be the place to
elucidate the new physics flavor problem in the LHC era. The physics program at SuperKEKB
is not only complementary to the next-generation energy frontier programme, but is an essential
element of the grand challenge in elementary particle physics.
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Chapter 1

Introduction

1.1 Motivation for the Higher Luminosity B Factory

What are the most fundamental elements of the Universe? What is the law which governs their
interactions? These are the questions that theoretical and experimental particle physicists have
been working hard to answer for more than a century, and it was about thirty years ago that they
reached the so-called Standard Model of elementary particles. The Standard Model contains
three generations of quarks and leptons, and their interactions are mediated by gauge bosons
according to the SU(3)c x SU(2)r, x U(1)y gauge field theory. Over the past thirty years the
Standard Model has been confirmed by many precise experimental data.

Nevertheless, there are several reasons why the Standard Model is not completely satisfactory
as the theory of elementary particles. First of all, it includes too many parameters, i.e. the
masses and mixing of the quarks and leptons, all of which are a priori unknown. The hierarchy
of quark and lepton masses and the flavor mixing matrices suggest that some hidden mechanism
occurring at a higher energy scale governs their pattern. Secondly, due to quadratically divergent
radiative corrections the Higgs mass is naturally of the same order as its cutoff scale, which means
that some new physics should arise not far above the electroweak scale. From the astrophysical
viewpoint, it is also a serious problem that the matter-antimatter asymmetry in the universe
cannot be explained solely by the C'P violation in the Standard Model, which originates from
quark flavor mixing. These observations lead us to believe that new physics exists most likely
at the TeV energy scale.

The most direct way to discover the new physics is to construct energy frontier machines,
such as the Large Hadron Collider (LHC) or the Global Linear Collider (GLC), to realize TeV
energy scale collisions in which new heavy particles may be produced. The history of particle
physics implies, however, that this is not the only way. In fact, before its discovery, the existence
of the charm quark was postulated in order to explain the smallness of strangeness changing
neutral currents (the Glashow-Illiopolous-Maiani (GIM) mechanism [1]). The third family of
quarks and leptons was predicted by Kobayashi and Maskawa to explain the small C'P violation
in kaon mixing [2]. These are examples of Flavor Changing Neutral Current (FCNC) processes,
with which one can investigate the effect of heavier particles appearing only in quantum loop
corrections.

The mechanism to suppress FCNC processes should also be present in new physics models
if the new physics lies at the TeV energy scale, because otherwise such FCNC processes would
violate current experimental limits. Information obtained from flavor physics experiments are
thus essential to uncover the details of the physics beyond the Standard Model, even if energy
frontier machines discover new particles.



A natural place to investigate a wide range of FCNC processes is in B meson decays, as
the bottom quark belongs to the third generation and hence its decay involves all existing
generations of quarks. In addition to B? — B mixing, which is an analog of the traditional
K9 — K9 mixing, there are many FCNC decay processes induced by so-called penguin diagrams,
such as the radiative decay b — sv, the semileptonic decay b — s¢T¢~, and the hadronic decays
b — dqq and b — sqq. All of these processes are suppressed in the Standard Model by the GIM
mechanism, and therefore the effect of new physics may be relatively enhanced. The Higher
Luminosity B Factory is a machine designed to explore such interesting B decay processes.

In the summer of 2001 the presence of C'P violation in the B meson system was established
by the Belle collaboration [3-6] (and simultaneously by the BaBar collaboration [7-10]) through
the measurement of the time dependent asymmetry in the decay process BY(B%) — J/¥KY.
This measurement was the main target of the present asymmetric ete™ B Factory, and it was
achieved as originally planned. The experimental data indicated that the Kobayashi-Maskawa
mechanism, which is now a part of the Standard Model of elementary particles, is indeed the
dominant source of the observed C'P violation in Nature.

The Belle experiment also proved its ability to measure a number of decay modes of the B
meson and to extract Cabibbo-Kobayashi-Maskawa (CKM) matrix elements and other interest-
ing observables. For instance, the precision of the measurement of the angle ¢ of the unitarity
triangle through the B® — J/1KY time-dependent asymmetry reached the 10% level [11]; a C P
asymmetry was observed in B — 777~ decay, from which one can extract the angle ¢ [12];
the angle ¢3 could also be measured through the processes B — DK and Dm [14-16]; the
semi-leptonic FCNC processes B — K{T¢~ [17], B — K*{T¢~ [18], and even the corresponding
inclusive decay B — X070~ [19] were observed. Furthermore, the recently observed disagree-
ment between the values of the angle ¢; measured in the penguin process B — qﬁKg and the
precisely measured value in B — J/ ng suggests the existence of a new C'P phase in the pen-
guin process b — sqq [20]. By collecting many such observations we may probe new physics, and
once its existence is established these measurements will determine the properties of the new
physics. This is only possible by upgrading KEKB’s luminosity by a substantial amount. As we
discuss in the following sections, a factor of 50 improvement will greatly enhance the possibility
to discover new physics.

In the program of quark flavor physics, one way to explore physics beyond the Standard
Model is to substantially improve the measurement of the CKM matrix elements. Their deter-
mination can be done in many different ways, and any inconsistency with the Standard Model
predictions would imply new physics. In this report we discuss the precision we expect to achieve
at the Higher Luminosity B Factory for various determinations of the CKM matrix elements.
These consist of measurements of the three angles and three sides of the Unitarity Triangle.

Another way to search for the effect of new physics is to look at loop-induced rare processes
for which the Standard Model contribution is extremely suppressed. Such processes may provide
an immediate signature of new physics, which also contributes through loops but in a different
manner. We describe several such future measurements including the mixing induced b — sv
asymmetry, b — s¢T¢~ forward-backward asymmetry, and flavor changing tau decay 7 — u.

The B physics program is also being pursued at hadron machines including the ongoing
Tevatron experiments [21] and the B physics programs at the Large Hadron Collider (LHC) [22],
which is scheduled to start operation in 2007. Because of the very large BB production cross
section in the hadron environment, some of the quantities we are planning to measure at the



eTe~ B factory may be measured with better precision at the hadron colliders. The study of
B, mesons is also unique for the hadron machines. However, an e*e™ machine provides a much
cleaner environment, which is essential for some important observables. On the Y (4S5) resonance
the BB pair is produced near threshold and there are no associated particles. This means that
one can reconstruct the full energy-momentum vector of B (B) meson from its daughter particles
(so-called full reconstruction), and this may be used to infer the missing momentum in the decay
of the other B (B) meson. This technique is essential for the measurement of channels including
neutrino(s) in the final state. The measurement of the CKM element |V,;| through the semi-
leptonic decay b — ulv, the search for a charged Higgs effect in B — D7, and measurements

of B — Kvv, B — v fall in this class.

1.2 Belle Status and Prospects

By the 2003 summer shutdown, Belle had accumulated data with an integrated luminosity
of 140 fb~! at the Y(4S) resonance, corresponding to 152 million BB pairs. With modest
improvements expected for the current KEKB accelerator, we expect an integrated luminosity
of ~ 500 fb=! in several years.

In this section, the current physics results are briefly reviewed for selected topics in order to
give an overview of the present status. The status and future prospects for further topics are
presented in the later sections.

1.2.1 Status of C'P-Violation in b — c¢s Processes

Decays of B° to the following b — c¢s CP-eigenstates are reconstructed: J/yp K2, 1(25)K2,
X1 K g, neKY for £ = —1 and J/PKY for & = +1 1 The two classes (4 = £1) should have
C P-asymmetries that are opposite in sign. B — J/9K*0[— K27Y] decays are also used, where
the final state is a mixture of even and odd C'P. The C'P content can, however, be determined
from an angular analysis of other JY K™ decays. The C'P-odd fraction is found to be small (i.e.
(19 + 40)%).

The reconstructed samples with 140 fb~! used for the sin2¢; measurement [11] are shown
in Figure 1.1. Table 1.1 lists the numbers of candidates, Ney, and the estimated signal pu-
rity for each fop mode. It is clear that the C P-eigenstate samples used for the C P-violation
measurements in b — cc¢s are large and clean.

Figure 1.2 shows the At distributions where a clear shift between B® and B’ tags is visible
as well as the raw asymmetry plots in two bins of the flavor tagging quality variable r. For low
quality tags (0 < r < 0.5), which have a large background dilution, only a modest asymmetry is
visible while in the sub-sample with high quality tags (0.5 < r < 1.0), a very clear asymmetry
with a sine-like time modulation is present. The final results are extracted from an unbinned
maximum-likelihood fit to the At distributions that takes into account resolution, mistagging
and background dilution. The result is

sin 2¢; = 0.733 & 0.057 & 0.028. (1.1)

This result may be compared to the BaBar result with 82 fb~! of sin 2¢; = 0.74140.067+0.03
[10]. Both experiments are now in very good agreement. A new world average can be calculated

from these results,
sin2¢1; = 0.736 + 0.049. (1.2)

!The inclusion of the charge conjugate decay mode is implied unless otherwise stated.

10
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Figure 1.1: (Left) The fully reconstructed C' P-eigenstate sample. (Right) The p}; (B momentum
in the CM frame) distribution for the B — J/¥K9 sample (right). The shaded portions show
the contributions of different background components. The vertical dashed lines indicate the
signal region.

Table 1.1: The yields for reconstructed B — fop candidates after flavor tagging and vertex
reconstruction, Ney, and the estimated signal purity, p, in the signal region for each fop mode.
J/v mesons are reconstructed in J/i¢ — ptp~ or ete” decays. Candidate Kg mesons are

— Sum

JIPK (')
JIPK(OTP)
W(2S) Kg

r]c KS
I K (KgTP)

2 522 524 ;
Beam Constrained Mass (GeV/c")

524 526

“5.08

5.3

Number of events / (0.05 GeV/c)

600 —

400 —

200

J¥ K,
JW¥ K X BG, K_detected -
J¥ X BG, other —

combinatorial BG

B OO0

1.0 1.5 2.0
pgems (GeV/c)

reconstructed in Kg — mtr~ decays unless explicitly stated otherwise.

Mode &r Nev P
J/HKY —1 1997  0.976 + 0.001
J/ WK (nO7) -1 288 0.82 +0.02
P(28)(LHT)KY ~1 145 0.93 +£0.01
Y(29)(J/yr T )KY -1 163 0.88 +0.01
Xe1 (J/9y) K2 -1 101 0.92 +0.01
ne(KSK - 7T)KS -1 123 0.72 £0.03
ne(KtK-n%) K} -1 74 0.70 £0.04
ne(pp) K2 -1 20 0.91 +0.02
All with & = —1 ~1 2911 0.933 £ 0.002
J/ WK (K370) +1(81%) 174 0.93 40.01
J/WKY +1 2332 0.60 +0.03

11
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This world average can be interpreted as a constraint on the CKM angle ¢;. This constraint
can be compared with the indirect determinations of the unitarity triangle [23] and is consistent
with the hypothesis that the Kobayashi-Maskawa phase is the source of C'P violation. The
measurement of sin2¢; in b — c¢és modes, although still statistically limited, is becoming a
precision measurement. The systematics are small and well-understood.

The presence of an asymmetry with a cosine dependence (JA\| # 1) would indicate direct
C P-violation. In order to test for this possibility in b — cés modes, Belle also performed a fit
with acp = —&;ImA/|A| and || as free parameters, keeping everything thing else the same.
They obtain

|A| = 1.007 + 0.041(stat) and acp = 0.733 + 0.057(stat), (1.3)

for all the b — ces C'P modes combined. This result is consistent with the assumption used in
their primary analysis.

1.2.2 Status of C'P-Violation in b — sqq Penguin Processes

One of the promising ways to probe additional C'P-violating phases from new physics beyond the
Standard Model is to measure the time-dependent C' P-asymmetry in penguin-dominated modes
such as BY — gng, BY — n,Kg, where heavy new particles may contribute inside the loop, and
compare it with the asymmetry in B — J/ ng and related b — c¢s charmonium modes. Belle
has measured C P-violation in B® — ¢K%, n' K9, and K+ K~ K% with 140 fb~! [20].

The decay B? — (ng, which is dominated by the b — sss transition, is an especially
unambiguous and sensitive probe of new C'P-violating phases from physics beyond the Standard
Model [24]. The Standard Model predicts that measurements of C'P-violation in this mode
should yield sin2¢; to a very good approximation [25-27]. A significant deviation in the time-
dependent C'P-asymmetry in this mode from what is observed in b — c¢¢s decays would be
evidence for a new C P-violating phase.

The B — ¢KY sample is shown in Figure 1.3(a). The signal contains 68 + 11 events.
Figure 1.4(a,b) shows the raw asymmetries in two regions of the flavor-tagging parameter r.

The observed CP-asymmetry for B — ¢K?2 in the region 0.5 < r < 1.0 (Figure 1.4 (b))
indicates a deviation from the Standard Model expectation (dashed curve). Note that these
projections onto the At axis do not take into account event-by-event information (such as the
signal fraction, the wrong tag fraction and the vertex resolution) that is used in the unbinned
maximum likelihood fit. The contamination of K™K~ K2 events in the ¢K 2 sample (7.2+£1.7%)
is small. Finally, backgrounds from the decay B° — f3(980)K%, which has the opposite CP-
eigenvalue to d)Kg, are found to be small (1.6’:}:2%). The influence of these backgrounds is
treated as a source of systematic uncertainty.

The likelihood fit gives

sin 2105 (B — ¢K9) = —0.96 + 0.570:%9. (1.4)

The likelihood function is parabolic and well-behaved. An evaluation of the significance of
the result using the Feldman-Cousins method and allowing for systematic uncertainties shows
that this result deviates by 3.5¢0 from the Standard Model expectation [20]. BaBar has ana-
lyzed a sample with an integrated luminosity of 110 fb~!, containing 70 + 9 events, and obtain
sin 2¢1e (B — ¢K2) = 0.45 £ 0.43 £ 0.07 [28]. This result differs from the Belle result by 2.1
and the naive average, —0.14 4 0.33, is still away from the sin 2¢; world average by 2.60.
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expectation with sin2¢; = +0.731 and A = 0.
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Table 1.2: B — K*v branching fractions
BO _ K*O’y Bt K*+’y
[x1077] [x1077]
CLEO 4.554+0.704+0.34 3.76 4+ 0.86 4+ 0.28
BaBar 4.23+0.40+0.22 3.83+0.624+0.22
Belle 4.094+0.21 £0.19 4.40+0.33+0.24

The decay mode B — KK _Kg, where K™K~ combinations consistent with the ¢ have
been removed, is found to be dominantly C'P-even [29] and thus can be treated as a C'P-
eigenstate and used for studies of time-dependent C P-violation in b — sqg processes. The
beam constrained mass distribution for the B — KTK _Kg sample used by Belle is shown in
Figure 1.3(b). There are 199 + 18 signal events. The result is

sin 2¢10(B — KTK~K2) = 0.51 +0.26 + 0.0570:43, (1.5)

where the third error is due to the uncertainty in the C'P content of this final state [29]. The
results for B — KTK _Kg are also consistent with b — c¢s decays. However, in this decay there
is also the possibility of “tree-pollution”, i.e. the contribution of a b — wus tree amplitude that
may complicate the interpretation of the results [27].

The mode B — 7K is expected to include contributions from b — suu and b — sdd
penguin processes. The beam constrained mass distribution for the B — 'K g sample is shown
in Figure 1.3(c) and contains 244 + 21 signal events [30]. The fit gives (Figure 1.4(e,f)),

sin 2p1e(B — 7' K2) = 0.43 £ 0.27 + 0.05. (1.6)

The average with the BaBar result (0.02 & 0.34 & 0.03 with 82 fb~1) [31] is about 2.20 from the
b — c¢s measurement, which is the Standard Model expectation.

1.2.3 Radiative B decays
Exclusive B — K*v

Measurement of the B — K™~ exclusive branching fraction is straightforward, since one can use
My, AE and K* mass constraints. (K* denotes K*(892) throughout this section.) The latest
Belle measurement (Figure 1.5) uses 78 fb™! of data, with a total error of much less than 10%
for each of the B® and BT decays. The results from CLEO [32], BaBar [33] and Belle [34] are
in good agreement and are listed in Table 1.2. The world averages are calculated as

B(B° — K*%) = (4.17+0.23) x 1072, (1.7)
BBt — K*Ty) = (4.18+0.32) x 107°. (1.8)

The corresponding theoretically predicted branching fraction is about (742) x 1075, higher than
the measurement with a large uncertainty [35,36]. A better approach to exploit the B — K*vy
branching fraction measurements is to consider isospin asymmetry [37]. A small difference in the
branching fractions between BY — K*0y and BT — K*t+ tells us the sign of the combination
of the Wilson coefficients, C/C7. Belle has taken into account correlated systematic errors and
obtains

(1p+/7p0)B(B” — K*y) — B(BY — K*y)

(Tp+/Tpo)B(BY — K*0) + B(B* — K**7) (1.9)

= (40.003 £ 0.045 £+ 0.018),

A+0 =
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Figure 1.5: B — K™ signals from Belle.

which is consistent with zero. One cannot tell whether the Standard Model prediction (A4 > 0)
is correct yet. Here, the lifetime ratio 75+ /750 = 1.083 £ 0.017 is used, and the B to B
production ratio is assumed to be unity. The latter is measured to be fy/fy = 1.072 £ 0.057
and is a source of additional systematic error.

Other Exclusive Radiative Decays

The dominant radiative decay channel B — K*v covers only 12.5% of the total B — Xgvy
branching fraction (world average (3.34 +0.38) x 10™%). The remainder has to be accounted for
by decays with higher resonances or multi-body decays. Knowledge of these decay modes will
eventually be useful to reduce the systematic error for the inclusive measurement.

Belle has extended the analysis into multi-body decay channels in addition to B — K3 (1430)[—
K]y decay [38]. Using 29 fb™! of data, the decay B* — K¥ntn~ 7 is measured to have a
branching fraction of (24 +513) x 1076 for M (K7n) < 2.4 GeV. The decay is dominated by
K*07t~ and K1 py final states that overlap each other as shown in Figure 1.6. At this moment,
it is not possible to disentangle the resonant states that decay into K*m or K p, such as K;(1270),
K1(1400), K*(1650), and so on. A clear BT — KT ¢~y (5.50) signal was recently observed by
Belle with 90 fb~! of data (Figure 1.7), together with 3.30 evidence for BY — K2¢7y. There
is no known K¢ resonant state. This is the first example of a s5sy final state. The branching
fractions for B — K¢y are measured to be [39]

B(BT — KT¢y) = (3.4+£09+0.4) x 1076
B(BY — K%y) = (4.6+24+0.4)x107° (1.10)
< 83x107% (90% CL)

With more data, one can perform a time-dependent CP-asymmetry measurement with the
K gqb'y decay channel.

At present, (35+6)% of the total B — X, rate is measured to be either B — K*v (12.5%),
B — K;(1430)y (4% after excluding Knny), B — K*my (9%), B — Kpvy (9%) or B — K¢~y
(1%). The remaining (65 + 6)% may be accounted for by decays with multi-body final states,
baryonic decays, modes with  and 7/, multi-kaon final states other than K¢y or in the large
X mass range.
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Search for Direct C'P-Asymmetry

The direct C'P-asymmetry in B — X7 is predicted to be 0.6% in the Standard Model with a
small error [40,41]. A large C'P-asymmetry would be a clear sign of new physics.

An Acp(B — Xgv) measurement was performed by Belle [42], by summing up the exclusive
modes of one kaon plus up to four pions and modes with three kaon plus up to one pion.
This result eliminates B — Xgv by exploiting particle identification devices for the tagged
hadronic recoil system. M (X;) < 2.1 GeV is required, which roughly corresponds to E}Ymn ~
2.25 GeV. Events are self-tagged as B candidates (B or B*) or B candidates (B° or B™),
except for ambiguous modes with a Kg and zero net charge. In order to correct the imperfect
knowledge of the hadronic final state, the signal yields for each exclusive mode are used to
correct the Monte Carlo multiplicity distribution. The resulting B-tagged (342 + 23 ﬂ4 events),
B-tagged (349423 ﬂ4 events) signals are shown in Figure 1.8. Using the wrong-tag fractions of
0.019 & 0.014 between B- and B-tagged, 0.240 £ 0.192 from ambiguous to B- or B-tagged, and
0.0075 £ 0.0079 from B- or B-tagged to ambiguous samples, the asymmetry is measured to be

Acp(B — Xgy) = 0.004 £ 0.051 + 0.038. (1.11)

The result corresponds to a 90% confidence level limit of —0.107 < Acp(B — Xsv) < 0.099,
and therefore already constrains part of the new physics parameter space.

For exclusive radiative decays, it is straightforward to extend the analysis to search for the
direct C'P-asymmetry [32-34]. Particle identification devices at Belle and BaBar resolve the
possible ambiguity between K*¥ — K7~ and K** — K~7" to an almost negligible level with
a reliable estimation of the wrong-tag fraction (0.9% for Belle). The results of the asymmetry
measurements are listed in Table 1.3, whose average is

Acp(B — K*y) = (—0.5+3.7) x 1072 (1.12)

It is usually thought that large C P-violation in B — K™~ is not allowed in the Standard Model
and the above result may be used to constrain new physics. However, as the involved strong
phase difference may not be reliably calculated for exclusive decays, the interpretation may be
model dependent.

Search for b — dv Final States

There are various interesting aspects of the b — d~ transition. Within the Standard Model,
most of the diagrams are the same as those for b — sv, except for the replacement of the CKM
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Table 1.3: B — K*v direct C'P-asymmetry
CLEO (9.1 fb™1) (8+13+3) x 1072
BaBar (20.7 fb™!) (=44 +7.641.2) x 102

Belle (78 fb™!)  (=0.1+4.4+0.8) x 1072

Table 1.4: 90% confidence level upper limits on the B — py and w~y branching fractions.
Py Py wy
CLEO (9.1fb™ 1) 13x10% 17x107% 92x10°°
Belle (78 fb™!)  2.7x 1076 2.6 x107% 4.4 x107¢
BaBar (78 fb™!) 21 x107% 1.2x107% 1.0x10°¢

matrix element Vi with V3. A measurement of the b — dv process will therefore provide the
ratio |Viq/Vis| without large model dependent uncertainties. This mode is also the place where
a large direct C P-asymmetry is predicted within and beyond the Standard Model.

The search for the exclusive decay B — pv is as straightforward as the measurement of
B — K*~, except for its small branching fraction, the enormous combinatorial background from
copious p mesons and random pions, and the huge B — K™*v background that overlaps with
the B — pv signal window. B — w< is not affected by B — K™~ background, but it is still
unobserved. The upper limits obtained by BaBar [43], Belle [44] and CLEO [32] are summarized
in Table 1.4. The upper limits are still about twice as large as the Standard Model predictions [?]
(9.0 £3.4) x 1077 for p*, and (4.9 4 1.8) x 107 for p°y and wy.

From these upper limits the bound |V;4/Vis| < 0.34 can be obtained, which is still weaker
than the corresponding bound derived from Amg/Amyg.

1.2.4 Electroweak Rare B Decays
Observation of B — K*(*/{~

The first signal for B — K{*t¢~ was observed by Belle [17] using 29 fb~! of data and confirmed
by BaBar [45] with 78 fb~!, while the B — K*¢*¢~ signal, whose branching fraction is expected
to be larger, was not significant with those data samples.

The B — K®¢t¢~ signal is identified using M., AE (and M (Kr) for K*(t¢~). Belle
has updated the analysis using a 140 fb~! data sample, with a number of improvements in
the analysis procedure [18]. The most significant improvement is a lower minimum lepton
momentum of 0.7 (0.4) GeV for muons (electrons) from 1.0 (0.5) GeV to gain 12% (7%) in the
total efficiency. In addition, a K*¢T¢~ combinations are removed if there can be an unobserved
photon along with one of the leptons that can form a B — J/9K — (T~ K decay. As a result,
the first B — K*{™/~ signal was observed with a statistical significance of 5.7 from a fit to M.,
as shown in Figure 1.9, together with an improved B — K/{T/~ signal with a significance of 7.4.

The branching fractions obtained are summarized in Table 1.5, together with the BaBar
results [46]. For the combined B — K*{(t{~ results, B(B — K*(t{™) = B(B — K*utu~) =
0.758(B — K*ete™) is assumed which compensates for the enhancement at the ¢> = 0 pole
that appears more significantly in K*eTe™, using the expected Standard Model ratio [?]. The
measured branching fractions are in agreement with the Standard Model, for example [47, 48|
(3.54+1.2) x 1077 for B — K¢*¢~ and (11.9 + 3.9) x 10~7 for B — K*¢T¢~. We note that the
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Table 1.5: B — K®) (¢~ branching fractions.

Mode Belle (140 fb~1)  BaBar (113 fb™ 1)
[x1077] [x1077]

B — Kefe™  48715+03+0.1 7.9T194+0.7

B— Kptp~ 4813403402 4.8730 £ 0.4

B— K(te— 48730 +03+0.1 6.97154+0.6

B— K*'utp~ 11.7759408+06 128715 +1.7
B — K*t¢ 11.5738+07+04 89733+ 1.1

B — K*etem 149732111403 10.0739 £1.3
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Figure 1.10: ¢? distributions for B — K®¢t¢~ from Belle.

experimental errors are already much smaller than both the uncertainties in the theoretical pre-
dictions of the Standard Model and the variations due to different model-dependent assumptions
used to account for the hadronic uncertainties [49-53].

It is still too early to fit the ¢ distribution to constrain new physics. First attempts to
extract the ¢? distribution using the individual My, signal yields in ¢ bins have been performed
by Belle as shown in Figure 1.10.

Measurement of B — X /¢~

The first measurements of the B — K *)¢*¢~ branching fractions are consistent with the Stan-
dard Model predictions. However since these predictions have uncertainties that are already
larger than the measurement errors, the inclusive rate for B — X /T¢~ becomes more impor-
tant in terms of the search for a deviation from the Standard Model. In contrast to B — X,
the lepton pair alone does not provide a sufficient constraint to suppress the largest background
from semi-leptonic decays. Therefore, it is only possible to use the semi-inclusive method to
sum up the exclusive modes for now.

Belle has successfully measured the inclusive B — X ¢/*¢~ branching fraction [19] from a
60 fb~! data sample by applying a method that reconstructs the X, final state with one kaon
(K™ or Kg) and up to four pions, of which one pion is allowed to be a 7. Assuming the Kg
contribution is the same as the Kg, this set of final states covers 82 4+ 2% of the signal. In
addition, M (Xj) is required to be below 2.1 GeV in order to reduce backgrounds. For leptons,
a minimum momentum of 0.5 GeV for electrons, 1.0 GeV for muons and M (¢7¢7) > 0.2 GeV
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Table 1.6: B — X,/T¢~ branching fractions.

Mode Belle (60 fb~ ') BaBar (78 fb™ 1)
[x1079] [x1079]
X,ete~  50+£23713%  66+£1917
Xoptp~ 7942121 57428t
X0t0-  61+14% 63+1.6718

are required. Background sources and the suppression techniques are similar to those for the
exclusive decays. The signal of 60 & 14 events from Belle with a statistical significance of 5.4 is
shown in Figure 1.11. Corresponding branching fractions are given in Table 1.6, together with
the BaBar results [54]. The branching fraction results are for the dilepton mass range above
M(¢+¢7) > 0.2 GeV and are interpolated in the J/1 and 1)’ regions that are removed from the
analysis, assuming no interference with these charmonium states.
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Figure 1.11: B — X7/~ signal measured by Belle. The X e* ;= sample, which is prohibited
in the Standard Model, represents the combinatorial backgrounds.

The results may be compared with the Standard Model prediction [47] of (4.2 40.7) x 1076
integrated over the same dilepton mass range of M (¢T¢~) > 0.2 GeV. With this requirement,
the effect of the ¢> = 0 pole becomes insignificant, giving almost equal branching fractions for
the electron and muon modes. The measured branching fractions are in agreement with the
Standard Model, considering the large error in the measurement. It should be noted that the
large systematic error is dominated by the uncertainty in the M (X;) distribution, in particular
the fraction of B — K®)¢t¢~ which will be reduced with more statistics. Distributions for
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M (Xs) and M(¢T¢) are shown in Figure 1.12, in which no significant deviation from the
Standard Model is observed.

1.2.5 Prospects

With a data sample of ~ 500 fb~!, the statistical errors will be reduced to about half of the
present errors. The value of sin2¢; will be measured with an accuracy less than 5% using
b — ces processes. Though uncertainties are still large, ¢o and ¢3 will be measured. Together
with some improvement in |V| and |V,;;| measurements, the KM scheme for C P-violation will
be further confirmed. Direct C P-violation will be observed in several decay modes, which also
strongly supports the KM scheme.

Results will be available for new measurements that are sensitive to new physics, such as mea-
surements of forward-backward asymmetry of lepton-pairs in B — K®¢+¢~ time-dependent
C P-violation of radiative decays, etc. If the effect of new physics is large, it may manifest
itself in the above ways in a similar fashion to the current indication of as the C'P-violation in
b — sgq decays (if it remains as currently measured). However, the confirmation of the new
physics effects and understanding its nature will require much larger data samples, which will
be the primary goal of the proposed SuperKEKB and upgraded Belle detector in this Lol.
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Chapter 2

Flavor Structure of the Standard
Model

2.1 Flavor Structure of the Standard Model

In the Standard Model of elementary particles there are three generations of leptons and quarks
Ve Yy Vr
U c t

and their interactions are described by a gauge field theory with the gauge group SU(3)¢ X
SU(2)r, x U(1)y. The group SU(3) denotes Quantum Chromodynamics (QCD), which gov-
erns the strong interaction among quarks. The transformation property under the electroweak
gauge group SU(2)r x U(1)y differs for the left and right chiralities of fermions. The right-
handed components of the leptons and quarks are singlets under the weak SU(2)r, and the
weak hypercharge Y is 0, —1, 2/3, —1/3 for neutrinos, leptons, up-type quarks and down-type
quarks, respectively. The left-handed components of leptons transform as doublets under the
weak SU(2)r, while the weak doublets of quarks differ slightly from (2.2) and are given by

(£), (2), (0),

The weak eigenstates (d’,s’,b’) are a linear combination of the mass eigenstates (d,s,b),
being re}ated by a 3 x 3 unitary matrix, referred to as the Cabibbo-Kobayashi-Maskawa (CKM)
matrix Ve [1,2], as follows

¢\ d Vad Vas Vi \ [ d
S | =Vexkm| s | =| Vea Ves Va s |- (2.4)
o b th V;fs V;fb b

The charged current interactions of quarks mediated by the W boson are described by an
interaction Lagrangian

d/
g -
L£CC = —72§<u c t)Lv“ Z; W;+h.c.

L
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d

= —ﬁ ( w ¢t )L’YHVCKM Z WJ + h.c., (2.5)

L

where W, denotes the W boson, and g5 is the gauge coupling corresponding to the gauge group
SU(2)r. In the low energy effective Hamiltonian it appears as the Fermi constant Gr/v/2 =
g3/ 8M5V. Due to the misalignment between the up-type and down-type quark fields, the charged
current induces transitions among different generations.

In contrast, the neutral current is flavor-conserving, which is ensured by the unitarity of the
CKM matrix, and thus Flavor Changing Neutral Currents (FCNC) are absent at the tree level
in the Standard Model. This is the Glashow-Iliopoulos-Maiani (GIM) mechanism [3]. Even
including loop corrections, the FCNC interaction vanishes in the limit of degenerate (up-type)
quark masses, due to the unitarity of the CKM matrix.

The CKM matrix is a unitary N x N matrix with N (= 3) number of generations, and thus
contains N? parameters in general. However, 2N — 1 phases may be absorbed by rephasing
the 2N quark fields (one overall phase is related to the total baryon number conservation and
is irrelevant for the quark mixing), and (N — 1)? independent parameters remain. Of these,
%N (N +1) are real parameters, which correspond to rotation angles among different generations,
while %N (N — 1) are imaginary parameters, which are sources of C'P-violation. In the three-
generation Standard Model, there are 3 mixing angles and 1 C' P-phase.

The standard parametrization of the CKM matrix is the following: [4]

C12€13 $12C13 s1ge” "
Vekm = —S812€23 — 01282:«381?&3"‘S C12€23 — 51252:),81:«;6’“S 523C13 ) (2.6)
S12593 — C12C23513€"  $93C12 — S12C23513€"  Co313

where ¢;; = cosb;; and s;; = sin0;; with 6;; (ij = 12, 13 and 23) the mixing angles, and J is the
complex phase. It is known experimentally that the angles are small and exhibit the hierarchy
1> s12 > s93 > s13. To make this structure manifest, the Wolfenstein parametrization [5] is
often used, in which one sets A = |V,5| ~ 0.22 and

1—)\2)/2 A AX3(p —in)
VokM = - 1—\2/2 AN? + O\, (2.7)
AN(1 —p—in) —AN? 1

with A, p and n being real parameters of order unity. In this parametrization the source of
C P-violation is carried by the most off-diagonal elements V,; and Viq.

Among these four parameters, A and A are relatively well known from corresponding semi-
leptonic decays: |Vis| = 0.2196 4 0.0026 from K3 decays and |V| = (41.2 £ 2.0) x 1073 from
inclusive and exclusive b — ¢l7; decays [4]. The determination of the other two parameters p
and 7 is conveniently depicted as a contour in the plane of (p,n). It corresponds to the unitarity
relation of the CKM matrix applied to the first and third columns

VudVay + VeaVay, + ViaVip = 0. (2.8)

This relation may be presented in the complex place as in Fig. 2.1 (a), which is called the
“unitarity triangle” Since V4V is real to a good approximation (up to O(\7)), it is convenient
to normalize the triangle by [V.qV};| = AX® so that the apex has the coordinate (p,7) where

p=p1=N/2), 7=n(l-r/2), (2.9)
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Figure 2.1: Unitarity triangle

(Fig. 2.1 (b)). The three angles of the unitarity triangle represent the complex phase of the
combinations

[cdiz Ltditz Lud‘ *b
_ _ c - __teTth = — 2.10
1 arg[ thWg]’ ¢2 arg[ VudV % | ¢3 = arg VoV (2.10)

The notation a = ¢, 8 = ¢1, ¥ = ¢3 is also used in the literature.

The present constraints on the parameter (p,n) are summarized in Fig. 2.2, which is taken
from the CKM fitter group (http://ckmfitter.in2p3.fr/). Details of the input parameters are
discussed, for instance, in [6]. Prospects with Super-KEKB will be discussed in the following
sections.

2.2 Low Energy Effective Hamiltonians

In B decays the exchange of a W boson and virtual loops involving the top quark are effectively
point-like interactions, since the relevant length scale of B meson decays is at least O(1/myp)
while W exchange takes place at a short distance scale O(1/Myy). It is theoretically inefficient
to calculate the physical amplitudes using the entire W and top quark propagators, and one may
instead introduce a low energy effective Hamiltonian. This framework is based on the Operator
Product Expansion (OPE) [7], which allows one to separate the long distance physics from the
short distance interactions, occurring at a length scale of 1/Myy, up to the corrections of order
my,/ My, which can be safely neglected in many cases.

For instance, B — B’ mixing occurs through the box diagrams shown in Fig. 2.3. The
interaction can be described in terms of the AB = 2 effective Hamiltonian

., G2 . _ _
HAF=2 = L (ViaVi) M Solm? M) O () QP2 1), (211)
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Figure 2.2: A fit of the parameters (p,n) using several experimental constraints as of Lepton-
Photon 2003. The plot is taken from the CKM fitter page http://ckmfitter.in2p3.fr/.
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Figure 2.3: Box diagrams to produce the AB = 2 four-quark operator

where the AB = 2 effective four-quark operator is

QAP=2 = dry, (1 — 5)bdy,u(1 — 75)b. (2.12)
The operator is defined at the renormalization scale pp and the corresponding Wilson coef-
ficient C2B=2(1) is calculated using the renormalization group technique as C2B=2(u;) =

[a§5)(,ub)]_6/ 23 to leading order. The function Sp(m?/M3,) is called the Inami-Lim function [8]
and represents the loop effect through the box diagrams.
The AB =1 transitions are described by the following effective Hamiltonian

_ 4G
Hep " = TQFVCKM > Ciliw)Oi() + hc,

where Veky is the corresponding CKM matrix element. The operators O;(up) defined at the
scale py, are listed below, and the couplings C;(up) are the Wilson coefficients.

The effective operators representing the tree-level W exchange diagram depicted in Fig. 2.4
are

0! = d"vu(1 —v)d" Pyu(1 — )b, q=u,c (2.13)
0 = d"vu(1 —)¢" Ty, (1 —w)b°, q=u,c (2.14)
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d q

Figure 2.4: Tree-type W boson exchange diagram.

Figure 2.5: Penguin diagrams. The fermion line on the bottom are quarks for the gluon penguin
diagram (left), while either quarks or leptons can be involved in the electro-weak penguin (right).

Here the superscripts a and (3 specify the color contraction. There is another set of operators
obtained by replacing d by s.

Many important FCNC decays occur through the so-called penguin diagrams. Some exam-
ples are shown in Fig. 2.5.

The gluon penguin diagram (Fig. 2.5 (left)) produces the following operators

O3 = % dy,(1 = )b Ty (1 — 75)4°, (2.15)
q=u,d,s,c

Oy = 2 dy,(1 = )’ Ty (1 — v5)%, (2.16)
q=u,d,s,c

Os = % Ay, (1 = v5)b% @y, (1 + 75)4”, (2.17)
q=u,d,s,c

O = % Ay, (1 = )P Py (1 + v5) g™ (2.18)
q=u,d,s,c

There are also diagrams in which the gluon or photon is not attached to the fermion line and
directly appears in the final state. Such diagrams produce

e _
O?fy = @mbda“”(1+fy5)Fm,b, (219)

Osg = é%mﬂwwu+7@G;T%, (2.20)

where [, and G, are electromagnetic and QCD field strength tensors, respectively. These
operators are responsible for the b — dy and b — dg transitions. The operators relevant to the
b — sv and b — sg transitions are obtained by replacing d by s in (2.19) and (2.20).

The electroweak penguin diagram (Fig. 2.5 (right)) gives a higher order contribution in
the electromagnetic coupling constant o and is thus very small in general. However, since it
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may become a source of isospin symmetry breaking, in some cases it could be relevant. The
corresponding operators are

3 = _
O7 = 3 S egd a1 —15)b P yu(1 +75)d”, (2.21)
q=u,d,s,c
3 _
Os = 5 Z €q da'ﬁt(l - '75)bﬁq 'Y,u(l +75)q%, (2.22)
q=u,d,s,c
3 = _
Oy = 5 > eqd (-7 7" —%)d", (2.23)
q=u,d,s,c
3 _
O = 5 D eqd (1 =5t g (1 —15)q" (2.24)
q=u,d,s,c

eq is the electromagnetic change of quarks: 2/3 for up-type quarks and —1/3 for down-type
quarks. When the fermion line in the bottom of Fig. 2.5 (right) is a lepton (e, u or 7), we obtain

2

e —

Ogv = ez dyu(l —35)bld, (2.25)
2
e —

010,4 = 161 Qd’yu( 75)bl’yu’}/5l. (2.26)

They give rise to the b — d(s){T1~ transitions.
The Wilson coefficients in (2.2) are calculated using perturbation theory to next-to-leading
order (NLO) [9-12].

2.3 B — B Mixing

Neutral B meson mixing is one of the most important FCNC processes in B physics. In the
Standard Model it involves the CKM matrix element V;; and thus gives a C' P-violating am-
plitude, which induces a variety of C'P-violating observables through its quantum mechanical
interference with other amplitudes.

A BY meson produced as an initial state may evolve into its antiparticle B’ through the
interaction given by the AB = 2 effective Hamiltonian (2.11). In quantum mechanics the state
|B°(t)) at time t is a superposition of two states |B°) and ]§0>. The time evolution is described
by a Shrodinger equation

i IBO) = (M - i3 ) 1B, (2.27)

where the two-by-two Hermite matrices M and I' denote mass and decay matrices, respectively.
The diagonal parts are constrained from C PT invariance M1; = Mo and I'1; = 99, and the off-
diagonal parts Mo (Ma;) and I'12/2 (I'21/2) are disparsive and absorptive parts of the AB = 2
transition. The eigenstates of the matrix M — iI'/2 are given by

—0
|Bu) = p|B%) +4|B), (2.28)
-0
|BL) = p|B°) —q|B), (2.29)
and their coefficients p and g are obtained by solving

P My —il'12/2
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together with the normalization condition |p|? + |¢|> = 1. The eigenvalues My ;, — il /2 are
related to observables as follows: the B meson mass M = (Mpy + My)/2, the B meson width
I' =Ty +TL)/2, the BY — B’ mixing frequency AM = My — My, and the width difference
Al' =T —T'y.

In the B meson system there is a relation AI' < AM, which follows from I'1s < Mis. We
may then appoximately obtain

r 2
AM = 2|My| 1+0<12 )] (2.31)
Mo
Iy |?
Al' = 2|l'2|cos¢d |1+ 0O | |—— , (2.32)
Mo
and
q | M7y 1Ty | . Iy |
= =— 1——-|—=singp+0||— . 2.33
p My l 2 | My i M (2.33)

The angle ¢ is the CP violating phase difference between Mo and I'1o

I T2

m-12 = |12
Mo Mo

sin ¢. (2.34)

The time evolution of the state |B") and ]§0> produced at time ¢ = 0 is then given by

q -0
= g+ —g- ) .
1B%(1)) ()|B°) + » (t)[B") (2.35)
-0 -0 p
= g+ —g- ) .
[B7(t)) (t)[B") + . (1)|B°) (2.36)
with
’ ATt AMt ATt . AMt
gi(t) = e PMETH/2 { cosh —; ¢os — i sinh 1 sin 5 } , (2.37)
, AT AM AT AM
g_(t) = e IML=Tt/2 {— sinh Tt cos ! + ¢ cosh Tt sin 5 t] . (2.38)

As the initial B° (or FO) state evolves, it oscillates between B° and B states with the frequency
AM. The CP-violating phase arises in the mixing parameter ¢/p, which carries the phase of
M2 as shown in (2.33).

2.4 Time-dependent Asymmetries

One of the key observables in the asymmetric B factory is the time-dependent asymmetry
between B and B° decays.

Let us consider a decay of the B meson to a final state f. The decay rate ['(B°(t) — f) is
time dependent, since the decaying state is a time-dependent superposition of |B%) and |B"),
as discussed in the previous section. We write the decay amplitude of flavor eigenstates as
Af = (f|B° and Aj = <f|§0), and define a parameter

_ 44y

Np= 221 2.39
1= A, (2.39)
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If the final state is a C'P-eigenstate CP|f) = n¢|f) with an eigenvalue ny = £1, then the time
dependent asymmetry

B’ — — 0 —
o) = L0 = ) (B0~ §) 010
LB (t) = f) +T(Bt) — f)
becomes
af(t) = Ay cos(AMt) + Sysin(AMt), (2.41)

neglecting the small width difference of the B meson. Here, the direct and indirect (or mixing-
induced) C'P asymmetries are written as

AP -1
A Lias 9.42
Py (242)
2Im)\f
Sy = A 9.43

Since the absolute value of ¢/p is approximately 1, direct C'P-violation |Af| # 0 requires
|Af| # |Af|, which could happen if Af is a sum of (more than one) decay amplitudes having
different C P-phases. Indirect C P-violation, on the other hand, proves the quantum mechanical
interference between the mixing and decay amplitudes.

2.4.1 Measurement of sin2¢,

The mixing-induced asymmetry provides a variety of methods to measure the angles of the
Unitarity Triangle (Fig. 2.1). It was first proposed by Bigi, Carter, and Sanda in 1980-1981
[13-15], and gave strong motivation to construct the present KEK B Factory. The best known
example is the case where the final state is J /¢ K g, whose quark level process is b — &cs followed
by K9 — i’ mixing. Provided that the decay is dominated by a single amplitude, the ratio of
decay amplitudes is given by

Ak _ [ VaVi (VcchE) (2.44)
AJ/ng szvvcs ‘/CTG‘/Cd ,

The overall sign is (—1)? = 1, where one minus sign appears from a phase convention for the B
and B meson states, and the other is due to the C'P odd final state J/i/}Kg. Together with the

phase in the mixing
9 _gmion - _ (YiVia ) (2.45)
p thVCd

the entire ratio )\J/ng becomes

ViVia \ [ VeV \ [ VesVi ;
A _ th V't cbVes < cd> - _ 21:1)1' 246
110K (thvtz> (V;;,Vcs) Viva) =€ (2.46)

Thus, one can precisely measure the angle ¢1 from the time-dependent asymmetry

/Kt (t) = —sin(2¢y ) sin(AMt). (2.47)

There exists an additional decay amplitude through the penguin diagram b — 3c¢, which involves
the CKM factor Vi;V};. Using the unitarity of the CKM matrix Vi V,j = —Ve, V3 — ViV, the
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weak phase of the penguin contribution is the same as that of the tree amplitude V.,V up to
a doubly Cabibbo-suppressed correction. Therefore, the relation (2.47) holds to an excellent
approximation (~ 1%), and the mode J/¢KY is called the “gold-plated” mode. The precision
expected at SuperKEKB is discussed in Section 4.6.

There are other decay modes which develop the same weak phase. Namely, the penguin
decays b — 555 are accompanied by the CKM factor ViV, just as the penguin contribution to
b — 5ce. Since there is no direct tree diagram for b — 5s3, measurement of the same angle sin 2¢;
through its time dependent asymmetry can be a probe of any new physics phase in the penguin
loop process [16]. At the hadron level, the corresponding modes are BY — ¢KY and B® — n' K.
These asymmetries have already been measured as described in Section 1.2, and the expected
sensitivity at SuperKEKB is studied in Section 4.2. Possible contamination from the tree-level
process b — wus with a rescattering of uw to ss may distort the measurement. However, such
a contribution is expected to be small (O(A\?) ~ 5%) [17], and a model independent bound
can be obtained using SU(3) relations provided that the related modes are observed at higher
luminosity B factories [18].

2.4.2 Measurement of ¢,

If a decay can occur through more than one amplitude with different weak phases, the analysis
is more involved. For example, let us consider B — 77—, whose decay amplitude can be
parametrized as

A(B® = 7t n7) = Typ + Prr. (2.48)

The first term represents an amplitude for the tree level W exchange process b — Tud, which
picks up the CKM matrix elements V4V, Whlle the second term is a penguin diagram contri-

bution b — duw containing the CKM factor V;4V;;. If the penguin contribution can be neglected,
the ratio A\ +,- in (2.39) reads as
Aptp- = — Vtzvtf VJdVi” = —e%?2, (2.49)
VitVig ViV,

and the time-dependent asymmetry could be used to determine the angle ¢o. However, both
amplitudes in (2.48) are the same order in A (~ A3), and the penguin contribution is not so
suppressed compared to the tree level contribution. In fact, the ratio of amplitudes |Prr/Trr| is
roughly estimated to be around 0.3 from B — K decays assuming the flavor SU(3) symmetry.

One solution to the problem is to consider isospin symmetry [19]. The B — & decay
amplitudes are written as

ABY = ntr7) = V2(4y — Ay), (2.50)
A(BY — 7%7%) = 24,5+ A, (2.51)
A(BT — 7m7%) = 34,. (2.52)

Ay and Ay are amplitudes for isospin 0 and 2 of two-pion final state, respectively. The tree
diagram contributes to both Ay and A, while the penguin diagram gives Ay only. Then, one
obtains a relation

A(B® = ntn7) + V2A(B® = 72%7%) = V24(BT — ntx0). (2.53)
and its C'P-conjugate
AB° - 7777) + V2A(BY — 7% = V2A(Bt — ntx0). (2.54)
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By measuring the branching ratios of the three decay modes and the time dependent asymmetry
of 77~ one can determine the absolute values |Ag| and |As| and their relative phase difference
arg(ApA3), through a simple geometric reconstruction. Then, the angle ¢ can be determined
up to a four-fold ambiguity.

Another solution is to consider the isospin relations among B — pm decays [20]. There are
three possible decay chains B® — {p*7—, p"7% p~ 7"} — a7t~ 70, Together with their CP-
conjugate amplitudes, there exist six different amplitudes, each of which has contributions from
both tree and penguin diagrams. By combining the time-dependent asymmetry of this process
in the Dalitz plot one may extract the pure tree amplitude, and thus the angle ¢o.

If there is non-negligible contribution from the electroweak penguin diagram, the isospin re-
lations are violated, since up and down quarks have different charges [21]. However, such a contri-
bution is suppressed compared to the gluon penguin by a factor a[weak(m% /m2)]/asIn(m?/m?)] ~
0.1 [22]. At Super-KEKB, the actual size of the electroweak penguin amplitude can be estimated
from the analysis of K7 decays [22-26].

The prospects of measuring the angle ¢ at Super-KEKB using these methods are discussed
in Section 4.7.

2.5 Theoretical Methods

In order to extract fundamental parameters, such as the quark masses and CKM matrix elements,
from B decay experiments, one needs model independent calculations of the decay amplitudes.
However, since B meson decays accompany complicated QCD interactions, which are highly
non-perturbative in general, the theoretical calculation of physical amplitudes is a non-trivial
task.

2.5.1 Heavy Quark Symmetry

One useful theoretical method with which one can avoid the hadronic uncertainty is to use
symmetries. Using isospin or SU (3) flavor symmetries, different decay amplitudes can be related
to each other. This approach is widely used in B decay analyses, e.g. the isospin analysis of mm
decays to extract sin 2¢o discussed in Section 2.4.2.

Another symmetry which is especially important in B physics is the heavy quark symmetry
[27,28]. In the limit of an infinitely heavy quark mass, the heavy quark behaves as a static
color source and the QCD interaction cannot distinguish different flavors, 7.e. charm or bottom.
Consequently the decay amplitudes (or form factors) of b and ¢ hadrons are related to each
other (heavy quark flavor symmetry). Moreover, since the spin-dependent interaction decouples
in the infinitely heavy quark mass limit, some form factors become redundant (heavy quark spin
symmetry). The most famous example is the heavy-to-heavy semi-leptonic decay B — D™ ¢p,
form factors. In general there are 6 independent form factors for these exclusive decay modes,
but in the heavy quark limit they reduce to one: the Isgur-Wise function, and its normalization
in the zero-recoil limit is determined.

A more general formalism has also been developed in the language of effective field theory,
i.e. Heavy Quark Effective Theory (HQET) [29-31]. It provides a systematic expansion in terms

of Aqecp/mq.
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2.5.2 Heavy Quark Expansion

The inclusive decay rate of a B meson to the final state X can be written as
1 _
(B — X) = o> (2n)'d" (pp — px)|(X|Hgf = [B)*, (2.55)
mp

where the sum runs over all possible final states and momentum configurations. The effective
Hamiltonian HeAﬁle is proportional to Ev“PLbHuPLVl when the b — ¢ semileptonic decay is
considered, or to uy*Ppbly,Pry, if we are interested in the b — wu semileptonic decay to de-
termine |V|. It could also describe non-leptonic decay by considering a four-quark operator
ey* PLbgy,Prq’. Using the optical theorem (2.55) can be rewritten in terms of an absorptive
part of a B meson matrix element

(B — X) = ——Im (B|T|B), (2.56)
mpg
where the operator 7 is
T / a7 (HAP= () HAP=(0). (2.57)

Since the momentum flowing into the final state quark propagator is large (~ mjy), one can
expand the time-ordered product of operators in terms of local operators, using the Operator
Product Expansion (OPE) technique [7]. It gives an expansion in terms of the inverse heavy
quark mass and is called the Heavy Quark Expansion (HQE) [32-36].

The lowest dimensional operator is bb, whose matrix element is unity up to (Aqcp/msp)?
corrections. The first non-trivial higher order correction appears at 1/ mg with the chromomag-
netic operator b, gsG*'b. Therefore, at O((Aqcp/me)?) the heavy quark expansion can be
expresssed in terms of two non-perturbative parameters

1

M= g (B GD R BG)) (259)
e = L (BW) oG | B)), (2.59)
2mp 2

where the operators are defined with the HQET field h, and the B meson state is also defined
in the heavy quark limit. A is known from the hyper-fine splitting of the B meson (B-B*
splitting) to be Ay ~ 0.12 GeV?, while \; has to be calculated using non-perturbative methods,
such as QCD sum rules [37,38] or lattice QCD [39-42], or to be fitted with experimental data
of inclusive B decays [43-47].

2.5.3 Perturbative Methods

Model independent theoretical calculations of exclusive non-leptonic decay amplitudes are known
to be very challenging, as they involve both soft and hard gluon exchanges and clear separation
of the perturbative (hard) and non-perturbative (soft) parts is intractable. In the heavy quark
limit, however, a formulation to realize such separation of short and long distance physics has
recently been developed, ameliorating the perturbative calculation of decay amplitudes.

The intuitive idea is the color transparency argument due to Bjorken [48]. An energetic light
meson emitted from B decay resembles a color dipole, and its soft interaction with the remaining
decay products is suppressed by Aqcp/mp. A systematic formulation of such an idea is provided
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by QCD factorization [49-51]. In this formalism, the decay matrix elements of B — 77 can be
factorized in the form

R @IQIBEY) = 7T [ T )a(w)
+ /0 dedudy T (£, 0, 0)D 5 (€)Do (1) B (), (2.60)

for a four-quark operator @);. The first term represents a factorization of the amplitude into
the B — 7 form factor and an out-going pion wave function ®,(u) convoluted with the hard
scattering kernel T (u). Here, the term “factorization” is used for two meanings: one is the
factorization of the diagram to (7|V'|B)(r| A|0), while the other is the separation of hard, collinear
and soft interactions. The kernel T} (u) describes the hard interaction only and thus is calculable
using perturbation theory. The second term in (2.60) describes a factorization of the amplitude
into three pieces: B — 0, 0 — 7, and 0 — 7 convoluted with a hard interaction kernel
TiH (&, u,v). To make the factorization of collinear and soft degrees of freedom more explicit,
an effective theory has also been developed, which is called the Soft Collinear Effective Theory
(SCET) [52-55].

The form factor f5~7(¢?) and the light-cone distribution function (or wave function) ®(€)
and ®,(u) contain long-distance dynamics, which has to be treated with non-perturbative meth-
ods.

Another method of factorization, Perturbative QCD (PQCD) [56-61], has also been proposed
and is being used for the analysis of various B decay modes. It relies on the Sudakov suppression
of the tail of the wave function, in which the first term (2.60) becomes subleading and the input
of the form factor is unnecessary.

2.5.4 Lattice QCD

Lattice QCD provides a method to calculate non-perturbative hadronic matrix elements from
the first principles of QCD [62]. It is a regularization of QCD on a four-dimensional hypercubic
lattice, which enables numerical simulation on the computer. Since the calculation is numerically
so demanding, one has to introduce several approximations in the calculation, which leads to
systematic uncertainties.

For more than a decade, lattice QCD has been applied to the calculation of matrix elements
relevant to B physics. The best-known quantity is the B meson leptonic decay constant fp,
for which the systematic uncertainty is now under control at the level of 10-15% accuracy. The
important tools to achieve this goal are the following.

o Effective theories for heavy quarks. Since the Compton wave-length of the b quark is
shorter than the lattice spacing a, the discretization error is out of control with the usual
lattice fermion action for relativistic particles. Instead, Heavy Quark Effective Theory
(HQET) [29] or Non-relativistic QCD (NRQCD) [63-65] is formulated on the lattice and
used to simulate the b quark. Another related effective theory is the so-called Fermilab
action [66,67], which covers the entire (light to heavy) mass regime with the same lattice
action. For the B meson the next-to-leading (1/mg) order calculation provides < 5%
accuracy [68].

o FEffective theories to describe discretization errors. The discretization effect can be ex-
pressed in terms of the Lagrangian language, i.e. Symanzik effective theory [69,70]. It
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Figure 2.6: Recent quenched lattice calculations of fp. Figure from [75].

also provides a method to eliminate the error by adding irrelevant operators to the lat-
tice action. The O(a) error existing in the Wilson fermion action can be removed by
adding a dimension-five operator [71]. The cancellation of the O(a) error can also be done
non-perturbatively [72,73], so that the remaining discretization error is O(a?) and not
O(ala).

e Renormalized perturbation theory. To relate the lattice operators to their continuum coun-
terparts, one has to rely on perturbation theory. For a long time lattice perturbation
had bad convergence behavior and the perturbative error was too large if one calculated
only the one-loop terms. This problem was cured by Lepage and Mackenzie by taking a
renormalized coupling constant as an expansion parameter [74].

A summary of recent lattice calculations of fp in the quenched approximation is shown in
Fig. 2.6. Results of many groups obtained with different discretizations for heavy quarks agree
very well within the error band of ~ 13%.

The above results are obtained within the approximation of neglecting the pair creation
and annihilation of quarks in the vacuum, which is called the quenched approximation. To
include such dynamical quark effects requires much more computer power, and it has only
recently become feasible. A recent calculation by the JLQCD collaboration [76] is shown in
Fig. 2.7, which represents the light quark mass dependence of fp in two-flavor QCD. A major
uncertainty in the unquenched simulation comes from the chiral extrapolation, as the present
unquenched simulation is limited to relatively heavy sea quark masses (m, < ms/2). Because
chiral perturbation theory predicts the chiral logarithm mgInmg [77], the chiral extrapolation
may bend downwards near the chiral limit as shown by dashed curves in Fig. 2.7. To control
such extrapolation one needs simulations with much smaller sea quark masses as adopted in the
recent simulations using staggered fermions for sea quarks [78].

Lattice QCD calculations can be applied to several other important quantities:

e Bp. The B parameter in B? — B’ mixing has been calculated in unquenched QCD [76],
with the result fp\/Bp = 215(11)(*,3)(15) MeV. Here the first error is statistical, the
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Figure 2.7: Chiral extrapolation of unquenched fp. The plot is for ®;, = fg,/mp normalized
with a Sommer scale r¢. Figure from [76].

second is uncertainty from the chiral extrapolation and the third is from other systematic
eITors.

e heavy-to-heavy semileptonic decay. The zero recoil form factor of the semileptonic decay
B — D™y has been calculated rather precisely using a double-ratio technique [79,80].

e heavy-to-light semileptonic decay. The B — wfv form factor has been calculated in
quenched QCD to an accuracy of order 20% [81-84].

These and other recent results have been reviewed at recent conferences [75,85-87].
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Chapter 3

Flavor Structure of the Physics
beyond the Standard Model

3.1 Motivation for New Physics

The Standard Model of elementary particles has been very successful in explaining a wide variety
of existing experimental data. It covers a range of phenomena from low energy (less than a GeV)
physics, such as kaon decays, to high energy (a few hundred GeV) processes involving real weak
gauge bosons (W and Z) and top quarks. There is, therefore, little doubt that the present
Standard Model is a theory to describe the physics below the energy scale of several hundred
GeV, which has been explored so far.

However, the Standard Model is not satisfactory as the theory of elementary particles beyond
the TeV energy scale. First of all, it does not explain the characteristic pattern of the mass
spectrum of quarks and leptons. The second generation quarks and leptons are several orders
of magnitude heavier than the corresponding first generation particles, and the third generation
is even heavier by another order of magnitude. The quark flavor mixing matrix — the CKM
matrix — also has a striking hierarchical structure, i.e. the diagonal terms are close to unity and
1 < 012 < 03 < 013, where 0;; denotes a mixing angle between the i-th and j-th generation.
The recent observation of neutrino oscillations implies there is also a rich flavor structure in the
lepton sector. All of these masses and mixings are free parameters in the Standard Model, but
ideally they should be explained by higher scale theories.

The particles in the Standard Model acquire masses from the Higgs mechanism. The Higgs
potential itself is described by a scalar field theory, which contains a quadratic mass divergence.
This means that a Higgs mass of order 100 GeV is realized only after a huge cancellation between
the bare Higgs mass squared u3 and the quadratically divergent mass renormalization, both of
which are quantities of order A? where A is the cutoff scale. If A is of the order of the Planck
scale, then a cancellation of more than 30 orders of magnitude is required. This is often called
the hierarchy problem [1-3]. Therefore it would be highly unnatural if the Standard Model were
the theory valid at a very high energy scale, such as the Planck scale. Instead, the Standard
Model should be considered as an effective theory of some more fundamental theory, which most
likely lies in the TeV energy region.

C'P-violation is needed in order to produce the observed baryon number (or matter-antimatter)
asymmetry in the universe. In the Standard Model, the complex phase of the CKM matrix
provides the only source of the C'P-violation', but models of baryogenesis suggest that it is

'The 6 parameter in the QCD Lagrangian is another possible source of the C P-violation, but its value has to
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quantitatively insufficient (for a review, see [4]). This is further motivation to consider new
physics models.

3.2 New Physics Scenarios

Several scenarios have been proposed for the physics beyond the Standard Model. They intro-
duce new particles, dynamics, symmetries or even extra-dimensions at the TeV energy scale.
In the supersymmetry (SUSY) scenarios, one introduces a new symmetry between bosons and
fermions, and a number of new particles that form supersymmetric pairs with the existing Stan-
dard Model particles. The quadratic divergence of the Higgs mass term then cancels out among
superpartners (for reviews, see [5,6]. The Technicolor-type scenario assumes new strong dy-
namics (like QCD) at the TeV scale and the Higgs field is realized as a composite state of more
fundamental particles (for a recent review, see [7]). The large extra space-time dimension mod-
els [8,9] cure the problem by extending the number of spacetime dimensions beyond four (a recent
review can be found in [10]). In Little Higgs models the Higgs is a pseudo-Nambu-Goldstone
boson, and thus naturally light [11].

Flavor Changing Neutral Current (FCNC) processes, such as BY — B’ mixing and the b —
s transition, provide strong constraints on new physics models. If there is no suppression
mechanism for FCNC processes, such as the GIM mechanism in the Standard Model, the new
physics contribution can easily become too large to be consistent with the experimental data. In
fact, if one introduces a FCNC interaction as a higher dimensional operator to represent some
new physics interaction, the associated energy scale is typically of order 103 TeV, which is much
higher than the expected scale of the new physics (~ TeV). Therefore, one has to introduce
some flavor structure in new physics models.

3.3 Supersymmetric Models

Here, let us consider the supersymmetric (SUSY) model as an example of new physics models
at the TeV scale. The SUSY model is attractive not only because it solves the Higgs mass
hierarchy problem. It is also consistent with Grand Unification [12,13], i.e. the renormalization
group running of the three gauge couplings is modified by the supersymmetric partners, causing
them to intersect at the same point at AquT ~ 106 GeV.

The general SUSY models have a number of free parameters corresponding to the masses and
mixings of the superpartners for each Standard Model particle. Even in the minimal model —
the Minimal Supersymmetric Standard Model (MSSM) — the number is more than a hundred.
These mass and mixing parameters are, at least partly, governed by the soft supersymmetry
breaking mechanism, which is necessary to make the superpartners heavy enough such that
they are not detected at existing collider experiments. Therefore, to predict the mass spectrum
and flavor mixing of the SUSY particles one has to specify the details of the SUSY breaking
mechanism, which should be given at energy scales higher than the TeV scale.

The Minimal Supersymmetric Standard Model (MSSM) is a minimal supersymmetric exten-
sion of the Standard Model, containing a superpartner for each particle in the Standard Model
and two Higgs doublets. Its matter contents are written in terms of the chiral super-fields as

Qi(3,2,1/6), U;(3,1,—2/3), D;(3,1,1/3) (3.1)

be unnaturally small # < 107!° in order to be consistent with the neutron electron dipole moment experiment.
This is another problem — the strong C'P problem.
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for the left-handed (@) and right-handed (U and D) quark sector,
Li(1,2,-1/2), Ei(1,1,1) (3.2)
for the left-handed (L) and right-handed (E) lepton sector, and
Hy(1,2,-1/2), H»(1,2,1/2) (3.3)

for the Higgs fields. The representation (or charge) for the gauge group SU(3)cxSU(2), xU(1)y
is given in parentheses, and i (= 1, 2, or 3) is a generation index. Under the assumption of
R-parity conservation, which is required to avoid an unacceptably large proton decay rate, the
superpotential is written as

Wassm = faDiQ Hy + fiU.Q Hy + fE;L;Hy + pH, Ho, (3.4)
where fiy and fp are the quark Yukawa couplings. The soft supersymmetry breaking terms are

—Lsott = (mé)iﬂiqw + (m%)ijdﬁdj + (m%)ijﬂﬁﬂj + (mE) T] + (m%)zjﬁzij
+A2hI Ry + AZRShy — (Buhihs 4 hoc.)
+Agdidjh1 + Agﬂidjhg + AZLjﬁiQNth
Ms__
+—BB + —WW + 5 99 (3.5)
These consist of mass terms for scalar fields (g;, ;, di, 1;, &, hy, and hs), Higgs mixing terms,
trilinear scalar couplings, and gaugino (B W, and g) mass terms.

Flavor physics already places strong restrictions on the possible structure of the SUSY break-
ing sector, since arbitrary terms would induce many flavor violating processes which are easily
ruled out by present experimental data. Therefore, in order to comply with the requirement
of highly suppressed FCNC interactions one has to introduce some structure in the soft SUSY
breaking terms. Several scenarios have been proposed.

o Universality. The SUSY breaking terms have a universal flavor structure at a very high
energy scale, such as the Planck scale (~ 10'® GeV) or the GUT scale (~ 100 GeV).
It could also be a lower scale (~ 10*7% GeV). The universality comes from mediation
of the SUSY breaking effect by flavor-blind interactions, such as gravity (for a review of
gravity mediation see [5]), the Standard Model gauge interaction (gauge mediation [14-16]
the gaugino mediation [17-19]), or the super-Weyl anomaly (anomaly mediation [20,21]).
Since the soft SUSY breaking terms are flavor-blind, the squark masses are degenerate at
the high energy scale where those terms are generated. The GIM mechanism then works
as long as the scalar triple coupling (squark-squark-Higgs), the A term, is proportional to
the Yukawa couplings in the Standard Model. An additional flavor violating effect could
appear through the renormalization group running of the squark masses to the low energy
scale, which depends on the flavor [22]. For the gauge mediation scenario the effect on
FCNC processes is extremely suppressed, since the SUSY breaking scale is low and there
is not enough room for the running.

o Alignment. Squark and slepton mass matrices could be diagonalized (no flavor changing
interaction) in the same basis as quarks and leptons, if one assumes some symmetries
involving different generations [23,24]. Flavor violation is then suppressed and flavor
violating processes are induced by incomplete alignment.
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e Decoupling. The squarks and sleptons of the first and second generations are sufficiently
heavy, 10-100 TeV, so that flavor violation in the first and second generations is suppressed
[25-31]. In general such models predict large FCNC effects in the third generation, i.e.
the b quark and 7 lepton decays.

Signals for FCNC processes and C' P-violation largely depend on the structure of the soft SUSY
breaking terms.

The Grand Unified Theory (GUT) [12,13] is one of the motivations for introducing supersym-
metry. Besides the unification of couplings, GUTs also relate the Yukawa couplings of the quark
and lepton sectors. Since the particle content and symmetry are modified above the GUT scale,
they could generate different FCNC effects even if universal soft SUSY breaking is assumed.
GUTs also predicts some correlation between quark and lepton flavor violation processes. Such
studies have been done by several authors [32-40]

3.4 SUSY Effect on b — s Transitions

Here we discuss the possible effects of SUSY particles on b — s transitions. The b — s pro-
cesses are especially interesting, since the time-dependent C P-violation measured in B — QSKg
significantly deviates from its Standard Model expectation S¢>Kg~ =S /K [41] although the
measurement by BaBar is still consistent with the Standard Model [42]. In the Standard Model
the B — QSKg transition is induced by the b — s penguin diagram, in which there is room for
new physics effects to compete with the Standard Model contribution. Supersymmetric GUT
models also predict large effects in b — s transitions as a large mixing angle is observed in the
neutrino sector between the second and third generations.

We parametrize the effect of soft SUSY breaking terms applying the mass insertion approx-
imation (MIA) [22]. In the MIA, one adopts a basis where the fermion and sfermion mass
matrices are rotated in the same way to diagonalize the fermion mass matrix (the super-CKM
basis). In this basis, the couplings of fermions and sfermions to neutral gauginos are flavor
diagonal, leaving all the sources of flavor violation in the off-diagonal terms of the sfermion mass
matrix. These terms are denoted by (A% 5)¥, where A, B = (L, R) and ¢ = (u,d). The sfermion
propagator can then be expanded as

i0ab i(A% p)ab
k2 _ m2 (k2 _ m2)2

(@hds) = iK1 — w1 — Alp)y) ~ +o (3.6)
where 1 is the unit matrix and m is the averaged squark mass. Here we keep only the first term
of the expansion. In this way, the flavor violation in SUSY models can be parameterized in a
model independent way by the dimensionless parameters (6% 5)i; = (A% g)i;/m?, where 1 is an
average squark mass. Constraints on these parameters from presently available data have been
analyzed in [43-45] (also see [46] for a summary).

Using the MIA, the b — s8Ss transition accompanied by SUSY particles occurs through
the diagrams shown in Figure 3.1, and the B — d)Kg data provide a constraint on the mass
insertions (6% 5)23 where (A, B) = (L, R). In fact, the absolute value of (6% )23 is constrained
by the branching ratio of B — Xv as

(67 1(r))23l < 8.2, (67 pegry)2sl < 1.6 x 1072, (3.7)

for mz = 300 GeV and mg = 500 GeV [45] 2 Thus, an interesting question is whether the
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Figure 3.1: The Standard Model contribution (a) and the gluino—down squark contributions
(b)—(f) to B — ¢K2 decay. The cross represents the mass insertions (64 3)a3.

observed deviation of Syxo from S/, ko can be obtained while satisfying (3.7).
Here we parameterize the Standard Model and SUSY amplitudes as

ASM(gngv) _ |ASM|eiésM’ ASUSY(gng) _ |ASUSY|ei93USY ei5SUSY’ (3.8)

AN (oK) = [AM e, L (RG) = [A7 e itsusv eitsus,
where dgyri(susy) is the strong (C'P-conserving) phase and fsysy is the weak (C'P-violating)
phase. Then, we obtain

ASUSY ASUSY | 2

sin 2¢1 + 2 (W) cos 612 sin(fsusy + 2¢1) + (W) sin(20susy + 2¢1)

ASUSY ASUSY |\ 2 ’
142 (W) cos 12 cos Osusy + (W)

where 815 = dgum — dsugy. Let us first see how large |ASYSY JASM| needs to be in order to have
Sy KO as small as the experimental central value. Using (3.10), we plot S K9 In terms of Osusy
for different values of |ASUSY /ASM| in Figure 3.2, by fixing d12 = 0 for simplicity and using
the central value of the observed sin2¢;. We can see that the deviation of S, KO from Sy, K9
becomes maximal at around fsysy = —7/2 and |ASUSY /ASM| > (.4 is required in order to have
a negative value of S KO-

The effective Hamlltoman for the penguin process can be expressed as

6
HEP! = ——vﬂ,vts Zco +Cy04+ > Ci0; + Cy0, (3.11)
=3

In the following analysis we use |(6¢ L(rry)23| < 1 instead, as the mass insertion approximation does not
converge for > 1 and the entire analysis become unreliable.
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Figure 3.2: S, K9 including SUSY contributions (3.10) as a function of fgygy for different values

of |ASUSY /ASM|. 0.2 (dashed), 0.4 (dashed-dotted), 0.6 (dotted), 0.8 (dashed-double-dotted).
The solid line represents the central value of & TS Here we assume that the strong phase
difference between SUSY and Standard Model is neghg1ble 012 ~ 0.

with

O3 = §a’y“Lba§3'y”L85, (3.12)
Oy = §a’y“ng§ﬁ’y“Lsa, (313)
Os = 35,7"Lby3gY" Lsg, (3.14)
Os = 357" Lbgssy" Rsa, (3.15)

A

s v &
Oy = £ 3miSac™R 5() 5G4, (3.16)

where L = (1 —v5)/2 and R = (14 75)/2. The terms with a tilde are obtained from C;,
and O; 4 by exchanging L < R. The Wilson coefficient Cj(,y includes both Standard Model
and SUSY contributions. In the following analysis, we neglect the effect of the operator O, =
ge2MpSa 0" Rb F)y,, and the electroweak penguin operators, which give very small contributions.
The matrix elements are computed in the naive factorization approximation in the following®.
The SUSY amplitude ASUSY(QSK ) contains gluino and chargino contributions although the latter
is negligible. The Wilson coefficients for the gluino contributions that come from box and
penguin diagrams are computed in [43]. We note that the dominant SUSY contribution to
B — gZ)Kg comes from the chromo-magnetic operator, O, and Og.

The numerical result for the ratio of the Standard Model to SUSY amplitude for mgz ~ mg
= 500 GeV is as follows [49]

SUSY 0
W =~ (0.14 + 0.020)[(69 )23 + (6% 5)23] + (65 + 118)[(6F g)2s + (6% )2s].  (3.17)

3The matrix element of B — ¢K$ can also be computed using more recent methods: the QCD factorization
and the pQCD approach method. Application of these to analyse the SUSY effect on S¢Kg can be found in [38,47]
for the former and [48] for the latter.
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The tiny imaginary parts in (3.17) are the strong phases coming from the QCD correction terms
in the effective Wilson coefficient in [50]. We shall consider SUSY models where one mass inser-
tion is dominant, which is often the case in minimal flavour violation models. Let us start with
the models in which LL(RR) dominates and the remaining mass insertions, (6% )3, (6% )23 and
(5}% R(L L))23 are all negligible. Taking into account the constraints from the B — Xgv branching

ratio in (3.7), we obtain a maximum SUSY contribution of (|ASYSY[/|ASM]), | pgy ~ 0.14, which
can lead to only a small deviation between S K9 and Sy, K9 a8 We learned in Figure 3.2. On the
other hand, even if LR and RL dominated models are more severely constrained by B — X7,
the SUSY contribution can reach (|ASYSY/ASM|), r(rr) = 1.1, which gives a negative value of
Sy K9 for a large range of fsysy. Smaller gluino and squark masses, mg ~ mg = 300 GeV, result
in a larger SUSY contribution:

AU (9

ASM($KQ)
In this case, all LL, RR, LR and RL dominated models can lead to a negative value of S K9
We see that in order to have a significant differance between S¢Kg and Sj/yko, LL and RR
dominated models require small gluino and squark masses. Thus, some LL and RR dominated
models with large mg and mg may be excluded by measurements of S¢Kg; for instance, an
observation of S, k9 <0 would exclude mg ~ mg 2 300 GeV.

Once more precise experimental data are available and the existence of a new physics con-
tribution in S, K9 is confirmed, it will be necessary to find further evidence to prove that S, K9
indeed includes a SUSY contribution. For this purpose, we are able to benefit from other b — s
transitions, which can also be described by the mass insertion (6% 5)23. In the rest of this section,
we shall discuss the process B — 7/ Kg.

C P-violation in B — 5 K2 was first reported by the Belle collaboration in summer 2002 [51].
Averaging with the result from the BaBar collaboration reported in spring 2003 [52], we obtain
Sy K9 = 0.33£0.34. The 7' meson is known to be composed of u, dd and s5 accompanied by a

~ (0.39 + 0.074)[(67 )23 + (0% g)2s] + (110 + 18i)[(0F g)as + (0kz)2s].  (3.18)

small amount of other particles such as gluonium and ¢ etc. 4. Apart from the exotic particles,
the B — 7/ Kg process comes from the Bg — ES mixing box diagram and the penguin and tree
decay diagrams. While there are two penguin diagrams b — s5s and b — ddd, there is only one
tree diagram, which furthermore is Cabbibo suppressed. As a result, the tree contribution is
very small and estimated to be less than 1%. Thus, B — n’Kg and B — gZ)Kg are approximately
the same apart from the parity of the final states. In the following, we shall investigate whether
this parity difference can lead to the experimental observation S,xo0 <0 < S, kg < S/ K9

Let us first see the consequence of this parity difference in the SUSY contributions by com-
paring the computation of the matrix elements for B — gng and B — 1/ Kg in the case of the
b — s8s transition. In the naive factorization approximation, the amplitudes are written as a
product of Wilson coefficients, form factors and decay constants:

A(B - <Z5(77/)K) X CWilson FBHngS(n/)- (319)

The decay constants appear in the calculation by sandwiching the V' + A current, corresponding
to O; and O; contributions, respectively, between ¢(n') and the vacuum:

(0157,(1 £5)slp) = +mefee, (3.20)
_ / .
<0|3'7u(1 *)sln’) = +ifoypu (3.21)
“We do not consider contributions from exotic particles here. However, since an unexpectedly large branching
ratio is observed in the B — 7' K processes, possible large contributions from such particles have been considered.

The gluonium contributions to B — 5’ K2 including the possibility that SUSY effects also enhance the branching
ratio of B — 7K is discussed in [53].
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Figure 3.3: Possible solution for the puzzle of S, ko <0< Spyro < Sy K9 Dashed and dashed-
dotted lines are results for 5¢Kg and S, K9 respectively. Left figure is for the case that RR
and/or RL are dominant. Right figure is for the case that there are both LL (and/or LR) and
RR (and/or RL) contributions and the LL (and/or LR) amplitude is 4 times larger than RR
(and/or RL) one whereas the phase of the former is equal to the phase of the latter. For both
cases, we fix [ASUSY (¢ KD)/ASM(¢K2)| ~ 0.5.

As can be seen from (3.21), the overall sign flips for the V +A and V — A currents in the case of
n’. Thus, the contributions for S,y K9 coming from O; and O; have opposite signs. Accordingly,
the numerical results are found to be [53]

ASUSY(n/Kg)
ASM (U’Kg)
ASUSY (n/Kg)
ASM (n/Kg)

~ (0.15+ 0.030)[(67 1 )23 — (6% g)23] + (69 + 120)[(67 g)23 — (6%r)23], (3.22)

~ (0.41 +0.080)[(6 1 )23 — (0% g)23) + (115 + 204)[(6% g)2s — (0% )23 (3.23)

for mg ~ mg = 500 GeV and 300 GeV, respectively. As expected, the result is very similar to
those for B — ¢K3 in (3.17) and (3.18) except for the overall signs of the RR and RL mass
insertions. Thus, if S¢>Kg and S, K9 differ, one would need some contributions from the RR
and/or RL mass insertion.

Now we shall discuss how we could reproduce the relation Syro < 0 < Syygo < Sy/yx
as indicated by experiment. Let us first consider RR and/or RL dominated models with
ASUSY (o K9) /ASM(¢K D) =~ 0.5 e¥susy. In this case, the overall sign flips for 7/ K2, so we obtain
ASUSY (i KO) JASM (1) K§) ~ —0.5 €sus¥. The results for Sgro and Sypeo are shown in Fig-
ure 3.3 (left). In this way, S, ko and S, o may differ and we can obtain Syxo < 0 < &,/x0. How-
ever, S, K9 18 rather large compared to .5, kg To solve this problem, we need to consider mod-
els with both sizable LL (and/or LR) and RR (and/or RL) mass insertions. Let us give an ex-
ample: the amplitude of the LL (and/or LR) mass insertion is 4 times larger than the one for RR
(and/or RL) whereas their phases are equal. In this case with the same SUSY contributions to
S(PKg’ ASUSY(¢Kg)/ASM(¢Kg) ~ 0.5€iGSUSY’ we obtain ASUSY(n/Kg)/ASM(n’Kg) ~ ().3¢ifsuUsy
In this way, we are able to reproduce the pattern S, K < 0<S,y Ky < Sy K9 (see Figure 3.3
(right)).
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Figure 3.4: Feynman diagrams to generate [~ — ['’"7 in the SUSY models with conserved
R parity. €, 7, x° and Y~ represent charged slepton, sneutrino, chargino, and neutralino,
respectively.

3.5 Lepton Flavor Violation

Strictly speaking, the Standard Model already has to be modified by introducing tiny neutrino
masses, in order to incorporate the Lepton Flavor Violating (LFV) phenomena observed in the
neutrino sector. Neutrino mixing v,-v; was first discovered in atmospheric neutrino experiments
[54], and it is being further confirmed by the K2K experiment [55]. The neutrino oscillation
was also confirmed in solar neutrinos, which comes from v.-v, mixing, by both the Super-
Kamiokande [56] and SNO [57,58] experiments. More recently, the Kamland experiment pinned
down the explanation of the solar neutrino problem to the large mixing angle (LMA) solution
[59]. Thus, neutrino oscillation experiments are providing high precision measurements in the
neutrino sector. It is very interesting that the v,-v, and v,-v; mixing angles are found to be
almost maximal and the neutrino mass structure is quite different from that of the quark sector.

Now it is known that lepton-flavor symmetries are not exact in Nature. However, the mag-
nitude of LF'V processes in the charged lepton sector is not obvious. The tiny neutrino masses
do not lead to sizable LFV processes in the charged lepton sector, since the event rates are
suppressed by the fourth power of (m,/my). Thus, searches for LFV in the charged lepton
sector will probe physics beyond the Standard Model and the origin of the neutrino masses.

The 7 lepton is a member of the third generation and is the heaviest charged lepton. It can
decay into quarks and leptons in the first and second generations. This may imply that 7 lepton
physics could provide some clues to puzzles in the family structure. In fact, one naively expects
the heavier quarks and leptons to be more sensitive to the dynamics responsible for fermion
mass generation.

In the following we discuss LE'V 7 lepton decay in SUSY models, especially in the supersym-
metric seesaw mechanism and SUSY GUTSs, and other models such as extra-dimension models
and R parity violating SUSY models.

3.5.1 LFV in the Supersymmetric Models

The LFV in the SUSY extension of the Standard Model comes from the soft SUSY breaking
terms, since the supersymmetric interactions have the same flavor structure as in the Standard
Model. The soft SUSY breaking terms in lepton sector are as follows,

—L= (m%‘)z‘jéTRiéRj + (m%)Z]lNLZNLJ + {(Ae)inlé}r%ilNLj + h.c.} (3.24)
where (mJQE),] and (m?);; are mass matrices for the right-handed sleptons ég; and the left-handed
sleptons I1;(= (P, €r;)), respectively. (Ae)i; is the trilinear scalar coupling matrix.

LFV processes for charged leptons are radiative if R parity is conserved, since the SUSY
interactions must be bilinears of the SUSY fields. Thus, 7= — p~(e”)y and u~ — e~y are the
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most sensitive to the flavor structure of the soft SUSY breaking terms except for some exceptional
cases. These processes are generated by diagrams in Figure 3.4. The effective operators relevant
to I~ — '~ are flavor-violating magnetic moment operators,

el - N
H=Y —\/2? | Al To™ PRl + my AL 10" PLl'| B, + hec., (3.25)

>

where Pp,/r = (1F 75)/2, and the branching ratios are given as
Br(l~ — ') = 3847%(| A% |2 + |AY 1) Br(I= — U= vwyp). (3.26)

Here, Br(1~ — p~ (€7 )v:¥y)) = 0.17 and Br(u~ — e~ v,7.) = 1.
The coefficients in Eq. (3.25) are approximately given as

T
AR =

V2 ay tan 8 { 1 R}, (3.27)

ﬁe% tan 3

4G R 4 m%USY
V2e ay tanf 1 1 1m
Are — o ——6F 4 R sR Tl R 3.29
R AGp 4w m¥y gy | 120 we + 1900 T G my, M (3:29)

T
AT =

(on +50) TLZ] , (3.28)

V2e ay tan 3 1 t2 1 Tt?
Aue — “2 - W 5L (= YW 5L 5L
L AGp A mZy gy (35 24 % = (55 T 340 % 0re

t%v m
W TSR S 3.30
60 m'u uT T€‘| ) ( )

assuming for simplicity that all SUSY particle masses are equal to mgysy and tan 3 > 1. Here,
tw = tan Oy, where Oy is the Weinberg angle, and the mass insertion parameters are given as

o = (“ﬁ””) . G = (“@”) : (3.31)

msusy mgsysy

When both the 13 and 23 generation components of the slepton mass matrices are non-vanishing,
U~ — e~y is generated via scalar tau lepton exchange. In particular, if both the left-handed
and right-handed mixings are sizable, the branching ratio is enhanced by (m;/ mM)2 compared
to the case where only left-handed or right-handed mixing angles are non-vanishing. The off-
diagonal components in (A.);; are sub-dominant in these processes since the contribution is not
proportional to tan .

We list constraints on 67} and &}, from current experimental bounds on Br(r~ — p~(e™)y),
which are derived by the Belle experiment, and Br(u~ — e~ +) in Table 3.1. In this table, we
take tan 8 = 10 and mgysy = 100 GeV and 300 GeV. The constraints from =~ — e~y on the
slepton mixings are quite stringent. On the other hand, the current bounds on the LFV 7 lepton
decay modes independently give sizable constraints on |5£M\ and |6%|. Furthermore, while the
current constraint on \5575£e| from the LFV 7 lepton decay is weaker than that from the LFV
muon decay, improvement of the LE'V 7 lepton decay modes by about an order of magnitude
will give a bound on ](557556] competitive with that from LFV muon decay.

The flavor structure of the soft SUSY breaking terms depends on the origin of the SUSY
breaking and the physics beyond the MSSM, as discussed in Section 3.3. Even in the Universal
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Msusy |5£M |5£e |5ﬁe ‘ ’5,57' 5£e ‘ ’657' 5£e ‘
100GeV [ 2x1072[2%x102[4x10°] 1x107* | 2x10°°
(3x107%) | (7Tx1073)
300 GeV [ 2x 1071 [2x107t [4x107* | 9x107% | 2x107*
(3x1072) | (6x 1071)
movsy | L] | DRl | 168l | ORofl | Jonok

100 GeV [ 3x 1071 [3x1071[9x107*| 9x107% | 2x10°°
(1x1071) | (7x1073)
300 GeV 3 3 8x 1073 | 8x 1073 | 2x107*

9) (6 x 1071)

Table 3.1: Constraints on §}% and &% from current experimental bounds on Br(I~ — I'"v). Here,
we use the results of the LF'V tau decay search from the Belle experiment. We take tan 5 = 10
and mgyusy = 100 GeV and 300 GeV. The numbers in parentheses are derived from constraints

on |64/ and (6457,

Figure 3.5: Feynman diagrams to generate (a) 7= — p~ (e )putp~, (b) 7= — pu=(e7)n, (c)
7~ — p(e”)u~ 7y, induced by anomolous Higgs boson couplings.

scalar mass scenario, the LF'V Yukawa interaction may induce LFV slepton mass terms radia-
tively. If the heavier leptons have larger LFV Yukawa interactions, the 7 lepton is the most
sensitive to them. In the decoupling scenario, scalar 7 leptons may be much lighter than other
sleptons and have LFV interactions. Thus, the search for LF'V 7 lepton decay is important to
probe such physics. In the next section we present predictions for LFV 7 lepton decay in the
SUSY seesaw model and SUSY GUTs.

Finally, we discuss other tau LFV processes in SUSY models. In a broader parameter space,
7~ — p~ (e )y are the largest tau LF'V processes, unless they are suppressed by some accidental
cancellation or much heavier SUSY particle masses. The LFV 7 lepton decay modes to three
leptons are dominantly induced by the photon-penguin contributions, and are correlated with
T~ — p~ (e )y as follows

Br(t™ — p ete”)/Br(tT — uy) ~ 1/94, (3.32)
Br(t™ — p putu™)/Br(t™ — py) ~ 1/440, (3.33)
Br(t™ — e ete)/Br(tT —ey) ~ 1/94, (3.34)
Br(t™ — e utpT)/Br(tT — e y) =~ 1/440. (3.35)

The LFV 7 decay modes into pseudoscalar mesons tend to be smaller than those to three leptons
since the branching ratios are not proportional to tan? /3.
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When sleptons are much heavier than the weak scale, Br(t~ — p~(e7)7) is suppressed. In
this case, the modes 7= — p~ (e”)uTpu~ and 7= — pu~(e”)n induced by Higgs boson exchange
become relatively important [60]. The LFV anomalous Yukawa coupling for the Higgs bosons
is generated by radiative corrections, and it is not suppressed by powers of the slepton masses.
While these processes are suppressed by a small Yukawa coupling constant for muons or strange
quarks, they may acquire sizable branching ratios when tan 3 is large since the branching ratios
are proportional to tan® 3. When 5# is non-vanishing, the approximate formula for Br(r— —
p~ ) is given as [60,61]

oy mpmzes| oL ®
e i) = I
y sin(a — ) cosa cos(a — B) sina ? n sin? 3
MIQJO M}%O Mﬁo ’
_ tan 5\ © M 4o —4
~ 38x 1077 x |o& 2< ) ( > 3.36
10710 (oo ) \ o0 cev) (3:36)

and Br(t~ — p~n) is 8.4 times larger than Br(7~ — p~p*p™) [62]. Here, € is a function of the
SUSY particle masses. We take limits of large tan 8 and equal SUSY breaking mass parameters
in the last step in Eq. (3.36). Notice that 7= — p~ 7 also has a comparable branching ratio to
them since the Higgs loop diagram [Fig. 3.5(c)] is enhanced by the 7 lepton Yukawa coupling
constant [63]. As a result, the ratio of the branching ratios for these LF'V 7 lepton decay modes,
which are induced by the Higgs boson exchange, is Br(t~ — u™n) : Br(t~ — p~v) : Br(t™ —
poptpT)=84:1.5:1.

3.5.2 SUSY Seesaw Mechanism and SUSY GUTs

In general, in seesaw and GUT models, LFV Yukawa interactions are introduced. If the SUSY
breaking mediation scale is higher than the GUT [64-66] or the right-handed neutrino mass
scale [67-70], sizable LF'V processes are predicted as mentioned in the previous section.

The most economical way to generate the tiny neutrino masses is the seesaw mechanism. In
the seesaw model, a neutrino Yukawa coupling Y, is introduced, which is lepton-flavor violating.
In the supersymmetric extension, the off-diagonal components of the left-handed slepton mass
matrix are radiatively induced, and they are approximately given by

1 Mg
(5m%)ij = _@(3'”%2) + A%) Z(Yj)ki(yu)kj log ma (3.37)
k k

where My, are the i-th right-handed neutrino masses, and Mg is the Planck scale. Here we
assume the gravity mediation scenario, and the parameters mg and Ag are the universal scalar
mass and the universal trilinear scalar coupling. The predicted small neutrino mass matrix is

(e = 3 Tt (3.38)

k k

(3.37) has a different structure from (3.38). Thus, we may obtain independent information about
the seesaw mechanism from the charged LFV searches and the neutrino oscillation experiments.

In Figure 3.6 we show Br(t~ — u~ ) and Br(r~ — e ) in the SUSY seesaw mechanism,
assuming the gravity mediation scenario for the SUSY breaking. We fix the neutrino Yukawa
coupling using the neutrino oscillation data under assumptions for the neutrino Yukawa coupling
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Figure 3.6: Br(t~ — p~7) and Br(t~ — e ) in the SUSY seesaw mechanism, assuming the
gravity mediation scenario for the SUSY breaking. Dashed lines show the current experimental
bounds from the Belle experiment. Here, we take tan 5 = 30, the SU(2)1, gaugino mass 200 GeV,
Ap = 0, and positive Higgsino mass. We fix the neutrino Yukawa coupling by using the neutrino
oscillation data under assumptions of the neutrino Yukawa coupling.

Y., which suppresses Br(u~ — e~ 7). The experimental bounds on these 7 processes have
already excluded some of the parameter space. While a natural candidate for the largest LFV 7
lepton decay mode is 7= — p~ 7 from the atmospheric neutrino result, some model-parameters
in the seesaw model predict larger Br(7~ — e~ +) [71]. This is because (3.37) and (3.38) have
different dependences on Y, and My as mentioned above.

In GUT models, even if the neutrino Yukawa contribution is negligible, LE'V processes are
predicted. In the SU(5) SUSY GUT, the right-handed charged leptons are embedded in the
10-dimensional multiplets with the left-handed quarks and the right-handed up-type quarks.
The LFV SUSY breaking terms for the right-handed sleptons are generated by the top-quark
Yukawa coupling Y; above the GUT scale. The off-diagonal components in the right-handed
slepton mass matrix are given as

3 Mg

(6m%)ij =~ —8?(3"13 + AR Vis Vi |Yi[* log Moor

where V;; is the CKM matrix in the SUSY SU(5) GUT and Mgyt is the GUT scale.
In the minimal SU(5) SUSY GUT, in which the neutrino Yukawa coupling is negligible,
Br(r— — p~7) is smaller than 10~(9—10) " While the process is enhanced by the top-quark
Yukawa coupling, it is suppressed by the CKM matrix element and the U(1)y gauge coupling

(3.39)
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constant. Furthermore, when the right-handed sleptons have LFV mass terms, an accidental
cancellation among the diagrams tends to suppress the branching ratio. However, we notice that
the CKM matrix elements at the GUT scale may not be the same as ones extrapolated from
the low energy data. This is because the quark and lepton mass ratios are not well explained in
this model. If V39 is larger, the processes are enhanced [72,73].

3.5.3 Other Theoretical Models

In the previous subsections we discussed LFV 7 lepton decays in SUSY models assuming that R
parity is conserved. In this subsection we review some examples of other models which predict
LFV 7 lepton decays.

In extra-dimension models [8,9] the “fundamental” scale is expected to be comparable to
the weak scale, and the classical seesaw mechanism does not explain the tiny neutrino masses.
Instead, singlet neutrinos in the bulk space are introduced [74-76]. The Yukawa couplings of
the left-handed neutrinos with the bulk neutrinos are suppressed by an overlap of the wave
functions, and small Dirac neutrino masses are predicted.

In this model the loop diagrams from the Kaluza-Klein states of the bulk neutrinos generate
the LFV 7 lepton and u decay [77,78]. On the other hand, this model is constrained by
short baseline experiments and charged current universality, since the kinetic mixing term for
neutrinos is not negligible. In the minimal model, in which the unique source of LFV is the
Yukawa, coupling of the left-handed neutrinos with the bulk neutrinos, Br(t~ — p~7) < 107°
from the existing constraints, while Br(u~ — e~v) < 10~ (1~13) depending on U,z [78]. In the
non-minimal case, the constraints may be looser.

In R-parity violating SUSY models, there exist lepton flavor and baryon number non-
conserving interactions at the tree level. Proton stability gives stringent bounds on such models,
as well as other processes, such as the decays of charged leptons and B and D mesons, neutral
current processes, and FCNC processes. Since the 7 lepton is the heaviest lepton, various 7
LFV modes can be induced. These include 7= — p~u"pu~, p=ete™, pte e and 7= — p~ M,
p~ VY. Here, M° and VY are pseudoscalar and vector mesons, respectively. Comprehensive
studies of LF'V 7 lepton decay have been performed in [79].

If the masses of the right-handed neutrinos are O(1 — 10) TeV in the seesaw mechanism,
sizable LFV 7 lepton decay might be possible [80]. It is found in [81] that Br(r~ — u~7)
and Br(r~ — p~ptp~) are smaller than 1079 and 10719, respectively. It is also argued that
Br(r~ — e v) and Br(7~ — e~ ete™) can reach 1078 and 107, respectively, in various models
[81].
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Chapter 4

Sensitivity at SuperKEKB

4.1 Overview

4.1.1 Goals of sensitivity studies

As described in Chapter 1, the primary purpose of SuperKEKB is to perform a comprehensive
study of B decays governed by quark transitions induced by quantum loops, where sizable effects
from physics beyond the Standard Model are expected. If the study leads to a conclusion that
an observed pattern is inconsistent with the Standard Model expectation, we further proceed to
identify underlying flavor structure.

One of major goals of sensitivity studies is to clarify the meaning of the statement above
quantitatively. To this end, we estimate statistical, systematic and theoretical errors on key
observables at SuperKEKB. As fully explained in the acclerator part of this Letter of Intent,
the target luminosity of SuperKEKB is 5 x 103° cm™2s~!, which corresponds to an annual
integrated luminosity of 5 ab=!. Therefore we estimate expected errors at 5 ab~! to describe
what will be achieved at an early stage of the SuperKEKB experiment. We also provide errors at
50 ab~—! as ultimate measurements that can be performed at SuperKEKB. Although this looks
rather ambitious, our experience at the Belle experiment tells that an integrated luminosity that
is 10 times as large as a target annual luminosity is not a mere dream.

There are a huge number of observables that can be measured at SuperKEKB. It is not
the main purpose of our sensitivity studies to cover all of them. Instead, our strategy is to
concentrate on observables that are indispensable to reach the primary goal mentioned above.
The following points are considered to select such observables:

e A sizable deviation from a prediction of the Standard Model is expected.
e A hadronic uncertainty is negligible or very small.

e A measurement at SuperKEKB is (much) superior to others, in particular to LHCb, whose
expected physics performance is regarded as the benchmark of next-generation B physics
programs at hadron colliders.

Selected topics do not necessarily satisfy all of these criteria, but do have clear advantages over
others not covered in this chapter.

As discussed in the detector part of this Letter of Intent, at SuperKEKB we expect a back-
ground level that is about 20 times larger than what we currently observe at Belle. Our in-
vestigation leads to a conclusion that under such conditions there is a feasible detector design
that guarantees performance equivalent to the present Belle detector. Therefore, throughout our

66



studies, we assume a detector that has the same performance as the present Belle detector unless
otherwise noticed. Any possible gain from an improved detector performance is regarded as a
bonus, and our aim is to demonstrate that most of physics goals at SuperKEKB are achieved
even without any improvement in the detector performance. One important exception, however,
is B meson vertex reconstruction using the K g. Here we clearly need to introduce a larger vertex
detector to increase vertex reconstruction efficiencies. Therefore we incorporate the proposed
detector design in this case.

One of the biggest advantages of the sensitivity studies for Super-KEKB compared with those
for hadron collider experiments is that we can fully utilize information obtained by analyzing
Belle data. In particular, many of studies described in this chapter rely on Monte Carlo pseudo-
experiments (also called “toy Monte Carlo experiments”) in which PDFs are constructed from
data. A clear advantage of this approach over genuine Monte Carlo simulations (e.g. GEANT
simulation) is that background fractions and detector resolutions are more reliable. For some
topics for which pseudo-experiments are not available, however, we also use GEANT simulation
and/or FSIM, a parametric Monte Carlo simulator that requires much less CPU power than
GEANT.

In the rest of this section we overview two important analysis techniques that are used
repeatedly in our studies. One is the procedure to fit a proper-time difference distribution
for a time-dependent C'P asymmetry measurement. The other is to reconstruct one B meson
exclusively (or semi-inclusively) so as to study decays of an accompanying B meson in the
cleanest environment. This is called “full reconstruction B tagging”.

4.1.2 Time-dependent C'P asymmetries

In the decay chain Y(4S9) — B°BY — fop fiag, where one of the B mesons decays at time tcp
to a final state fop and the other decays at time ti.s to a final state fie that distinguishes
between BY and BY, the decay rate has a time dependence given by [1]

o~ 1At /70

P(AL) = {1 +q- [S sin(AmgAt) + .Acos(AmdAt)} }, (4.1)

470
where 7o is the BY lifetime, Amy is the mass difference between the two BY mass eigenstates,
At = top — tiag, and the b-flavor charge ¢ = +1 (—1) when the tagging B meson is a B (B?).
S and A are CP-violation parameters. For example, to a good approximation, the Standard
Model predicts S = —£¢ sin 2¢1, where 5 = +1(—1) corresponds to C'P-even (-odd) final states,
and A = 0 for both b — c¢¢s and b — s3s transitions.

We determine ¢ and At for each event. Charged leptons, pions, kaons, and A baryons that
are not associated with a reconstructed C'P eigenstate decay are used to identify the b-flavor of
the accompanying B meson. The tagging algorithm is described in detail elsewhere [2]. We use
two parameters, ¢ and r, to represent the tagging information. The first, ¢, is already defined
above. The parameter r is an event-by-event Monte Carlo-determined flavor-tagging dilution
parameter that ranges from r = 0 for no flavor discrimination to r = 1 for an unambiguous flavor
assignment. It is used only to sort data into six intervals of r, according to estimated flavor purity.
We determine directly from data the average wrong-tag probabilities, w; = (w;” +w;)/2 (I =
1,6), and differences between B® and B° decays, Aw; = ler — w; , where w;r(_) is the wrong-
tag probability for the B°(BY) decay in each r interval. The event fractions and wrong-tag
fractions are summarized in Table 4.1. The total effective tagging efficiency is determined to be
Coff = S8 el — 2w;)? = 0.287 4 0.005, where ¢ is the event fraction for each r interval. The
error includes both statistical and systematic uncertainties.
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l r interval € wy Awy ele i

1 0.000-0.250 0.398 0.464 +0.006 —0.011=£0.006 0.002 =+ 0.001
2 0.250 - 0.500 0.146 0.331 £0.008 +0.004 +0.010 0.017 =+ 0.002
3 0.500-0.625 0.104 0.2314+0.009 -—0.011=+0.010 0.030 =+ 0.002
4 0.625-0.750 0.122 0.163+0.008 —0.007 £ 0.009 0.055 = 0.003
5 0.750 - 0.875 0.094 0.109£0.007 +0.016 +0.009 0.057 == 0.002
6 0.875—1.000 0.136 0.02040.005 +0.003 +0.006 0.126 + 0.003

Table 4.1: The event fractions ¢, wrong-tag fractions w;, wrong-tag fraction differences Awy,
and average effective tagging efficiencies ele 6= €1(1—2w;)? for each r interval. The errors include

both statistical and systematic uncertainties. The event fractions are obtained from the J/ szg
simulation.

The vertex position for the fop decay is reconstructed using leptons from J/1 decays or
charged hadrons from 7. decays, and that for fi,s is obtained with well reconstructed tracks
that are not assigned to fop. Tracks that are consistent with coming from a Kg — ™ decay
are not used. Each vertex position is required to be consistent with the interaction region profile,
determined run-by-run, smeared in the r-¢ plane to account for the B meson decay length. With
these requirements, we are able to determine a vertex even with a single track; the fraction of
single-track vertices is about 10% for z¢p and 22% for Ztag:- The proper-time interval resolution
function Rsig(At) is formed by convolving four components: the detector resolutions for zcp
and Ztag: the shift in the Ztag Vertex position due to secondary tracks originating from charmed
particle decays, and the kinematic approximation that the B mesons are at rest in the cms [3].
A small component of broad outliers in the Az distribution, caused by mis-reconstruction, is
represented by a Gaussian function. We determine fourteen resolution parameters from the
aforementioned fit to the control samples. We find that the average At resolution is ~ 1.43 ps
(rms). The width of the outlier component is determined to be (39 & 2) ps; the fractions of the
outlier components are (2.1 +0.6) x 10~ for events with both vertices reconstructed with more
than one track, and (3.1 4 0.1) x 1072 for events with at least one single-track vertex.

We determine S and A for each mode by performing an unbinned maximum-likelihood fit to
the observed At distribution. The probability density function (PDF) expected for the signal
distribution, Psig(At; S, A, ¢, w;, Awy), is given by Eq. (4.1) incorporating the effect of incorrect
flavor assignment. The distribution is also convolved with the proper-time interval resolution
function Rsig(At), which takes into account the finite vertex resolution. We determine the
following likelihood value for each event:

po= (1-fa) [ h {fsigPsig(At’)Rsig(Ati — At)

+ (1 - fsig)Pbkg(At,)Rbkg(Ati - At,) d(At,)

+ folpol(Ati) (42)

where Py(At) is a broad Gaussian function that represents an outlier component with a small
fraction f,. The signal probability fs, depends on the r region and is calculated on an event-
by-event basis as a function of AE and My.. Pprg(At) is a PDF for background events, which
is modeled as a sum of exponential and prompt components, and is convolved with a sum of
two Gaussians Rpkg. All parameters in Py (At) and Ry, are determined by the fit to the At
distribution of a background-enhanced control sample; i.e. events away from the AE-My. signal
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region. We fix 750 and Amy at their world-average values. The only free parameters in the final
fit are S and A, which are determined by maximizing the likelihood function L = []; P;(At;; S, .A)
where the product is over all events.

4.1.3 B tagging with full reconstruction

At SuperKEKB, BB meson pairs will be produced from Y(4S) decays. To study B meson
decays that include neutrinos, photons, 7 mesons in the final states, it is useful to tag one of
the B mesons through the full reconstruction. This method has the following attractive features:

e The momentum vector and flavor of the other B meson can be identified, i.e. single B
meson beams can practically be obtained offline.

e Continuum and combinatoric BB backgrounds can be significantly reduced.

If we take advantage of these features, it will be possible to measure the B decays listed in Table
4.2. Some of these decays have more than one neutrino in the final states. Therefore, it is very
difficult to perform such studies even in the clean environment of eTe™ collider unless the full
reconstruction B tagging is applied.

Since the tagging efficiency is very low [O(0.1%)], this method has not been extensively
applied at the current B factory experiments. However, a very large B meson sample at Su-
perKEKB will make it possible to extract useful results.

Decay mode Motivation
B — X,lv Precise measurement of |V,
B —Tv Measurement of fg
B — Kvv, Dty Search for new physics
Inclusive B decays | Detailed study, model independent analysis etc.

Table 4.2: Physics topics that will be studied with the fully-reconstructed B sample.

Hadronic B Tagging

Most B meson decays are hadronic decays. However, the branching fraction of each individual
mode is less than O(1%). Therefore, we need to collect as many modes as possible to achieve a
high efficiency. In Fig. 4.1, the beam-constrained mass distribution for the main decay modes,
B — D™ (m,p,a1)”, are shown. The yields including other decay modes are also shown in
Table 4.3. With a 152 million BB sample, we already have a sample of more than 10° fully-
reconstructed B meson tags. The tagging efficiency is around 0.2 (0.1) % for charged (neutral)
B mesons with a purity around 80% [4].

If a B meson is reconstructed semi-inclusively, we can further improve the efficiency. At
BaBar, the B — D(*)(nlwingKingKgnuro)* process is reconstructed, where ny + ng < 5,
ny < 2 and ngy < 2. As a result, the higher efficiency, 0.5 (0.3) % for charged (neutral) B
mesons, is obtained. However, due to combinatoric backgrounds, the purity is only around
25 %. These samples are used for the |V,;| measurement using B — X,lv decays, where the
background can be reduced by requiring a lepton in the recoil side [5] [6].
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decay mode yield | eff. (%) | purity(%)
Charged B | B— — D®™0(x, p, a1)~ 132723 | 0.17 79

B~ — DMOpHI= 8700 0.01 60

B~ — J/YK~ 9373 0.01 96

total 150796 | 0.20 78
Neutral B | B — DW* (7, p,a;)~ 56898 0.07 85

B0 — pt)+piI- 4390 | 0.006 60

BY — (J/,v(2s),x1)Ks, J/YK* | 7275 0.01 94

total 68563 | 0.09 83

Table 4.3: Full reconstructed B events for hadronic modes with 152 million BB sample.

Semileptonic B tagging

In semileptonic B decays, we cannot use information about the B momentum vector due to
the missing neutrino. However, we still have relatively clean tagged samples. Semileptonic B
decays are dominated by B — DIlv and D*lv, with a total branching fraction of around 15%. At
Belle, these samples were used for a |V,,;| measurement with inclusive B — X, lv decays. If we
require a semileptonic decay on the recoil side, we can apply a kinematical constraint, and the B
momentum vector can be determined with a two-fold ambiguity. The background contribution
is significantly suppressed in this case. This method yields a B — D*[v efficiency of 0.3 (0.2)%
for charged (neutral) B decays [7].

It is also notable that we can utilize other B — DXIv decays as B tags in the DIlrv mode,
because the signal in the missing mass spectrum is too broad for separation. The missing mass
distribution for B~ — DOy is shown in Fig. 4.2. Tagging efficiency is estimated to be 1.7%
including the contribution from the B~ — D™y decays of around 15% [4]. Other background
is mostly combinatoric. Although the tagging quality is not good in this case, it is still useful
for the study of rare B decays with low track multiplicities in the final states. In BaBar, this
method was used to search for the B — Kvw and Tv decays [8] [9] to provide improved upper
limits.

Conclusions

In summary, the tagging efficiency will be around 0.2% for the clean hadronic B tagging and
around 1% for the semileptonic B tagging that has a lower purity. With 1 ab™! of data, there
will be 2 million clean tags and 10 million semileptonic tags. With these samples, the physics
topics listed in Table 4.2 will be studied.
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Figure 4.1: Beam-constrained mass distribution for B — D™ (7, p,ar)” with the 152 million
BB sample recorded by Belle.
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Figure 4.2: Missing mass squared distribution for B~ — D%v with a sample of 85 x 10° BB
pairs.
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4.2 New (' P-violating phase in b — sqq

4.2.1 Introduction

Despite the great success of the KM mechanism, additional C' P-violating phases are inevitable
in most theories involving new physics (NP) beyond the SM [10]. Some of them allow large
deviations from the SM predictions for B meson decays. Examples of such theories include
supersymmetric grand-unified theories with the see-saw mechanism that can accommodate large
neutrino mixing [11]. Therefore it is of fundamental importance to measure C'P asymmetries
that are sensitive to the difference between the SM and NP. Additional sources of C'P violation
are also highly desirable to understand the origin of the matter-antimatter asymmetry of the
universe; detailed studies have found no way that C'P violation in the SM alone could explain
baryogenesis [12]. Many methods to search for a new source of C'P violation in B meson decays
have been proposed up to now. One of the most promising ways is to compare the mixing-
induced C'P asymmetries in the B — qﬁKg decay [13], which is dominated by the b — sss
transition that is known to be sensitive to possible NP effects, with those in the B — J/?j)Kg
decay [14]. Ignoring a strong phase difference between the amplitude of NP (Axp) and SM
(Asm)?, we obtain

S sin 2¢1 + 2psin(2¢; + Onp) + p? sin(2¢; + 260xp)
O —_
K 1+ p? + 2pcos Onp

, (4.3)

where p = Anxp/Agswm is an amplitude ratio of NP to the SM. Since S KD = sin 2¢ is expected
in many extensions of the SM, the difference AS¢K§ = (=¢ f)S¢Kg =S/ K9 15 a gold-plated
observable to search for a new CP-violating phase.

Recent measurements by Belle [15] and BaBar [16] collaborations yield values smaller than
the SM expectation; a difference by 2.6 standard deviations is obtained when two results are
combined. The other charmless decays B® — /K2 and B — K+*K~ K2, which are mediated
by b — s5s, suu and sdd transitions, also provide additional information [15,16]. The present
world average with B? — ¢K g, nK g and KT K- K g combined is different from the average with
BY — J/¢KY and related modes by 3.1 standard deviations [17] as shown in Fig. 4.3. Possible
theoretical implications of these measurements are already discussed in Section 3.4.

In this section we describe the expected sensitivities for S(¢KY), S(n'K3) and S(KTK~KY)
based on the measurements performed with the present Belle detector. It will be crucial to
measure as many observables as possible and to check correlations among them. Therefore
we also describe several other new methods to access a new C P-violating phase in the b — s
transition.

4.2.2 B = ¢KY, /K% and K+K~K?

As mentioned in the previous section, the B® — qng decay is one of the most promising decays
in which to search for a new C'P-violating phase in b — sSs transitions. The other charmless
decays B — n/ Kg and B — KtK *Kg provide additional information. As most of the
experimental procedure for these three modes is common, we discuss them here together. Note
that the theoretical uncertainties for AS within the SM depend on the decay mode. We discuss
this issue in Section 4.2.5. Note also that the three-body decay BY — Kt K _Kg is in general a
mixture of C'P-even and C'P-odd eigenstates. The Belle collaboration finds that the KK _Kg
state is primarily {; = +1; a measurement of the {; = +1 fraction with a 140 fb~1 data set

!The formula with the strong phase is given in Section 3.4 [Eq. 3.10].
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Figure 4.3: S terms measured with decay modes governed by b — c¢s or b — s35s transitions.
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yields 1.03 £ 0.15(stat) & 0.05(syst) [15]. The uncertainty in the C'P-asymmetry parameters,
which arises from the {; = —1 component, is included in the systematic error.

We estimate the expected sensitivities at SuperKEKB by extrapolating the present experi-
mental results. Therefore we first explain Belle’s analysis with a data sample of 140 fb=1 [15].
We reconstruct B decays to qng and n’Kg final states for {; = —1, and BY — K+K_Kg de-
cays that are a mixture of £ = +1 and —1. KTK ™~ pairs that are consistent with ¢ — KTK~
decay are excluded from the B® — KTK~KY sample. We find that the K™K~ K state is
primarily {; = +1; a measurement of the {; = +1 fraction with a 140 fb~! data set yields
1.03 £ 0.15(stat) £ 0.05(syst). In the following determination of S and A, we fix {y = +1 for
this mode. The intermediate meson states are reconstructed from the following decay chains:
n — p(— 7tr)yor g — 7tan(— vy), K3 — 777, and ¢ — KTK~. Pairs of oppositely
charged tracks are used to reconstruct Kg — wt7~ decays. The w7~ vertex is required to
be displaced from the IP by a minimum transverse distance of 0.22 cm for high momentum
(> 1.5 GeV/c) candidates and 0.08 cm for those with momentum less than 1.5 GeV/c. The
direction of the pion pair momentum must agree with the direction defined by the IP and the
vertex displacement within 0.03 rad for high-momentum candidates, and within 0.1 rad for
the remaining candidates. Candidate ¢ — KTK~ decays are found by selecting pairs of op-
positely charged tracks that are not pion-like (P(K/7) > 0.1), where a kaon likelihood ratio,
P(K/m) = Lk /(Lx + L), has values between 0 (likely to be a pion) and 1 (likely to be a
kaon). The likelihood L (5 is derived from dF/dz, ACC and TOF measurements. The vertex
of the candidate charged tracks is required to be consistent with the interaction point (IP) to
suppress poorly measured tracks. In addition, candidates are required to have a KTK~ in-
variant mass that is less than 10 MeV/c? from the nominal ¢ meson mass. Since the ¢ meson
selection is effective in reducing background events, we impose only minimal kaon-identification
requirements. We use more stringent kaon-identification requirements to select non-resonant
K™K~ candidates for the B — KTK~K?2 decay. We reject K™K~ pairs that are consistent
with D — KTK~, xo0 —» KTK~, or J/9p — KTK~ decay. DT — K2K™* candidates are also
removed. To reconstruct 7’ candidates, we first require that all of the tracks have associated
SVD hits and radial impact parameters |dr| < 0.1 cm projected on the r-¢ plane. Particle
identification information from the ACC, TOF and CDC dFE/dx measurements are used to form
a likelihood ratio in order to distinguish pions from kaons with at least 2.50 separation for
laboratory momenta up to 3.5 GeV/c. Candidate photons from 7, (77;)7) decays are required
to be isolated and have E, > 50 (100) MeV from the ECL measurement. The invariant mass
of 1y, candidates is required to be between 500 MeV/c? and 570 MeV/c?. A kinematic fit
with an 7 mass constraint is performed using the fitted vertex of the 77~ tracks from the
1’ as the decay point. For 77;,7 decays, the candidate p° mesons are reconstructed from pairs
of vertex-constrained 777~ tracks with an invariant mass between 550 and 920 MeV/c?. The
' candidates are required to have a reconstructed mass from 940 to 970 MeV/c? for the -
mode and 935 to 975 MeV/c? for 77;,7 mode. Charged K* candidates are selected for the de-
cay Bt — 1/ K* based on the particle identification information. We also reconstruct events
where only one of the charged pions has associated SVD hits. In this case, the requirement
on the impact parameter is relaxed for the track without SVD hits, while a higher threshold
is imposed on the likelihood ratio. For reconstructed B — fcop candidates, we identify B me-

son decays using the energy difference AE = EE™ — Ef® and the beam-energy constrained
mass My, = \/ (Egms )2 — (p§™s)2, where EYTS is the beam energy in the cms, and EF™ and

pE™ are the cms energy and momentum of the reconstructed B candidate, respectively. The

B meson signal region is defined as |[AE| < 0.06 GeV for B® — ¢K9, |AE| < 0.04 GeV for
BY - KTK~KY, |AE| < 0.06 GeV for B® — 1/(— py)K2, or —0.10 GeV < AFE < 0.08 GeV
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Mode §f Nsig  Purity Statistical error

S A
PKY -1 2400 0.64  0.074 0.051
KYK~K§ +1(100%) 7100 0.55  0.040 0.028
n K ~1 8700 0.58  0.042 0.028

Table 4.4: Expected numbers of B® — fop signal events, Nsig, and estimated signal purities in
the AE-My, signal region for each fcp mode at 5 ab™!.

for B — n/(— 7Tn n)K3, and 5.27 GeV/c?> < My, < 5.29 GeV/c? for all decays. In order
to suppress background from the ete™ — w@, dd, s3, or c¢ continuum, we form signal and
background likelihood functions, £g and Lpg, from a set of variables that characterize the event
topology, and impose thresholds on the likelihood ratio Lg/(Ls + Lpg). The threshold value
depends both on the decay mode and on the flavor-tagging quality.

The vertex reconstruction, flavor tagging and the unbinned maximum likelihood fit to the
At distributions are the same as those described for the sin 2¢; measurement (Section 4.6) with
B — J /ng decays. By using the identical procedure for both cases, we can reduce the
systematic uncertainties in the differences AS, K9 = Sy K9~ Sy/pKr0 ete.

After flavor tagging and vertex reconstruction, we expect the signal yields and the purities
listed in Table 4.4. Figure 4.4 shows the My, distributions for the reconstructed B candidates
that have AFE values within the signal region. Unbinned maximum likelihood fits yield expected
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Figure 4.4: Beam-constrained mass (M) distributions for (left) B — ¢K3, (middle) B® —
KTK~K?, and (right) B® — n/KQ decays within the AFE signal region expected at 5 ab~1.
Solid curves show results of fits to signal plus background distributions, and dashed curves show
the background contributions.

statistical errors on S and A shown also in Table 4.4. It is seen that errors are rather small even
for these rare B decays. Hence systematic uncertainties become crucial.

Major sources of the systematic uncertainties on S and A are common to those for B® —
J/ng, which will be described in Section 4.6. For the K+K_Kg mode, the C'P-even fraction
is expected to be determined more precisely as the integrated luminosity increases. Therefore
we assume that the systematic uncertainty due to the uncertainty in the C'P-even fraction
is reducible; e.g. it is proportional to 1/v/Lis. An additional systematic error for B —
d)Kg arises from the B? — fng and KTK _Kg backgrounds. These background fractions
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Mode 5ab~! 50 ab—!
AS AA AS AA
c;SKg 0.079 0.055 | 0.031 0.024
K+K_Kg 0.056 0.036 | 0.026 0.020
n’Kg 0.049 0.035 | 0.024 0.019

Table 4.5: Expected total errors on AS and AA at 5 ab™! and 50 ab™".

are estimated at 140 fb~! from the KK~ invariant mass distribution to be 1.67{2% and
7.2 £ 1.7%, respectively. We assume that the errors on these fractions will be reduced as the
integrated luminosity increases. We also assume that the C'P-violating parameters for these
decays are also determined experimentally with errors that will also decrease as the integrated
luminosity increases. Therefore, the systematic errors on S and A due to these backgrounds are
also assumed to be reducible.

Some of the systematic errors cancel when we calculate AA or AS. For example, the effect of
the tag-side interference cancels in AA SKY and AS,, K since it causes a bias in the same direction
for S, Ko and S/ K¢ Measurements. On the other hand a special care on the systematic bias
from the tag-side inferference needs to be taken for AApt - K9 In this case, the effect does
not cancel because the bias has the opposite sign to each other. We use information from
BY — J/¢KY decays to reduce this uncertainty on AA g+ j— KO-

Figure 4.5 shows the resulting total errors on AS and AA as a function of integrated lumi-
nosity. Table 4.5 also shows the corresponding values at 5 ab™! and 50 ab—!.

Based on the above estimates, we perform Feldman-Cousins analyses to obtain 50 discovery
regions at 5 ab™! and at 50 ab™! in the 2-dimensional plane of A and S. Results are shown
in Fig. 4.6. At SuperKEKB, even a small deviation of AS ~ 0.1 can be established with a
50 significance as far as the statistical and systematic errors are concerned. Therefore it is
important to understand levels of theoretical uncertainties within the SM very well. This issue
will be discussed in Section 4.2.5.

4.2.3 B — KYKYKY and K

In this section we discuss the feasibility of time-dependent C'P asymmetry measurements using
only a Kg and a constraint from the interaction point to determine the B decay vertices. In
particular, we consider B — KgKgKg and 7T0Kg~ decays as the most promising modes in
this class of decays to study a new CP-violating phase in b — s transitions. Recently, the
BaBar collaboration has succeeded in measuring the B decay vertex in B® — K27Y [18]. The
possibility of obtaining B vertex information from Kg mesons makes time-dependent analyses
of these decays feasible.

B° — KOKYKY

Recently it was pointed out [19] that in decays of the type B® — P°QYX?, where P°, Q" and
X0 represent any C'P eigenstate spin-0 neutral particles, the final state is a C'P eigenstate. First
we give a brief proof of this statement. In what follows, L denotes the angular momentum of
the PYQV system, and L’ denotes the angular momentum of X° relative to the P°Q" system.
By conservation of angular momentum in the decay B® — P°QYX?, we obtain

JBO == L+L,+SPO+SQO+S)(O (44)
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Figure 4.6: 50 confidence regions for A and S in (left) B — ¢K2, (middle) B® — Kt*K~ K}
and (right)B°? — n’Kg decays at 5 ab~! and 50 ab~!. Input values are S = 0.73 and A = 0.

0 = L+1L, (4.5)

since the neutral B meson is a spin-0 particle, as are P, Q% and X°. In the above equations, J, L
and S represent the total, orbital and intrinsic angular momentum, respectively (and elsewhere
J, L and S represent their magnitudes). Therefore, the angular momentum between the P°Q°
system and X° (L") must be equal to L, and we can write down the C'P of the P’ PO X0 system:

/

CP(P'Q"x") = CP(P°)xCP(Q°) x CP(X°) x (1) x (-1)* (4.6)
= P (P°) xCP(Q") x CP (X°). (4.7)

Thus there are many three-body B decays that can be used in time-dependent C'P asymme-
try measurements without any angular analysis. In particular, the decay B? — KgKgKg is
promissing. In terms of phenomenology, it has an advantage over B? — KTK _Kg, since the
latter includes a contribution from the b — wu tree diagram, which has a different weak phase.
Although this contribution (“tree pollution”) is expected to be small as will be discussed in
Section 4.2.5, it might be an issue at SuperKEKB. In the case of B — KJK3K2, however,
there is no u quark in the final state. The b — suu tree diagram followed by rescattering into
sdd or s5s is OZI-suppressed. Therefore these are almost pure penguin decays. There can be
contributions from both b — s3s with additional dd production, and b — sdd with additional
$3 production, but these diagrams have the same weak phase. Any new physics contribution
expected in the BY — QSKg decay can also affect B — KgKgKg, and in the absence of new
physics it should exhibit the same C'P violating effects as J/ ng.

Turning to experimental considerations, we note that this mode has been observed at
Belle [20]. From 78 fb~! of data recorded on the Y (4S) resonance, 12.2752 signal events are
found. From Fig. 4.7 (left), we can count the number of candidates in the region —0.1 GeV <
AFE < 0.1 GeV, to estimate the signal purity. There are 21 candidates in this region giving
a purity of ~0.6, which is approximately the same purity as 7’ Kg. The efficiency to recon-
struct a Kg vertex reflects the probability for the Kg to decay inside the vertex detector, and
so depends on the Kg momentum and on the size of the vertex detector. In a three body
BY — KgKgKg decay, at least one Kg must have fairly low momentum in the B° rest frame.
Therefore, we expect a high vertex efficiency for B® — KgKgKg, if the vertex efficiency for
BY — KYr% (where the K2 has high momentum) is moderate. In the time-dependent analysis
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of B — K270 by the BaBar collaboration, a vertex efficiency of 65% is obtained [18]. Since
the size of SuperKEKB vertex detector is comparable to the BaBar SVT, we expect that vertex
efficiencies for B — KgKgKg of close to 100% may be obtained. Using these assumptions, we
estimate the statistical error on S K9 KOKY ) to be

_ —1

BY — n°KY,

The authors in Ref. [21] claim that Kg7¥ is one of the gold-plated modes to study a new CP-
violating phase in the b — s transition. As mentioned before, the BaBar group recently showed
a preliminary result on the time-dependent C'P asymmetries in this decay, demonstrating the
feasibility of measuring the B meson decay point using only a Kg and the interaction point
constraint.

Belle’s result based on 78 fb~! of data is shown in Fig. 4.7 (right). The signal yield is 72.6 &
14.0. Since this estimation includes the tail region in the AFE distribution where rare B decay
backgrounds are not negligible, a more stringent selection is necessary for the time-dependent
CP asymmetry measurements. Using |[AFE| < 0.1 GeV and assuming a vertex reconstruction
efficiency of 50%, the signal yield with reconstructed vertices at 5 ab™! is ~1900 for a purity of
0.46. Based on these numbers, we obtain

3800 = 0.10 (at 5 ab™")

0S 0 = 0.03 (at 50 ab™1). (4.9)

4.2.4 B* - ¢pXE

In this section we discuss a new method to study direct C'P violation that arises from a new
C P-violating phase in BT — ¢¢XF decays [23]. Here X represents a final state with a specific
strange flavor such as K* or K**. These non-resonant direct decay amplitudes are dominated
by the b — s5s8s transition. A contribution from the b — wus transition followed by rescattering
into sss is expected to be below 1% because of CKM suppression and the OZI rule [23]. In these
decays, when the invariant mass of the ¢¢ system is within the 7. resonance region, they interfere
with the B¥ — n.(— ¢¢)X+ decay that is dominated by the b — cés transition. The decay
width of 7. is sufficiently large [24,25] to provide a sizable interference. Within the SM, this
interference does not cause sizable direct C'P violation because there is no weak phase difference
between the b — s5s5s and the b — ccs transitions. On the other hand, a NP contribution with
a new C'P-violating phase can create a large weak phase difference. Thus large C'P asymmetries
can appear only from NP amplitudes, and an observation of direct C'P violation in these decays
is an unambiguous manifestation of physics beyond the SM. Although the same argument so
far is applicable to the BT — ¢XF decays, there is no guaranteed strong phase difference that
is calculable reliably for these decays. In contrast, the Breit-Wigner resonance provides the
maximal strong phase difference in the case of B¥ — (¢D) mem, X + decays. Since present
experimental knowledge of the decay rate for b — sss is still limited, a large C P asymmetry up
to 0.4 is allowed.

The Belle Collaboration recently announced evidence for B — ¢¢K decays [26]. The signal
purity is close to 100% when the ¢¢ invariant mass is within the 7. mass region. Belle [25] has
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Figure 4.7: (left) Observation of B® — K2K2KY [20]. From 78 fb~! of data recorded on
the T(4S5) resonance, a signal yield of 12.2f§g is obtained, leading to a branching fraction of

B(B° — KYKYKY) = (4.2ﬂ;§ 10.8) x 1076, (right) Observation of B® — K9r° [22]. From
78 th ™! of data recorded on the Y (4S5) resonance, a signal yield of 72.6414.0 is obtained, leading
to a branching fraction of B (B? — KK%K?) = (11.74+2.3%3) x 1076.
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also reported the first observation of the B® — n.K*Y decay. This implies that other modes
such as BT — n.K** will also be seen with a similar branching fraction, so that we will be able
to study semi-inclusive B¥ — n.XF transitions experimentally. The semi-inclusive branching
fraction of B* — ncth is not yet measured, but is expected to be comparable to the branching
fraction of the semi-inclusive decay B* — J/9XF [27].

We have performed Monte Carlo simulation for the BT — ¢¢K* decay and estimated
statistical errors on the C'P asymmetry parameter. The procedure and the fit parameters are the
same as those described in Ref. [23]. The reconstruction efficiency and the ¢¢ mass resolution
are estimated using a GEANT-based detector simulator for the present Belle detector [30].
We perform an unbinned maximum-likelihood fit to the differential decay rate distribution.
Figure. 4.8 shows the 50 search regions at 5 ab™! (dotted line) and at 50 ab™! (solid line),
where 72 is the ratio between the NP amplitude and the SM amplitude, and Oxp is the CP-
violating phase from NP. Direct C'P violation can be observed in a large parameter space with
significance above 50.
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Figure 4.8: Expected sensitivities on direct C'P violation in the B¥ — ¢¢K* decay at 5 ab™!
(dotted line) and at 50 ab~! (solid line). In the regions above the curves, direct C'P violation
can be measured with a 5o significance or larger.

Figure. 4.9 shows the expected significance of the new phase Oxp at 5 ab~! for B¥ — ¢pp K+
decay (r? = 0.5) and for time-dependent C'P violation in the B® — ¢ K9 decay (|Axp/Asm|? =
0.5). The significance for AS, K9 depends on the sign of ©Onp, which is not the case for the
Bt — ¢pK™* decay. The sign dependence arises from an asymmetric range for AS¢Kg; to a
good approximation, we have —1—sin 2¢; < AS < 1—sin 2¢; where sin 2¢; = +0.7361+0.049 [17].
Therefore the B¥ — ¢¢K* decay plays a unique role in searching for a new C'P-violating phase.

Experimental sensitivities can be improved by adding more final states. The technique
to reconstruct X, which has been successfully adopted for the measurements of semi-inclusive
B — X ¢ transitions [31], can be used for this purpose. Flavor-specific neutral B meson decays,
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Figure 4.9: Expected statistical significance of deviations from the SM for direct C'P violation
in the BT — ¢¢K* decay with 2 = 0.5 (solid line) and for time-dependent C'P violation in the
B — gb[lfg decay with |Axp/Asm|? = 0.5 (dashed line). For each case, significance is calculated
at 5 ab™".

such as B — ¢ppK*O(— K*77), and other charmonia such as the y. — ¢¢ decay can also be
included.

4.2.5 Discussion

As is shown in the previous sections, statistical errors in new phase measurements can be at
the few percent level at SuperKEKB. Figure 4.10 shows an example of a fit to events in a MC
pseudo-experiment for the B? — qng and J /1/1Kg decays at 5 ab™!, where the input value
of S(¢K3) = +0.24 is chosen to be the world average value of the S term for B® — ¢KY,
n Kg and KTK _Kg. This level of large deviation can easily be observed only with a single
decay channel B — qﬁKg at SuperKEKB. Combining all the available modes described in the
previous sections allows us to measure a deviation of ~ 0.1. At this level, even the SM may be
able to create non-zero values of AS. Therefore it is important to evaluate AS within the SM.
Grossmann, Isidori and Worah [32] analyzed the possible pollution in the B® — ¢K?2 decay,
which comes from the b — wuus transition that contains V,;. They estimate that the pollution
is at most O(A?) ~ 5%. In addition, they claim that the upper limit of the pollution will be
set experimentally from the ratios of branching fractions B(BT — ¢nt)/B(B? — ¢Kg) and
B(BT — K*K*)/B(B° — ¢Kg). This is due to the fact that enhancement of b — uws should
also be detected in these modes. Therefore they conclude that new physics is guaranteed if
|AS(¢K2)| > 0.05 is established.

For the B® — n/KY decay, London and Soni [33] discussed the tree (b — wws) pollution by
evaluating T'(n'Kg)/P(nf'Kg) = T(nWKg)/T(x7n~) x T(x+t7n~)/P(n'Kg), and concluded that
manifestation of new physics is established if |[AS(7’K2)| > 0.1 is observed.
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Figure 4.10: Raw asymmetries for BY — gng and B? — J/@Z)Kg at 5 ab™!. Input values are
quKg = 40.24 and A¢Kg = 40.07, which are the HFAG average for the b — s transition as of

LP03 [17].
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The above studies aim at providing estimates of the possible deviation within the SM based
on some models of QCD. A different approach has recently been proposed by Y. Grossman,
Z. Ligeti, Y. Nir and H. Quinn [34]. They do not rely on specific QCD models but instead
use SU(3) relations to estimate or bound the contributions to these amplitudes proportional to
V.5 Vus, which induce a non-zero S value within the SM. At present, the power of the method
is limited by the uncertainties on branching fractions of charmless two-body decays. As a
result, they conclude that AS(¢K?2) < 0.25, AS(KTK~KY2) ~ 0.13 and AS(n’KY) < 0.36.
As data improve, these bounds could become significantly stronger. Taking these theoretical
considerations into account, we conclude that SuperKEKB can provide precision measurements
of AS up to the limit of hadronic uncertainties, which will be a few percent level.
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4.3 b—syand b— slT(

4.3.1 Introduction

In this section, we discuss the radiative and electroweak processes b — s(d)y and b — s(d)¢t¢~.
The corresponding exclusive decays are B — K*(p)y and B — K (*)¢+¢=. Due to the GIM
mechanism, the radiative process b — s starts at one-loop order, but still has a large branching
fraction because of the non-decoupling effect of the top quark loop and the large CKM factor
VisVis. The other processes, b — sfT¢~ and b — dvy are suppressed with respect to b — s
by two orders of magnitude mainly due to additional aep and |Vig/ ‘/}5]2 factors, respectively;
b — d¢t¢~ is suppressed by four orders of magnitude due to both of them. These decay
processes are sensitive to new physics effects that are predicted in extensions to the Standard
Model. Moreover, new physics effects from flavor changing neutral interaction contribute to
b — s(d)y and to b — s(d)¢T¢~ in a different way. Typically in the former case new physics
effects always appear at one-loop or higher orders, while in the latter process new physics effects
may arise at tree-level, i.e., violations of the GIM mechanism. Therefore, even if no new physics
effect is found in b — sv, there could be a significant effect in b — s(d)¢¢~.

The b — s7v process was first observed by CLEO a decade ago and has been extensively
studied since then. The b — s¢T¢~ process has recently been measured by the B factories.
The measured branching fractions are consistent with Standard Model predictions. No b — dv
process has been measured yet, but it is expected to be observed sooner or later. With one or two
orders of magnitude more B decay data, it will become possible to measure various distributions
and asymmetries accurately enough to observe possible deviations from the Standard Model, in
addition to significant improvements in branching fraction measurements. Various properties
of b — d transitions can also be measured. These measurements will be essential in order to
understand the parity, chirality and Lorentz structures that may differ from the Standard Model,
before, and especially after the discovery of new physics beyond the Standard Model, elsewhere
if not in these decays.

The major targets of Super-KEKB for these decays are as follows.

1. Precision test of the Standard Model with improved accuracy,

2. Search for a deviation from the Standard Model in various distributions, e.g. in the
forward-backward asymmetry of B — K*{T(~,

3. Search for a lepton flavor dependence of b — sfT¢~,
4. Measurement of mixing induced CP asymmetry in b — s,
5. Search for direct CP violation in B — K*v, and

6. Study of flavor changing transitions in the b — d sector, i.e. B — pvy, and hopefully an
exclusive b — d¢T ¢~ processes such as B — mft/(~.

Both exclusive and inclusive modes are useful to test the strong interation in weak decays.
In the past decade, perturbative QCD corrections to the radiative and electroweak B decays
were computed beyond the leading order which leads to the predictions with higher accuracy
[35]. The theoretical errors from this part are reduced to a few percent level coming from
the renormalization point dependence and charm quark mass uncertainty. To include non-
perturbative effects for inclusive decays, we may apply the heavy quark expansion. The photon
energy spectrum dI'/dE., in b — s is sensitive to the non-pertubative effects, e.g. Fermi-motion
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effects which are encoded in the structure function of B mesons. Such non-perturbative effects
can be determined by measuring the moments of the photon energy spectrum. Because the
structure function is process independent, we can apply the one determined in b — s7v to other
inclusive modes such as B — X /T¢~ [36]. As for the exclusive processes, there remain large
uncertainties from the form factors of the hadronic matrix elements; these form factors have
usually been calculated using QCD sum rules, for which no clear idea on how to reduce their
errors is available. The situation might improve by using a new approach with lattice QCD. It is
usually thought that a large fraction of uncertainty is canceled by measuring ratio or asymmetry
of two decay rates. Experimental information is essential to check the various theoretical models,
to evaluate the size of the errors especially for cases where the uncertainty are thought to cancel.

Factorization, pertubative QCD (PQCD), light-front QCD, lattice QCD and other models
predictions for exclusive rare B decays can be compared with the experimental data. This
certainly improves understanding of the weak decays of B mesons. Interestingly, a complete
understanding of the long-distance effects in B — X,¢T¢~ is not available yet. This effect comes
from the the decay chains B — J/¢ (') Xs — £T¢~ X, [37]. By measuring the dilepton mass
squared distribution near the charmonuum resonances, we may study the long-diatance effects
experimentally.

In order to search for or constrain so many predictions from extensions to the Standard
Model described above, a model independent study is a useful approach. New physics effects may
appear as modification to the short-distance couplings, which can be expressed as modifications
to the Wilson coefficients. The b — s transition is sensitive to the coefficient C7 for the bsy
coupling and to a lesser extent to Cg for the bsg coupling through higher order corrections; the
b — s¢T¢~ transition is sensitive to Cy and C1q for the vector and axial-vector bs¢™ ¢~ coupling
in addition.

One can further generalize this approach [38,39]. New physics effects that may affect b — s
can be parametrized by four types of interactions, which include two types of b — sg interactions
and two types of b — s+ transitions. In addition to these, there are four fermi-interactions with
the form of the bilinear products of bs and ¢t¢~. They can be parametrized by 12 types of
interactions in B — X ¢T¢~ [38]. With the data at Super-KEKB, we can improve the situation
and may pinpoint the new physics effect in a model independent way, which covers a wider class
of models than the present analysis.

Among the various interesting aspects of these decay channels, we select the following chan-
nels as benchmark modes that will be tested with Super-KEKB. They are: the B — Xy
inclusive branching fraction, the forward-backward asymmetry of B — K*¢*¢~, the ratio of
B — Kuptpu~ to B — Ke'e™, the mixing induced CP asymmetry in B — K*~, and the direct
CP asymmetry in B — X 7.

4.3.2 B — X, v branching fraction

The excellent agreement of the measured B — Xy branching fraction with the theory predic-
tion, within about 10% accuracy both for the measurement and theory, has constrained various
new physics scenarios; for example, the charged Higgs constructively interferes with the SM
amplitude, and its mass must be above 3.5 TeV if no other new physics contribution cancels
the enhancement. It is not expected to be easy to reduce neither the measurement or theory
errors, and therefore probably one can not expect to measure a significant deviation in the near
future. Nevertheless, improved measurements of B — Xy are extremely important to fix the
magnitude of the Wilson coefficient C'7 and the photon energy spectrum for other measurements.

The theory error, which is now determined by the accuracy of the next-to-leading-order
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corrections, is expected to be reduced down to 5% when all next-to-next-to-leading-order cor-
rections are included. The work is on-going, and is expected to be completed within a few
years.

There have been two techniques to measure B — X v: a fully inclusive method just to tag
the photon in which the background subtraction is the main issue, and a method of summing
up exclusive modes, in which the extrapolation to the un-measured modes is the key issue. The
former method has several options, to clean up the events by either requiring a lepton-tag or a
full-reconstruction tag for the other side B, if it is not statistically limited. The latter method
gives more constraints, but is seriously affected by the hadronization model uncertainty that
makes it unsuitable for a precision measurement.

The measurements are currently systematics limited, with a minimum photon energy re-
quirement typically at 2.0 GeV. One can in principle reduce the systematic error below 5% by
reducing the minimum photon energy close to 1.5 GeV. This is not a straightforward task, since
the background increases rapidly in the lower photon energy range while the signal decreases,
as shown in Fig. 4.11. Typically, twice as much data is required to decrease the minimum
photon energy by 0.1 GeV while keeping the same statistical error. Therefore, B — X v is a
suitable measurement at SuperKEKB; scaling from the currently available results, about 5 ab™*
on- plus 0.5 ab™! off-resonance data will be needed to decrease the photon energy requirement
down to 1.5 GeV and to reduce the statistical error by half at the same time, so that the total
error becomes around 5%. The dominant background is from continuum background, which can
be reliably subtracted using an off-resonance sample. The second largest background is from
B — 7°X (and nX), which can be also subtracted using a photon energy spectrum inferred
from the measured 70 momentum distribution. The problematic part will be the background
from neutral hadrons (K9, n and anti-n), for which control samples of eTe™ — ¢y, ¢ — KgKg

and inclusive A (A) tagged events have to be studied.

4.3.3 B — K*{™{~ forward-backward asymmetry
The forward-backward asymmetry in B — K*/T/~, defined as

N(q% Ope+ > Opp-) — N(¢% Opp+ < Opp-)

Arn(q?) =
FB(q ) N(qQ; QBE'*‘ > QBE_) +N(q2; 035-&- < QBE_)

is an ideal quantity to disentangle the Wilson coefficients Cy, C1g together with the sign of C7.

In a SUSY scenario, the sign of the b — sy amplitude (C7) can be opposite to the Standard
Model prediction, while the transition rate may be the same as in the Standard Model. This
case can be discriminated by measuring the forward-backward asymmetry of B — X /T¢~
or B — K*¢*¢~. Within the Standard Model, there is a zero crossing point of the forward-
backward asymmetry in the low dilepton invariant mass region, while the crossing point may
disappear in some SUSY scenarios. Another important new physics effect can be searched for
by using the B — K*{*{~ forward-backward asymmetry. In a model with SU(2) singlet down
type quarks, tree-level Z flavor-changing-neutral-currents are induced. In this case, the axial-
vector coupling (C1p) to the dilepton is affected more than the vector coupling (Cy). Because
the forward-backward asymmetry is proportional to the axial vector coupling, the sign of the
asymmetry can be opposite to the Standard Model. The same new physics effect is also effective
for B® — ¢KQ where anomalous mixing induced CP violation may have been observed. A
correlation is expected between b — s¢T¢~ and b — s3s.

The forward-backward asymmetry is roughly proportional to C19(2C7 + Cy8). In the SM,
C7 is about —0.3 and Cy is about 4, so this function crosses zero around § ~ 0.15, or ¢*> ~
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Figure 4.11: Photon energy spectrum (MC) for 140 fb~1.
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Figure 4.12: Forward-backward asymmetry in B — K*¢t/~ at 5 ab™ ! (left) and 50 ab™ ! (right).

3.5 GeV/cQ. Fig. 4.12 shows the expected Arp at 5 and 50 ab~!. It can be seen that this
crossing pattern of the forward-backward asymmetry will be already visible at 5 ab™!, and is
clearly observed at 50 ab™!. The fitted curves in Fig. 4.12 are empirical functional forms that
are proportional to C19(2C7 + Cy$). From these fits, it is possible to disentangle C1o and Cy, if
the size of Cy is fixed using b — sv. From a fit to the 50 ab~! sample, we obtained 6Cy = 0.43
and 6C19 = 0.59, or roughly 10% and 14% errors, respectively. The uncertainty due to C7 is
small. It has to be noted that a more realistic fitting function that includes all next-to-next-to-
leading order corrections and form factors is needed. The result will be improved by combining
it with a B — X ¢T¢~ branching fraction measurement and ¢ fit results, which is only possible
at ete™ B-factories.

4.3.4 B — Ku'tu~ versus B — Kete™

Branching fractions for the exclusive decays B — K®)¢+¢~ have already been measured to be
consistent with SM predictions. The measurement error is already smaller than that for the
theory. Theory predictions suffer from large model dependent and irreducible uncertainties in
the form-factors of at least +£30%, and the currently available predictions vary by a factor of
two or more. However, one can still utilize the measurements in such a way as to cancel the
theory uncertainties.

In new physics models with different Higgs sector from that the Standard Model, scalar and
pseudo-scalar type of interactions may arise in b — s¢7¢~. Depending on the lepton flavor £ = ¢
and £ = p, the new physics effects can differ. By measuring Ry = B(B — K®utu~)/B(B —
K (*)e+e_), such new physics effects can be searched for. A particular example can be found in
a minimal supergravity model [39,40].

In the SM, the branching fractions for B — Kete™ and B — Ku™pu~ are predicted to be
equal except for a tiny phase space difference due to the lepton masses. For B — K*¢*/¢~ modes,
the branching fraction for B — K*eTe™ is larger than B — K*u* ™ for small dilepton masses,
due to a larger interference contribution from B — K*vyin B — K*eTe™. However, this situation
may be modified in the models mentioned above, in which a neutral SUSY Higgs contribution
can significantly enhance only the B — K®) 1~ channel if tan 3 is large. Therefore, the ratio
Rx =B(B — Kutu~)/B(B — Kete™) is an observable that is sensitive to new physics if it is
larger than unity.

From current Belle results on the branching fractions, we obtain Rx = 1.0+0.4 or Rg < 1.7
(90% CL). The error on Ry is currently dominated by the statistical error, and the error will
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Figure 4.13: BY — K*0v, K*0 — K270 signal with 78 fb~! (left) and the radial K9 decay vertex
distribution (right).

simply scale with the luminosity even at 50 ab~!. The expected error is

SRy = 0.07 (at 5 ab™ 1)

SRy = 0.02 (at 50 ab™). (4.10)

The systematic error in the ratio is dominated by the error on the lepton identification efficiency,
which will still be much smaller than the statistical error even at 50 ab™!.

Since the b — s/~ transition diagram is equivalent with B, — u™p~, there already is
a bound from the CDF’s limit, which corresponds to Rx < 1.6. However, this limit is model
dependent unless By — ete™ is observed, which is very unlikely.

4.3.5 Mixing induced CP asymmetry in B — K*vy

Mixing induced CP asymmetry in b — sv is a good window to study the new phase that may
also be observed in the hadronic transition b — sss. The CP asymmetry parameter Sg+, is
expected to be O(ms/my) in the SM within an error of a few percent, and any deviation would
be a sign of new physics.

For example, the existance of neutrino mass suggests that left-right symmetry is restored
at higher energy, while parity is spontaneously broken at low energy. In left-right symmetric
models, the helicity of the photon from b — sy can be a mixed state of two possible photon
helicities, while the left-handed photon is dominant in the Standard Model. This case can
be tested by using the mixing induced CP asymmetry in b — sv. It can also be checked by
measuring the azumuthal angle distribution of B — K*¢t¢~ [41].

In order to measure the mixing induced CP asymmetry, a suitable CP final state is needed.
The final state B — K*v, K*0 — ngﬂ’o is such a CP eigenstate, and the technique for
the sin 2¢; measurement is applicable. This mode was previously considered to be technically
challenging due to the detached K2 decay vertex; however, it is now found to be feasible from
recent studies of B — ngo, if one requires hits for the Kg — T~ tracks in the silicon vertex
detector.

Although the branching fraction for B® — K*9 is rather high (~ 4 x 107?), the number of
events in the K27 v final state is rather limited due to its small sub-decay branching fraction
and low efficiency. The signal is clearly observed already at 78 fb~! as shown in Fig. 4.13-a.

The efficiency for the current data is about 1%. Assuming that the efficiency is unchanged
for SuperKEKB, one expect about 2 x 10% (2 x 10*) events at 5 (50) ab~!. The useful events
with at least two hits in the current SVD must have the decay vertex within about 5 cm radius,

90



which corresponds to half of the total, as shown in Fig. 4.13-b. This will increase to about 70%
for a SVD radius of 9 cm. Using the result of B — n/KY, which has a similar signal-to-noise
ratio, and a better At resolution that would be compensated by the expected better SVD for
SuperKEKB, the anticipated error of the S term is

68Ky =0.14 (at 5 ab™!)

68Ky = 0.04 (at 50 ab™1). (4.11)

There are other exclusive decay channels for the mixing induced CP asymmetry study that
have no difficulty in the vertex reconstruction. One possible channel is BY — K2¢vy for which
a 3o signal is already obsreved (50 signal is observed for the corresponding charged decay
Bt — K'¢y). Since Kgqﬁfy is not a CP eigenstate, one has to perform an angular analysis.
From past experience with B — J/¢K*?, we obtained an error of 0.63 with 89 events. At 5
(50) ab™!, we expect 150 (1500) K3¢y events that will lead to an error of 0.5 (0.15) in the
S term, and it therefore becomes interesting with 50 ab~! or more. The other possibility is
to use higher resonances, namely B — K;(1270)%y, K;(1270) — K2p°. However, this is now
considered to be difficult, because these modes have not been observed yet and one has to
disentangle them from K7j(1270) — K*T7~ that has the same K277~ final state.

4.3.6 B — X,y direct CP asymmetry

The direct CP asymmetry for B — X,y is one of the most precisely calculated quantities to
which is not matched by the experimental sensitivity. The predicted SM CP asymmetry is
Acp = 0.0042 090917 [42], while its magnitude could be above 10% in many extensions to the
SM. Therefore, a large space remains to be explored.

The sensitivity at Super-B can be obtained by extrapolating the latest Belle results, Acp(B —
Xsv) = —0.004 £ 0.051(stat) + 0.038(syst). This measurement was performed by summing up
exclusive modes, B — Kn(r) (n =1to 4) and B — KKK~ (r), where K is a K* or KJ and
most one 70 is allowed. This method has the advantage of suppressing the B — Xy contribu-
tion to a negligible level. Another method that uses the inclusive photon and tags the charge
by an additional lepton, cannot distinguish the B — X v contribution; however it is an another
interesting subject because of the partial sensitivity to the B — X4y channel.

Although the systematic error is not much smaller than the statistical error, most of the
systematic errors are limited by the statistics of the control samples and hence can be reduced
with a larger dataset. Note that systematic errors in the tracking efficiency and particle identi-
fication cancel in the asymmetry. The breakdown of the errors at 140 fb~! are, from the signal
shape (~ 0.008) partly due to the uncertainty in the M (X;) spectrum and partly due to the
multiplicity distribution, from the possible Acp in the charmless B decay background (0.02),
and from charge asymmetry in the background suppression requirements (0.029). The M (Xj)
shape and charmless contributions will be better known with more data, and other errors just
scale with the statistics. The irriducible model error of the first error is about 0.003, giving the
expected errors at 5 ab™! and 50 ab~! of

SAcp(at 5ab™l) = +0.009(stat) £ 0.006(syst)

SAcp(at 50 ab™1) = 40.003(stat) + 0.002(syst) & 0.003(model) (4.12)

Therefore, at 50 ab™!, the measurement is more or less systematics limited, but it is still insuf-
ficient to measure the predicted SM asymmetry beyond a 1o significance.
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Figure 4.14: Breakdown of the expected B — X, exclusive modes: K7y other than B — K*7,
Krry, Krrny, Knnnry, and KKK~ from left-top to right-bottom.

Table 4.6: Summary of the expected errors for b — s(d)y and b — sfT¢~ at SuperKEKB.

mode 5ab~! 50 ab~ !
B(B — Xs7) 5% 5%
Acp(B — X¢v) 0.009 @ 0.006 0.003 & 0.002 & 0.003
Mixing induced S« 0.14 0.04
Ri(B — K(T07) 0.07 0.02
ZFB (B — K€+€_)
Cy from Apg(B — K*(T(7) 32% 10%
Cio from Apg(B — K*(T0™) 44% 14%

4.3.7 b—dyand b— dl*(

Finding new physics effects in a b — d transition may be easier than in a b — s transition because
the Standard Model amplitude is suppressed in the b — d transition. Therefore, measurement
of the decay rates of B — py will be a good test of the Standard Model. By combining |V;4 V45 |
measured in Bg-Eg mixing, we can search for new physics effects in the b — dv transition [43].
Since the Standard Model prediction for the B — pvy branching fraction suffers from a large
model-dependent uncertainty, ideally it is necessary to measure the inclusive rate for B — X;7.

Although it has yet to be measured, the b — d~y process will provide various interesting new
physics probes.

4.3.8 Summary

We have discussed various decay channels of b — s(d)y and b — s¢T¢~ that are good probes of
new physics effects. The sensitivity results are summarized in Table 4.6.
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Decay SM Prediction | BELLE (60 fb=!) | BABAR (81 fb~!)
BT —efv | 9.2x10712 <54x10°6
BT - pfv | 39x1077 <6.8x 1076 < 6.6 x 107©
BT -7ty | 87x107° <4.1x107*

Table 4.7: SM predictions and current experimental limits from BELLE/BABAR.

4.4 More than one neutrino I: B — K"y and B — v

4.4.1 Introduction

In the Standard Model the rare FCNC decay b — svv proceeds at the one-loop level through
penguin and box diagrams.Additional new physics heavy particles may therefore contribute to
this decay mode, leading to significant enhancements of the branching fraction. Since the final
state leptons do not have electric charge, this mode is not affected by long distance effects from
vector resonances (p, J/v, ¢’ etc.) and its theoretical prediction is cleaner than b — si*]~. The
inclusive branching fraction is estimated to be 4 x 107> [44,45] for the sum of three neutrino
flavors, whereas the exclusive branching fractions are predicted to be Br(B~ — K vv) =
4 x 107° [46].

However, the experimental measurement of b — svv is quite challenging due to the presence
of two unobserved neutrinos. The best inclusive limit to date is from ALEPH Br(b — svv) <
6.4 x 107* [47], and a limit of < 2.4 x 10~* at 90% confidence level on the exclusive branching
fraction of B — Kvv was set by CLEO [48]. BABAR has recently reported a preliminary upper
limit Br(B — Kvv) < 7.0x 1077 [49]. At Super-KEKB, measurements of these decay branching
fractions will become possible, as millions of fully reconstructed B samples will be accumulated.

The purely leptonic decays BT — [*v in the SM proceed via annihilation to a W* and
are proportional to the square of the B meson decay constant (fg). In models beyond the SM
there can be additional tree-level contributions such as a H* (s-channel) [50], [51] or sfermions
(s,t-channels) in R parity violating SUSY models [52]. The SM predictions and the current
experimental upper limits are shown in Table 4.7, where we take fg = 200 MeV. Observation
of such decays would provide the first direct measurement of fp or even evidence for new
physics. In particular, the sensitivity of the 7¥v and p*v channels to any H* contribution
is complementary and competitive with that of the exclusive semi-leptonic decay B — Dr*v.
The tree-level partial width (including only W+ and H* contributions) is as follows [50]:

2 2 22 2\ 2
F(B:t N éiy) — M’VUHQ (1 _ Tné) X Ty (413)
8 mg

where 7 is independent of the lepton flavour and is given by

2 2 \?2
(i sk i

B 1+ ¢ tanpg m%{i

The overall factor of le arises from helicity suppression for W+ and Yukawa suppression
for H*. The parameter & encodes the effects of large SUSY corrections to the b quark Yukawa
coupling, and is typically constrained |éy| < 0.01. In Fig. 4.15 we plot ry as a function of
tan 3/mg+ for several values of €y(my+ /100 GeV'). The current experimental limits from Table
4.7 constrain rgy < 4.7 and ry < 17.4 from the 7¥v and ptv channels, respectively. Sensitivity
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Figure 4.15: ry as a function of tan 8/mpg+. We show curves for €y 158% =0,+£0.01.

to the SM rate (ry = 1) is expected in both channels with data samples of a few ab™!, so that

Super-KEKB might actually be able to measure ry. One can see that rp = 1 is obtained for

tan 3/mpy+ = 0.27 £ 0.03 GeV !, while complete cancellation can occur around tan 3/mpy+ =

0.2GeV~!. Importantly, any signal of a H* in the decay B — D7ty (which is sensitive to

tan /my+ > 0.14 with 5 ab~!) would also manifest itself in both B* — 7¥v and B* — p*v.
An additional observable in which fp cancels out is the ratio R, defined by:

BR(B* — 7%v)
BR(B* — p*v)

Ry, = (4.15)

Assuming only W+ and H* contributions, ry would also cancel out, and thus R ~ m2/ mi
However, sizeable deviations of R;, from this value are possible in R parity violating SUSY
models, since 7y is in general no longer independent of the lepton flavour. In addition, in such
models the decay BT — e*r may be enhanced to experimental observability.

4.4.2 Estimation of signal and background

To estimate the sensitivity for these decays, we start with the decay mode, B~ — K~ vp, taking
a nominal full reconstruction efficiency of 0.2% for BTusing high quality hadronic tags, with
an integrated luminosity of 50 ab~!. Although the physics is different, the B decay to 7v has
the same topology when one prong 7 decay modes are used to observe the signal. Thus, in the
following the B — 7v decay will be analyzed as well.

The signature of a B~ — K~ v decay is a single kaon and nothing else recoiling against the
reconstructed B meson. In order to estimate backgrounds for this decay, we first identify other
B decay modes that have only one charged particle in the final state, using the QQ generator.
We find that examples of such decays are: semi-leptonic B decays, B — D® /v in which the
D decays to K;m°, B — Dp, Dr with D — Kpn"; charmless B decays such as Bt — ptz0.
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Figure 4.16: Momentum distributions of the only charged particle for various B decays.

Figure 4.16 shows the momentum distributions of the charged particle in these decays as well
as in the signal modes. A three body phase space decay for B — Kvv is assumed.

We then estimate the amount of signal and background assuming 50 ab~! using a full sim-
ulation program based on GEANT3 for the Belle experiment. We assume that the full recon-
struction is perfect and its efficiency is 0.2%. Figure 4.17 shows the total energy deposited
in the electro-magnetic calorimeter by the signal side “B” meson decay, unmatched hadronic
interactions and beam related backgrounds. We select events in which only one charged track is
observed with a momentum cut; |p*| > 0.7 GeV/c. Particle identification cuts are not applied
on the charged particle. These criteria are rather similar to the recent analyses. It is obvious
that we need tighter selection criteria to observe signals.

We optimize the momentum selection to 2.0 GeV /¢ < [p*| < 2.7 GeV /c using Fig. 4.16. We
also apply tight KID requirements. Figure 4.18 shows the total energy distribution after applying
these selection criteria. If we define the signal region to be F < 0.5 GeV, the number of B — Kvv
events is estimated to be 43.04+1.1, while the contribution from the background, 29.34+3.4 events.
This corresponds to a significance of 5.10. Table 4.8 summarizes the background contribution
for each decay mode. Large contributions from semi-leptonic decays are reduced by applying
tight kaon identification selection.

4.4.3 Discussion

Further improvements for this analysis are expected. The efficiency for the full reconstruction
tagging technique can be improved. Optimisation of the tag side efficiency and background can
be studied separately for the discovery of the decay and setting upper limit. Likelihood methods
can be used for the tag side as well as information on the signal single charged track and energy
deposits in the calorimeter. Better solid angle coverage will improve both tagging efficiency and
signal efficiency. Much better kaon identification and rejection of other spieces will reduce the
backgrounds. More effective rejection of the events that contain K ’s can be studied. On the
other hand, the environment may become much harsher as luminosity goes up and beam related
backgrounds will certainly increase if the detector performance remains the same, reducing the
tagging efficiency and giving more energy deposits in the calorimeter. So far we are not able to
estimate such effects quantitatively, but are hoping to continue to study this important decay
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Table 4.8: Backgrounds in the B — Kvv

Mode E <1.0GeV FE <1.0GeV with KID E < 0.5 GeV with KID

B~ - Dy 265.7+ 11.7 8.2+2.1 2.1+1.0
B~ — DOz~ 199.0 £ 10.1 7.7+£2.0 3.1+1.3

B~ — D% 181.1 £ 9.6 8.7+2.1 2.1+1.0
B~ — D% 131.3£8.2 25.1+3.6 5.1+1.6
B~ — D*0x— 1103+ 7.5 3.6+14 0.0+0.0
B~ — D%~ 95.9+7.0 6.2+ 1.8 1.0+0.7

B~ — D% » 85.7 £ 6.6 19.5 £+ 3.2 41+£1.5
B~ — D*p~ 43.6 +£4.7 3.6+14 0.5+0.5
B~ — D'K~— 13.34+2.6 8.7+21 2.1+1.0
B~ — D*K- 5.6+ 1.7 46+1.5 0.5+0.5
Other b — ¢ decays 29.8 +£3.9 3.1£1.3 1.0+0.7
b — c decays total  1161.4 +24.4 99.0+7.1 21.5+3.3
B~ - K*n nt 28.0+ 1.5 0.8+0.2 0.240.1
B~ -1 KO 22.841.3 0.54+0.2 0.0+ 0.0

B~ — pta® 21.14+1.3 0.440.2 0.040.0

B~ — K~ f}(1525) 19.14+1.2 1254+ 1.0 1.14+0.3
B~ — K0 185+ 1.2 12.7+£1.0 3.34+0.5

B~ — K*p° 13.6+1.0 0.2+0.1 0.14+0.1
B~ — K* f5(1270)  10.9£0.9 0.4+0.2 0.0+0.0
B~ — K*f5(1525)  10.7+0.9 8.2+0.8 1.34+0.3
B~ =1 x0 9.3+0.8 0.4+0.2 0.240.1

B~ — K* 7.9+0.8 0.0 £0.0 0.0+0.0

B~ — pTKO 7.1+£0.7 0.1+0.1 0.0+0.0

B~ — 1 K* 6.0+0.7 0.1+0.1 0.0+0.0
B~ — K1 4.5+0.6 3.2+05 0.240.1

B~ — K~ f(1370) 4.0 +0.6 2.2+0.4 0.240.1
B~ —K™n 3.94+0.5 2.7+0.5 0.5+0.2

B~ — K~ f»(1270) 3.54+0.5 2.440.4 0.240.1
B~ — K}(1430)°7—  2.8+0.5 0.2+0.1 0.14+0.1
B~ —pn 2.8+0.5 0.0 £0.0 0.0+0.0

B~ — K K° 2.5+0.4 1.7+0.4 0.4+0.2
Other rare B decays  16.7 + 1.1 3.2£0.5 0.24+0.1
Rare B decays total  215.6 +4.1 51.6 2.0 7.8+£0.8
Total 1377.0 £24.7 150.6 = 7.3 29.3 + 3.4
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4.5 More than one neutrino II: B — D7 v,

The decay of B — D77u, is sensitive to the existence of charged Higgs bosons, which are
introduced in the Minimal Supersymmetric Standard Model (MSSM). A large branching fraction
of B — D17y, is expected ( 8 x 1073) in the SM. However, much more data is needed to be
employed to measure the branching fraction because of the presence of two or more neutrinos
in the decay final state. This mode consequently requires the tagging of other side B, for which
reconstruction efficiency is estimated to be 0.2%, that has been discussed in subsection 4.1.2.
Therefore, study of the MSSM Higgs through this decay mode is only possible with the statistical
power of SuperKEKB.

4.5.1 Introduction

In the MSSM, the couplings of the charged Higgs bosons, H*, to quarks and leptons are given
by

iR Vic s Myd
Ly = (2vV2Gp)Y? x tanﬂ(ﬂLVKMMddRJFﬂLMMRHWTL

+ h.c., (4.16)

H:t

where M, and M, are the quark mass matrices, My is the lepton (¢ = e, u, or 7) mass matrix,
Vi is the Cabbibo-Kobayashi-Maskawa matrix, and tan 3 = vy /v is a ratio of the vacuum
expectation values of the Higgs fields. Therefore, the decay amplitude of B — D7t v, that is
mediated by b — c7v transition has the term proportional to MM, tan? 3 [53]. The large
T mass is an advantage of this decay in measuring the charged Higgs mass compared to other
semi-leptonic decays.
Figure 4.19 (left) shows the ratio B:
I'(B — Drtu,)

B = = 4.1
T(B = Ditwasu (4.17)

as a function of the charged Higgs mass with several tan 3 values. The width of each band is
due to uncertainty in the hadron form factor. The form factor can be modeled as a function
of the momentum transfer, ¢?, and is parameterized by a slope parameter, p? [54]. The domi-
nant uncertainty in the form factor is from the uncertainty in p?. The Belle collaboration has
determined p? = 1.33 4 0.22 [55].

Figure 4.19 (right) shows the B/ Bleyxp distribution as a function of §p?/p?|exp. In the figure
we show several curves with varying R = My tan 3 /Mi%

4.5.2 B — D7Tv. Reconstruction

Final states for the B — D77v, decay includes two 7-neutrinos after taking into account the
sub-decay of the 7; one additional neutrino exists when 7 decays into a leptonic mode. Because
of the presence of two or more invisible particles, the decay of B — D7tu;, has few kinematic
constraints. To reduce the number of combinations of the reconstructed D and 7, we first remove
particles originating from the other B (Bgy), which does not decay into B — D7V, (Bgg). We
then reconstruct D and 7 candidates using the remaining particles. Finally, we apply kinematic
selection requirements on the reconstructed D and 7 combination to reduce background.

In the following paragraphs we describe the reconstruction of B — D7Tv,. A detailed
description of the full reconstruction of By, mesons is given in subsection 4.1.2.
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Figure 4.19: The left figure shows the ratio of I'(B — D7%v;) to I'(B — Du'tv,). The flat band
is the prediction of the Standard Model; also shown is the charged Higgs contribution, which
is a function of the charged Higgs mass with several tan 8 values. The width of each band is
due to uncertainty in the form factor. The right figure shows the dB/B|cxp distribution as a
function of 6p?/p?|exp With varying R = My tan 3/M3.

Light Meson Reconstructions The Kg mesons are reconstructed from a pair of oppositely
charged 7 tracks. The invariant mass of the 7 pair should be within |My, — M Kg‘ < 15GeV/c2.
The position of closest approach of the 7 tracks should be displaced from the interaction point
in the plane perpendicular to the beam axis. The selection criteria for the track position (dr)
depends on the total momentum of the K¢ (|ng |): dr > 0.5 mm, dr > 0.3 mm, and dr > 0.2 mm

for \ng| < 0.5 GeV/c?, 0.5 < \ng| < 1.5 GeV/c? and 1.5 < |ng\ GeV/c?, respectively.
Neutral pions are reconstructed from a pair of two photons. The ¥ invariant mass is required

to be within | M, — M, o| < 16 MeV /c?>. We require the photon energy deposit in the calorimeter
to be greater than 50 MeV.

Charmed Meson Reconstructions We reconstruct D mesons from D — Ktx=(70),
Ktata=n=(7Y), Kdntr=(n9), and K37° [56], where (7°) indicates zero or one neutral pion.
These channels cover 35% of the total D° decay width. The charged D meson is reconstructed
from DT — K-ntat (%) and K97, covering 16% of the total DT decay width.

We construct kaon (£(K)) and pion (L£(7)) likelihoods to identify the particle species of
each charged particle by combining the dE/dzx in the drift chamber, the hit in the time of flight
counter and the ring imaging Cherenkov counter. The charged particle is identified as a kaon if
L(K)/[L(m) + L(K)] exceeds 0.4; otherwise it is a pion.

The reconstructed D° or DT should have invariant mass within | Mg, — Mp| < 30 MeV /c?.

If more than one D meson is reconstructed, the D meson that has the closest invariant mass
to the world average value is taken [57].

B Meson Reconstructions The B — Drtu, decay is reconstructed from B - D 7tFu,
and Bt — DY % v, where the 71 is identified in one of four following sub-decays: 7+ — 71,
pt(nt 7y, et v, e, and ptv v,

The B — D71 v, candidate is reconstructed by adding one charged particle, which is assumed
to originate from the 7 decay, to the reconstructed D meson. Positively identified protons are
rejected.
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If the additional charged particle is consistent with the electron or muon hypothesis, the 7+
decay is treated as a leptonic mode (71 — ¢Tv, i) [58]; otherwise the 77 decay is considered as
a hadronic mode (77 — 7tv;).

In the case of 7+ — 7tv, decay, one neutral pion (if it exists) that is associated to neither
Bty nor D decay is added to the ntv, final state to reconstruct 77 — p (7t 7%y, mode. In
this case, the 7" 7 invariant mass should be within |M,+,0 — M,+| < 300 MeV /c?.

To reject B — D*Tv, events, we reconstruct D*’s by adding a 7° to the reconstructed D.
When |(Mgpzr0 — Minz) — AMps«_p| < 10 MeV /2, we discard the event.

If any charged particle and/or Kg candidate remains after the reconstructions of Bp, and
Big, the event is rejected.

4.5.3 Kinematic Event Selection

We use three kinematic parameters to select the B — D7Tv, signal events from the recon-
structed candidates.
The first is the residual cluster energy in the calorimeter (Eyes). We require Fres < 100 MeV.
The second is the missing-mass squared defined by

|MM|* = |pgy, —pp — px+ (4.18)

where px+ is the charged particle momentum originating from the 7% decay. The momentum
PBg, 1s given by pp . = Pr(4s) — PBr-

The last is the cosine of the angle between the momenta of the two 7-neutrinos (cosf) in
the frame where pp,, = pp. This parameter can only be defined for 7+ — h¥ . sub-decay.
Energy-momentum conservation for the Bgs — D7t (k' 0, )v, decay is expressed by

PBgy = PD + Put + Do + Do, (4.19)
The 77 and neutrino masses are given by
(pr+ + po,)? = m?2, (4.20)

p;, =p,, =0. (4.21)

P, = - (4.22)
Using Eq. (4.19)-(4.22), we have

(Ep,, — Ep)? —2E,. (Ep,, — Ep) = m2. (4.23)

Then, the energies of the two neutrinos can be expressed in terms of measurable parameters as

(Ep,, — Ep)? —m7
B, = ok E; =Fp.. —FEp—E+ — E,_. 4.24
Vr 2(EBsig _ ED) ) Vr leg D ht Vr ( )
Finally, we can measure cos 6 using the following equation:
(ﬁBsig _ﬁD _ﬁh+)2 = (5177— +ﬁl/7—)2
= 2]5’17‘1— : ﬁ’/T
= 2FE5 E,_cosf. (4.25)
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Table 4.9: Summary of the reconstruction efficiencies. The numbers of reconstructed signal
(Nsig) and the background events (Vi) in generic B decay MC samples are also shown, where
Br(B — Dt7v;) = 8 x 1072 is assumed.

’ Decay mode ‘ efficiency (%) \ Br ‘ Nig ‘ Nikg ‘
D *(F v, 4.9+0.3 13.5 x 1074 | 213 | 293
DO (T v, 109+05 [13.6x10°%] 476 | 2085
D=7t (T ovp)v, 0.7 4+0.2 62x107% [ 15 | 22
D=t (ht o), 3.34+0.4 6.4x 107 | 68 | 194

The cos 8 of the signal events is limited from —1 to +1, while that of the background events is
unrestricted.

The background contamination is studied by using generic B decay MC samples. We generate
samples of 3.2 x 10° fast simulated MC events for generic charged and neutral B decays. In this
case, 8 x 1073 is taken as the branching fraction of B — D7Tv, decay for both charged and
neutral B. To increase statistics, the By, is pseudo-reconstructed using generator information,
i.e.: the Bypy is fully reconstructed with perfect efficiency and purity.

Figure 4.20 shows the distribution of the reconstructed B* — D7+ (h*#;)v; candidates in
the |M M |?>-cos 6 plane. The left column figures show the signal events only and the right ones
show the background distribution (gray points) with superimposed signal distribution (black
points). We determine the optimal signal region to be |MM|? > 0.1 (GeV/c?)? and —1.0 <
cos @ < 0.8, irrespectively of the 77 — 7%, or 77 — p*; by maximizing S/v/S + B (FOM),
where S and B are the numbers of reconstructed signal and background events, respectively.

Figure 4.21 shows the | M M |? distribution of the reconstructed candidates of BY — D7+ (¢t o vp)v;.
For that decay irrespectively of the lepton flavor from the 7 decay, we determine the selection
criteria [MM|? > 1.2 (GeV/c?)? by maximizing the FOM.

We find that [MM|* and cos for the neutral B decay have similar distributions in both
signal and background as the charged B decay. Therefore, the selection criteria determined by
charged B decays are also applied to neutral B decays.

Table 4.9 summarizes the reconstruction efficiency. The numbers of reconstructed signal and
the background events in the generic B decay MC samples are also shown.

4.5.4 Background Components

The dominant background source in the BY — D7+ (h*1;)v, signal region is the decay Bt —
D* ¢*yyrt, due mainly to the missing /T and slow pion from the D*~. The next largest
background modes are Bt — D*%¢*y, with a missing v or 7° from the D*0 and misidentification
of ¢+ as 7nt, and the BT — D*rty, with a missing slow pion. In this study the BT —
DOrF (¢+v,vy)v, decay is considered as a background for the BY — D=7+ (h*i,)v, analysis;
they contribute to the signal region due mostly to misidentification of the T from the 7 decay
as 7. The sum of the background modes listed above are ~ 45% of the total background. The
contribution from D, inclusive decays is ~ 8% of the total.

The largest contribution to the BY — D=7+ ({*i,1,)v, signal region comes from Bt —
D*~ 0Tyt where both pions from Bt and D*~ are missed. The next largest background
components are BT — D*%/*y, and BT — D*7 v, when the v or 7° from the D*? are missed.

The dominant background mode in the B® — D~7%(h* )y, signal region is BY — D77 v,
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Figure 4.20: A scatter plot of the reconstructed B* — D7 (h*, )1, candidates in the |M M |-
cos @ plane. The upper two figures are obtained in the 77 — 77, decay, and the lower two
figures are obtained in the 7+ — p™(7t7%)7, decay. The left figures show the distributions
obtained from signal MC. In the right figures, the background distributions are shown by gray
points and the signal distributions are shown by black points.
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Figure 4.21: The \M M|? distribution for reconstructed B* — DYr*(et,v.)v, candidates
(upper) and BT — D7 (u" v, )v; candidates (lower). The left figures show the distributions

obtained from signal MC, and the right figures show the background.
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Table 4.10: The expected signal yields and backgrounds at integrated luminosities of 5 and
50 ab~!, assuming Br(B — D7tv;) = 8 x 1073, The expected uncertainties in the measured
branching fraction (6(Br)/Br) are also shown.

Decay mode 5ab ! 50 ab~ !
Nsig ‘ kag ‘ 5(BT)/BT Nsig ‘ kag ‘ (5(B7’)/BT’
DOrF (¢ Dvp)v, | 2804£20 | 550 + 20 7.9% 2800 + 50 | 5500 + 70 2.5%
DO (h*w,)v, | 620 £20 | 3600 £ 60 6200 £ 80 | 36000 £ 200
D T vv)v, | 104£3 21+5 28.5% 98 + 10 210+ 10 9.0%
D 7t (htu ), 45+ 7 170 + 10 450 4+ 20 1700 4+ 40

with a mis-reconstructed 77; the next largest is B® — D*~ wty,, although it is only ~ 20% of
the total. No other background modes make significant contributions in the signal region.

For the B — D=7 (¢*v,v)v, mode, because of the small MC statistics, we cannot yet
evaluate the background.

4.5.5 Statistical Significance

As described in subsection 4.1.2, the full reconstruction efficiencies for charged and neutral B
mesons are estimated to be 0.2% and 0.1%, respectively. The estimated purity is 80%.

Table 4.10 lists the expected signal yields and backgrounds at integrated luminosities of 5
and 50 ab~'. The values include a correction for the purity of Bpy reconstruction. We assume
Br(B — Dttv;) = 8 x 1073 in the table. The values listed are obtained by scaling the results
in Table 4.9 according to the integrated luminosity. The expected uncertainties in the measured
branching fraction (6(Br)/Br) are also shown.

The branching fraction for B¥ — D% Fv, is expected to be determined with 120 statistical
significance at an integrated luminosity of 5 ab™!. The branching fractions of the neutral B
modes can also be measured at 50 ab™! with 11c significance.

4.5.6 Systematic Uncertainty

Major sources of systematic uncertainty in the branching fraction measurement in B — D77 v,
decay are expected to be By, reconstruction efficiency and purity, particle identification efficiency
and purity, and the slow pion detection efficiency.

4.5.7 Constraints on the Charged Higgs Mass

Figure 4.22 (left) shows the maximum R value constrained by the branching fraction measure-
ment of Bt — DY Fu, as a function of the integrated luminosity for several 6p?/p?|exp. The
right figure shows for the case assuming a doubled uncertainty of the measured branching frac-
tion. The systematic uncertainty in the branching fraction measurement is not considered. We
ignore the uncertainty in 0B/Blexp that comes from the uncertainty in the Bt — DO,LL+I/H
branching fraction because it can be determined much precisely than that of D°7+v,. We can
expect

- My tan 8

11

at an integrated luminosity of 5 ab™!, assuming that the current p? precision is unchanged.

My
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Figure 4.22: The left figure shows the maximum R constrained by the B — D% v branching
fraction measurement as a function of the integrated luminosity for several values of §p%/p?|exp-
The right figure shows the same plot for the case with double the uncertainty in the measured
branching fraction

4.5.8 Summary

The B — D7 tu; decay is a sensitive mode to probe the charged Higgs in the MSSM. Using this
decay mode we expect that the charged Higgs mass will be constrained by My > My tan 3/11
at an integrated luminosity of 5 ab™?.
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4.6 sin 2¢1

Very precise measurements of sin 2¢1, or S; KO will remain important at Super-KEKB. There
are two major reasons. One is to search for a new CP-violating phase from the SM in C'P
violation in b — s transitions by testing whether Syxo0 = S,/ KO- The other is to check the
consistency of the Unitarity Triangle. As explained in Section 2.4.1, sin 2¢; is determined using
the BY — J/¢ K2 mode with very small hadronic uncertainties. It is also insensitive to effects
beyond the SM. Thus it serves as a reliable reference point for the SM.

The present world average value for sin2¢; is obtained with the modes B® — J/¢y K9,
J/WE*, (2S)K2, xa K3 and n.K?2 in addition to the BY — J/¢ K2 decay. This is to reduce
statistical uncertainties. With an integrated luminosity of 5 ab™!, however, the systematic
uncertainties will be dominant. Therefore, in this study we use only the gold-plated mode
BY — J/¢p(— £747)K(nTn) to minimize systematic uncertainties. We perform MC pseudo-
experiments assuming that the performance of the detector at Super-KEKB is identical to that of
the present Belle detector. The analysis procedure for the measurements of time-dependent C' P
asymmetries at Belle is described in Section 4.1.2. In addition to the standard 2-parameter fit,
we also test a 1-parameter fit with sin2¢; as the free parameter assuming A ; /pK0 = 0. Because
of the additional assumption, the error on sin 2¢; is slightly smaller than that for s JJwKY: In
the following we treat these two cases separately. An example of a fit to a At distribution for
BY — J/¢Kg candidates in a MC pseudo-experiment at 5 ab™! is shown in Fig. 4.23.

Sources of systematic error include uncertainties in the flavor tagging, in the vertex recon-
struction, in the background fractions and At distributions, in the resolution function, in Amy
and Tpgo, a possible bias in the fit, and the effect of interference [59] in the fiae final state. Some
of these uncertainties are evaluated from control samples, which have large but finite statistics.
As the integrated luminosity increases, this part of the systematic error will decrease. In order
to estimate the expected systematic error at 5 ab™!, we therefore need to separate such reducible
systematic errors from the other part, which is irreducible. In this study, we conservatively as-
sume that uncertainties that do not arise from statistics of control samples are irreducible, and
use estimates obtained for the 140 fb~! data for any integrated luminosity. Further studies on
these “irreducible” errors will probably find a way to reduce them. Table 4.11 and 4.12 summa-
rize the sources of systematic errors for sin 2¢; (1-parameter fit) and S and A (2-parameter fit),
respectively. All the values are evaluated at 140 fb~!. The total irreducible systematic error for

Source Irreducible Error of sin 2¢
Wrong tag 0.007
Physics parameteres 0.002
Vertexing Vv 0.012
Background fraction 0.006
Background |At| shape 0.001
Resolution function 0.005
Resolution parameterization V 0.006
Tag-side interference vV 0.001
Possible fit bias 0.008
Total 0.019

Table 4.11: Systematic errors for sin 2¢; measured with the J/9Kg mode at 140 fb~L.

S is estimated to be 0.014 (0.013) for SJ/ng (sin2¢1). The dominant sources of the irreducible
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At(ps)

Figure 4.23: An example of a fit to a MC pseudo-experiment at 5 ab™!.
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Source Irreducible Error of S Error of A

Wrong tag 0.007 0.008
Physics parameteres 0.002 0.001
Vertexing V 0.012 0.026
Background fraction 0.006 0.012
Background |At| shape 0.001 0.000
Resolution function 0.005 0.007
Resolution parameterization Vv 0.006 0.002
Tag-side interference V 0.001 0.027
Possible fit bias 0.008 0.006
Total 0.019 0.041

Table 4.12: Systematic errors on A and S measured with the .J/1)Kg mode at 140 fb~1.

systematic error are the effect of detector misalignment (0.008) and uncertainties in the resolu-
tion function determination (0.007). The systematic error for A is dominated by the tag-side
interference. As mentioned above, there will be a possibility to reduce these “irreducible” errors
from dedicated studies. Table 4.13 lists the expected errors at 140 fb—!, 5 ab=! and 50 ab™".
The total error for S/, x0, Trot Sy Kg), is obtained from

Statistical Systematic Total
reducible | irreducible

sin2¢; (140 fb~1) 0.080 0.014 0.082
(5 ab™1) 0.013 0.002 0.013 0.019

(50 ab™1) 0.004 0.001 0.014

Syppro (140 fb71) 0.080 0.014 0.082
(5 ab~1) 0.013 0.002 0.014 0.019

(50 ab™1) 0.004 0.001 0.015

Ajppro (140 b0 0.056 0.017 0.070
(5 ab™1) 0.009 0.003 0.038 0.039

(50 ab™1) 0.003 0.001 0.038

Table 4.13: Expected errors at 140 fb~!, 5 ab=! and 50 ab—".

010t (S o) = /0.0802 X 0.14/ Ling + 0.0142 x 0.14/ Ling +0.0142, (4.26)

where L is the integrated luminosity in the unit of ab~—!. We obtain oy (S T/ Kg) = 0.019 at

Lint = 5 ab™!, which is much smaller than the statistical uncertainties for S¢ K9 and 877’ K9
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central value | error at | error at | error at | error at

WA from [17] | 140 fb~! | 500 fb=! | 5 ab~! | 50 ab™!
BR(mt7™) 4.55+0.44 0.50 0.25 0.082 0.026
BR(?T+7TO) 5.27+0.79 0.88 0.47 0.15 0.47
BR(77Y) 1.90+0.47 0.65 0.34 0.11 0.034
S —0.58 +0.20 0.23 0.12 0.039 0.012
Arr +0.38 = 0.16 0.19 0.10 0.031 0.010
A0 0.0 1.00 0.53 0.17 0.053

Table 4.14: Estimated errors for the w7 branching ratios and asymmetries.

4.7 ¢y

The CKM angle ¢2 can be measured using multi-pion final states coming from the quark-level
decay b — wuud. As discussed in Section 2.4 the determination through the time-dependent
asymmetry of B — w7~ suffers from large penguin contributions. Here we consider two
methods to eliminate an effect of the penguin amplitude: an isospin analysis of B — 77 [60],
and Dalitz analysis of B — pr [61].

4.7.1 Status of the B’ — 777~ analysis

The time-dependent asymmetry defined in (2.40) for B — 77~ has already been measured
by the Belle [62] and BaBar [63] collaborations. Based on 85 x 10° [62] and 88 x 10° [63] BB
pairs, they obtained

Ann = 40774 0.27 4 0.08, Spr = —1.23+ 0417508 [62], (4.27)
Arr = 40304+ 0.254+0.04, Sy = —0.024+0.34 +0.05  [63]. (4.28)

The first and the second errors are statistical and systematic errors, respectively. The world
average is then A;, = +0.38 £ 0.16 and S, = —0.58 + 0.20 [17].

From the Belle result [62], the case that C'P symmetry is conserved, Azr = Szr = 0, is
ruled out at the 99.93% confidence level (CL), and the 95.5% CL region of A, and Sy gives
78° < ¢9 < 152° with a modest assumption for |Prr/Trr|. From the theoretical side, QCD
factorization gives —6 + 12% for the direct C' P asymmetry A;. [64], while perturbative QCD
(pQCD) suggests a larger direct asymmetry in the range (16—30%) [65].

4.7.2 Isospin analysis for B — 7w

Here we describe the expected sensitivity for the determination of ¢o at the Super-KEKB using
the 77 isospin analysis.

Estimated errors for the branching ratios and asymmetries at the target luminosities are
shown in Table 4.14. We assume the current world average [17] for the central values, and also
assume that the direct C'P violation is absent for B® — 7%7° decay i.e., Aom0 = 0.0. In the
following analysis we use the CKMfitter program [66].

From the 777~ time-dependent asymmetry we may extract the parameters S, and Ax.
The phase of the parameter A = (q/p)(Axr/Axr) is extracted as

STI'T('

Sin 29y = ——r
¢26ﬂ m
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CL.

Figure 4.24: CL versus ¢2 — ¢oeg (deg) for the inputs given in Table 4.14 at 140 fb~! (solid
curve), 500 fb~1 (dashed curve), 5 ab~! (dotted curve), and 50 ab~! (shaded area).

which is equal to sin 2¢» if the decay is dominated by the tree amplitude. In the presence of a
penguin contribution, we have to subtract the penguin amplitude using isospin relations (2.53)
and (2.54).

The results for ¢go — poegr and ¢ are plotted in Figures 4.24 and 4.25, respectively. In those
figures the confidence level is plotted at target luminosities up to 50 ab—'. The absence of direct
CP violation for BY — 7970 decay leads to the symmetric solutions shown in the figures.

When flavor tagging for B® — 7970 is missing as in the 140 fb~! case, only the outer borders
of the curves can be obtained. By knowing the flavor of B® — 770 the inner structure shows
up, and ¢9 — ¢oeg is determined up to a four-fold ambiguity and ¢o is determined up to an
eight-fold ambiguity in the range (0°,180°).

Figure 4.26 shows CL as a function of ¢o at 50 ab™! for several values of Ao0. The best
¢o resolution (0.8° ~ 1.4°) is expected at A, 0,0 = —0.13, for which the angle between ATY and
At~ is the same as the angle between ATY and A*~. At A 0,0 = —0.86 and +0.35, on the other
hand, one isospin triangle is squashed, and the expected ¢2 resolution is about 2.6° except for
the region where two solutions overlap.

Since the decay BT — 7770 has no strong penguin contribution, the occurrence of the direct
CP violation in this decay mode would imply an electroweak penguin contribution. The effect of
the electroweak penguin to wm amplitudes is estimated in Table 4.15 using the perturbative QCD
calculation with and without the electroweak penguin (EWP) amplitude [67]. This calculation
suggests that the effect on 777~ and 7% is negligible, while the effect on 7%70 is of order of
several percent.
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CL.

Figure 4.25: CL versus ¢y (deg) for the inputs given in Table 4.14 at 140 fb=! (solid curve),

500 fb~! (dashed curve), 5 ab=! (dotted curve), and 50 ab™! (shaded area).
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Figure 4.26: CL versus ¢ (deg) at 50 ab™! for A 00 = —0.86 (top left), —0.7 (top right), —0.13
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amplitudes [AT0] (x107%) |AFT| (x107%) [A"] (x10~%)

with EWP 1.68 2.30 0.82
w/o EWP 1.69 2.31 0.87
difference 0.5% 0.5% 6.5%
amplitudes |[AT9] (x107%) |AT—] (x107%) [A%9] (x10~%)
with EWP 1.68 2.90 0.96
w/o EWP 1.69 2.90 1.01
difference 0.5% 0.0% 5.5%

Table 4.15: A perturbative QCD calculation of the B — 7w amplitudes with and without
electroweak penguin contributions [67].

4.7.3 Status of the B — pr analysis

In principle, the CKM angle ¢2 can be measured even in the presence of penguin contributions,
using a full Dalitz plot analysis of the final state. However, there are difficulties from combina-
torics and the lower efficiency in a three-body topology with a 7° as well as large backgrounds
from mis-reconstructed signal events and other decays. In order to extract ¢o cleanly, data with
large statistics are then required.

Unlike the BY — 777~ decay, B — p*aT is not a CP eigenstate. In B® — pTnT decay,
four different flavor decays (B°(BY) — pTnT) must be considered. Following a quasi-two-body
approach, the current analysis by the BaBar collaboration [68] is restricted to the two regions
of the 7¥7°h* Dalitz plot (h = m or K) that are dominated by p*hT. The decay rate is given
by

pERF _ ph e 180/
(At = (14 ACP)W
X [1 + q-{(Sph + ASph) Sin(AmdAt) — (Cph + ACph) COS(AmdAt)}],

(4.30)

where At = t,, — tiag is the time interval between the decay of th and that of the other B°
meson. One finds a relation

Spr £ ASpr = /1 — (Cpr = AC,m)? sin (2054 + ), (4.31)

where 2¢2igﬂ = arg[(q/p)(f_lpiﬂ/AzFﬂ)] and 0 = arg[A /AT ]. arglq/p] is the B’ —B° mixing phase,
and A} (A1) and A, (A) are the transition amplitudes for the processes B®(B%) — ptn—
and B%(B%) — p~ 7, respectively. The angles %ieﬂr are equal to ¢9 if contributions from penguin
amplitudes are absent.

With a data sample of 89 x 105 BB pairs the BaBar Collaboration obtained [68]

A, = —0.18 +£0.08 £ 0.03, (4.32)
Cor = 4036+£0.18+£0.04, S,r = +0.19+0.24 £0.03, (4.33)
ACy)r = +0.28+0.19+0.04, AS,, = +0.15=+0.25+0.03. (4.34)

4.7.4 Dalitz plot analysis of B’ — pr

A measurement of ¢ using isospin relations among B — 77 decays has a four-fold ambiguity
as we mentioned in Section 2.4. This ambiguity can be avoided with a full Dalitz plot analysis
of the BY — pr — 77~ 7% decay [61].
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Using the notation of [69] the decay amplitudes of B — pm are expressed as

V2ABT — pTn¥) (= 8) = T +2p, (4.35)
V2A(Bt — +)(z Sy) = Tt —2pP, (4.36)
A(BY — p+7T W=S3) = T +P + P, (4.37)
AB® = p w+)(z Sy) = T T —P + Py, (4.38)
AB® - p'1% (= 85) = T +71° —Tt —T~F 2P, (4.39)

Here T (i, j = +, —, or 0) are the tree amplitudes, and Py and P, are the penguin amplitudes
for I = 0 and 1 final states, respectively. Similarly, for the C' P-conjugate channels, we define
the amplitudes S, T%, and P; which differ from the original amplitudes only in the sign of the
weak phase of each term. From isospin constraints, the following relation is hold for the above
parameters

S1+85 = S3+5S54+ 55, (4.40)
Si4+ S, = gg + 54+ 5’5. (4.41)

In the full Dalitz plot analysis for the 7+ 7~ 7% final states, we do not specify which inter-
mediate state the 777~ 70 final state comes from. Thus, we can see the quantum interference.
The amplitude of BY — 7t 7~ 70 decay is expressed as

A(f) = f*S3+ f~Sa+ f°S5/2, (4.42)
while the amplitude of the C' P-conjugate channel is given by

A(f) = [~ 834 TS5+ f°55/2. (4.43)
f*is the Breit-Wigner kinematical distribution function for p*?°

cosfI',/2

79 = . )
f(m, 6) my, —m —il',/2

(4.44)

where m, and I', are the mass and width of p meson, respectively. The decay rate is given as a
function of At, invariant mass m; and helicity angle ; of p by

elAtl/mpo [ )
Psig(At,my,m_,mg,0,,0_,6) = (|4 + |4]%)
4TBO
-2 9 A .
q | (JA]" = |A]%) cos(AmAt) + QIm(Z)sm(AmAt) (4.45)

where g = 1 for Bygg = B and ¢ = —1 for Biog = BY. To clarify fit parameters, we denote 7%
and P, as follows:

T =T% 4 70 = |T|e¥s¢idr, (4.46)
T =T% 4 T0F = |T|e 93¢0, (4.47)
TH= =Tt |e3el+—, TH = [T e3¢0+~ (4.48)
Tt =T F|e3e—+, T=F = |T~F|e 3¢+, (4.49)
Py = |Py|e™ 1%, PO = | Pylei®tei®, (4.50)

= |Py|e""1e?t | Pl = |Pyletrei. (4.51)

114



02 1.57 (90 deg)

T | 159 || o7 | —0.65
|T+_| 1 5T+, 0
T ¥ [ 078 [ 67, | —2.91

[Po] | 0.19 || o, | —0.61

1P| [019 | 6p | 1.04

Table 4.16: Input parameters for a full Dalitz plot analysis of B — 77~ 70 decay.

We have 9 fit parameters
¢27 |T‘7 5T7 ‘T_+|7 5—+7 ‘P0|a 507 ‘P1’7 61 (452>

and set |TT~| =1 and §;_ = 0.

We use ensembles of the Monte Carlo (MC) pseudo-experiments for this study. Each pseudo-
experiment consists of events generated with the nominal probability density functions (PDF's).
At present, the only background is continuum. Assuming BR(BY — pr) = 25 x 107% and the
detection efficiency is 15%, we generate 10080 candidate events equivalent to a 300fb~! data
sample. There are about 1240 signal event in this sample. We parametrize the continuum
background as

1 e~ |Atl/Tokg
qu = §M(m+a m—,mo, 9+7 0, 90){1}27

+ (1= f)5(A)}, (4.53)
Thkg

where f; is the fraction of the background with effective lifetime 7k, and M is a PDF in
the Dalitz plane for continuum background. We define the likelihood value for each event as a
function of the 9 parameters:

+o0o
PA(Aty, ms,m_,mo,0.,0_,60) = (1 —fol)/ dAY

{fsigpsig(Atla q, U)l) + chquq(At/) ' qu<Ati - Atl)} + folpol(Ati)7
(4.54)

where fs;, and fyg are the probability functions for signal events and continuum background,
respectively. They are determined on an event-by-event basis. The signal fraction is estimated
using the data at the Belle experiment up to the summer of 2002. For signal events, we use
the same values of resolution parameters as those used for sin2¢; analysis. We estimate the
parameters for continuum background using sideband data.

The input values of the fit parameters used here are listed in Table 4.16 [70]. The result is
shown in Figure 4.27. We obtain an error for ¢g of d¢o = 11.4° at 300 fb~! and d¢pp = 3.5° at
3 ab~!. From these results, the error of ¢ is expected to be 2.9° at 5 ab~! and 0.9° at 50ab~".
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Figure 4.27: ¢4 error as a function of luminosity. Dots are the results from the MC psuedo-
experiments and the line is a linear fit to these dots.
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4.8 &

4.8.1 Introduction
The angle ¢3 is defined as

Vud V5

¢p3 = —arg L“*b , (4.55)
VVCd cb

which is independent of the quark phase convention. In the standard phase convention, all

elements of the CKM matrix except for V,; and Vi4 are nearly real, and in particular both V4

and —V,4V; are (nearly) real and positive, and we have

¢3 =argV,,. (standard phase convention) (4.56)

There are several decay channels that can be used to extract information on ¢3, and each has
distinct merits and drawbacks. Here, we will investigate the following channels:

D® =7t modes The flavor-tagged time-dependent measurement of D®) =7 and its charge-
conjugate mode. This mode measures 2¢1 + ¢3 and is affected by a strong phase. There
is, however, no penguin contribution. One could fully reconstruct the D=7 and D* 7T
final states, or one could use a partial-reconstruction technique where D° of the decay
D*~ — D% is not explicitly detected. The latter has more statistics but with more
background. In both cases, the value of r, the ratio of Cabibbo-favored amplitude to the
Cabibbo-suppressed amplitude, needs to be input externally.

Bt — DK®* (ADS method) Bt — DK®* D — PP, where D is D° or D°, and their
charge-conjugate modes. Even though there are strong phases involved, ¢3 can be ex-
tracted in a theoretically-clean manner if one uses more than one kind of D decays. The
required statistics, however, is quite large. The value of the relevant amplitude ratio r can
be obtained by the fit. If it is known, one can improve the statistical power significantly.

B* — DK* (Dalitz analysis) Bt — DK*, D — PPP, where D is D° or D%, and their
charge-conjugate modes. This mode takes advantage of the interferences that occur in the
Dalitz plot of the D — PPP decay to extract ¢3 as well as the strong phase. The value
of the amplitude ratio r is also obtained in the fit. This analysis has a good statistical
power; it requires, however, a detailed understanding of the structure of the Dalitz plot.

More on the theoretical frameworks for each mode as well as the sensitivities are covered in later
subsections.

4.8.2 D® 7t modes

For the final state D®)~ 7t the amplitudes of diagrams shown in Figure 4.8.2 interfere. The two
diagrams contributing to the amplitude a (or b) have the same CKM factors, and information
on ¢3 is contained in

p = _TeXp(é - ¢w) ) ¢w = 2¢1 - ¢3 ) (457>

a
pa
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Figure 4.28: Diagrams for B, B — D~ n*.

where By = pBY — ¢B°, r = |p| and § is the relative strong phase between b and a. The
time-dependent distributions are then given by

Ty ppt(At) =Ne VAU [(1+72) + (1 — r?) cos smAt — 2rsin(¢,, — 6) sin smAt]

Lot p+a—(At) =Ne M2 [(1 4 72) 4 (1 — r2) cos SmAL + 2r sin(¢y, + §) sin smAt]
. (4.58)
Ty pin-(At) =Ne AU [(1472) — (1 — r?) cos smAt — 27 sin(¢y, + 6) sin dmAt]

Lot p-pt (AL) =Ne A [(1 4 7r2) — (1 — r2) cos SmAL + 2r sin(¢y,, — §) sin dmAt]

where I'y~ p—r+(At) is the distribution of At = tpr — tiag When the tag-side is BY, etc., and
D can also be D*m in which case r and § will be replaced by r* and *, respectively. The two
relevant observables are r sin(¢,,+0) and r sin(¢,, —6). The value of 7 cannot be obtained by the
fit itself, while the expected value of ™) is roughly 0.02. One way to obtain r* experimentally is
to use the SU(3)-related modes B? — Dg*)fwf However, there will be uncertainty associated
with the validity of SU(3) and the size of the exchange diagram which is missing for DYt

The distributions are plotted in Figure 4.29 where the value of r is artificially enhanced to 0.1
in order to show the C'P violating effects clearly. The top two of (4.58) can be called unmixed
modes and the bottom two mixed modes. As may be noticeable in the figure, most of information
on CP violation is in the mixed modes where CP violation appears as the height asymmetry of
At > 0 vs At < 0 and the shift of the minimum from At¢ = 0. Note that rsin(¢,, + d) can be
obtained from the third distribution alone and rsin(¢,, — ¢) from the fourth alone. The final
state D*~7™ can be detected by full recontruction using the standard technique, it or can also
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Figure 4.29: The At distributions of the flavor-tagged D7 modes for r = 0.1, ¢, = 1.2 radian,
and § = 1.0 radian. The solid lines are for D~ 7 final state and dashed lines are for D7~ final
states. The mixing parameter z is taken to be 0.71.

be reconstructed by a partial reconstruction method where the D® meson in D*~ — D%~ is not
explicitely reocnstructed. Note that the D®) =7+ methods works even when there are sizable
exchange diagrams while the value of #(*) needs to be supplied externally.

The distributions of At for BY%tagged D**7~ and D*tn~ are shown in Figure 4.30 for
events with good tagging quality. The analysis was performed on 140fb~! of data. The full-
reconstruction anaysis gave the following preliminary results:

2r* sin(¢y + 6*) = 0.109 & 0.057 + 0.019
2r* sin(¢y — 6*) = 0.011 £ 0.057 + 0.019
2rsin(py +6) = 0.087 £ 0.054 + 0.019
2rsin(py —6) = 0.037 £ 0.052 4 0.019. (4.59)

For 5 ab™! and 50 ab™! of data, the statistical errors will be

0.009 (5ab~!)

0.003 (50 ab™!) (4.60)

0 2r* sin(gy, + 0%) ~ 6 2rsin(¢y, + 6) ~ {

We note that the value of 7(*) is approximately 0.02; thus, the above errors correspond to the
errors on sin(¢,, £8™)) of 0.23 and 0.07, respectively. If the value of 7*) is known, ¢y, = 2¢1 + ¢3
(and 6®)) can be extracted from sin(¢,,£5*)). At this time, determining the value of #*) to 23%
seems reasonably possible while 7% seems quite challenging. On the other hand, our knowledge
on r*) will improve significantly by the time 50 ab™! of data is taken. It is possible that the
systematic error on ¢3 due to #*) is not overwhelming even with 50 ab~! of data.
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Figure 4.30: The distributions of At for B%tagged D**7~ (a) and D**7~ (b). For fully-

reconstructed events with good-quality tags. (140fb~1)

[ = =
™ r X/ndf=276.2/2B6 Bl ¥/ndi=527.8,/285
b4 = Datn 1480.0+ 38.6 2 = Dato B3B2.0+ 73.4
T [ B Wsbkg 2725+ 7.2 = *m E WSbkg 941.1% 16.4
5 A B BH bkg 0.0+ 0.0 & H B BBbkg 4027+ 14.1
F O 500 - O
1m0 [ ] O O 111255 488 fl||m o wizieeis
125 | 400 [
e 500 L
75
200
50
1~
. C
o 4 03 4

oppafloy

Figure 4.31: The partial reconstruction of D*w. The distributions of cos 8* for two lepton tagged
samples, same-flavor and opposite-flavor tags. Based on 78 fb~! of data.
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Figure 4.32: Diagrams contributing to B¥ — DK™ and related modes.

The statistical situation with the partially-reconstructed D ** 7~ is substantially better. The
helicity of D*T in the B rest frame is 0 due to conservation of angular momentum. Thus, the
decay angle 6* of the decay D*t — D97 T should have the cos? * shape. One can reconstruct
cos 0* without explicitly detecting D, and the distributions based on 78 fb~! of data are shown
in Figure 4.31 separately for the two lepton-tagged datasets. There are 1110 + 50 signal events
in the same-flavor sample and 3510 4+ 80 signal events in the opposite-flavor sample. As a result
of At fit, the error on 2r* sin(¢,, == §*) was found to be 0.029. The statistical errors extrapolated
to 5 ab™! and 50 ab~! of data are

0.005 (5ab™!)

0.0015 (50ab-1) (Partialrec.). (4.61)

0 2r* sin(¢y + 67) ~ {
The background is about 30% and comes mainly from B decays such as D*p and D**w. The

accuracy of these background estiamtions is likely to improve with statistics. The uncertainty
of r*, however, may become a limitting systematics.

4.8.3 B* — DK** (ADS method)

In B* — DK%, the number of ¢ or ¢ quark in the final state is one, and as a result the penguin
processes b — s/d cannot contribute. When the neutral D meson is detected in a final state
that can come from D° and DY, the two processes B~ — DYK~ and B~ — DYK~ interfere.
Diagrams contributing to B* — DK® and related modes are shown in Figure 4.32. They are
categorized in terms of the CKM factors involved (A, = Vu V) and A\, = V,, V) and type of
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process (T: color-favored tree, C: color-suppressed tree, A: annihilation). B~ — DYK~ receives
contributions from T and C both with the CKM factor )., while B~ — DK~ can proceed by
C and A both with the CKM factor A\,. Thus,

Amp(B~ — DK ™) Amp(BT — D°K™)

arg Amp(B- = DOK) ~ °F ¢3, arg Amp(BT = DOK-) ~ °F + ¢3, (4.62)
where dp is the strong phase. We have noted
A Vi Vi
arg = = arg ubles —¢3, (standard phase convention) (4.63)
Ac Ve Vils

and that when charge conjugate decay is taken, the weak phase changes sign while the strong
phase does not. On the other hand, the absolute size of Amp(B~ — D°K~) or Amp(B~ —
DYK ™) is the same for charge conjugate decays.

|Amp(B~ — D°K™)| = |Amp(B" — D°K™)

=B (4.64)
[Amp(B~ — DYK™)| = [Amp(B* — D°K*)| = A

|
| = (4.65)
If D° and D are detected in a CP eigenstate such as K~ KT (which is CP+; ie. Dy =
(DY + D°)/\/2), the decay rates of B¥ are, up to an overall constants of 1/2,

. 2
D(B™ = DiK™) = [A+Be®r=9)|" = A2+ B2+ 24B cos(dp — ¢3) (4.66)

. 2
(Bt - DiK*) = ’A + Be'®8F93)|" — A2 4 B2 4 2ABcos(dp + ¢3) (4.67)

then, there can be decay rate asymmetry [71,72] between B~ — D1 K~ and BT — D1 K™:

Al - FDlK* — FD1D+ _ —221" sin 53 sin ¢3 : (468)
I'p, k- +Tp g+ 1+ 72+ 2rcosdp cos ¢z
with B
= —. 4.69
r=2 (4.69)

The value of this r is expected to be around 0.1 to 0.2. For a CP— final states (such as Kgm;
i.e. Dy = (D"~ D°)/+/2), the asymmetry becomes

Ay = Up,x- —Tpyr+ 2r sin 0 sin ¢3

= = : 4.70
I'p,x- +Tp,x+ 147124 2rcosdpcos g3 ( )

Thus, once the value of r is given, the measurements of Ay and Az can give dp and ¢3 (2 equations
and 2 unknowns). In practice, however, it is difficult to measure the value of r because of the
doubly-Cabibbo-suppressed decays of D° [73,74]. It was pointed out, however, that by taking
more than one final states that D can DY can both decay to, one can solve for r and 65 (the
ADS method [73,74]).

The authors of [73,74] used B~ — DK*~ and assumed the D decay modes listed in Ta-
ble 4.17. The strong phase §; includes that for the B decay as well as that for the D decay.
The table also shows the number of events expected for 108 B* or roughly 0.1 ab™!, where the
detection efficiencies for each DK*~ are taken to be the same as the branching fraction of D — 4
where ¢ is the D decay mode shown. Namely, the detection efficiency of K*~ and those of the D
decay final states shown are assumed to be unity. Under these assumptions, the estimated sen-
sitibity on ¢3 is 9°. The scale factor includes 2/3 per track, 1/2 per 7°, and relevant branching
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mode | #event scale factor strong phase J;
Ktn~ 83 1 10°

Kr° 791 0.34 20°
K*p~ 224 0.5 30°
Kta;— 791 0.22 49°

K, p° 362 0.30 200°
K*tg~ 65 0.33 50°

Table 4.17: The D decay modes used for the sensitibity study of B~ — DK*~ mode and
the strong phases assumed. The number of events are for 10® B when the DK** detection
efficiency is assumed to be Br(D — i). The scale factors are realative to the K7~ mode for
realistic detection efficiencies described in the text.

fractions where K** is assumed to be detected as K~ 70 and Kgn—. The value of ¢3 is taken
to be 60° and r to be 0.1. Figure 4.33 shows the AE distribution for B~ — DK~, D — K7~
using 78 fb~! of data. The detection efficiency was estimated by MC to be 0.27. With the
measured background and the expected signal yield, S/N is estimated to be 1/7. Combining all
the above, the required integrated luminosity for d¢s of 9° becomes 31 ab™!, or equivalently

o a —1
Sy = { 2720 ((550 50—1)) (DK*) . (4.71)

If the value of r is larger than 0.1, the sensitivities will be better. This analysis is theoretically
clean and will probably be limitted by statistics even for 50 ab~! of data. Approximately the
same sensitivity is expected from DK~ mode and the conbined sensitivities will be 1/1/2 times
those shown above; namely,

Sy = { 15600 (2506‘;0_11)) (DK* + DK) . (4.72)

If the value of r is known, then one can use C'P eigen states of D decay such as KT K~ (CP+)
and K,m¥ (CP—) to extract ¢3 as well as the strong phase 6. This method is statistically more
powerful than the ADS method described above; the value of r, however, is not known well at
this time and seems to be more difficult than the value of r for the D)7 modes. It should be
noted, however, that the value of r measured in the Dalitz analysis of the following section may
be used for this analysis.

4.8.4 B* — DK#* (Dalitz analysis)

Use of the Daitz plot of D decay in B¥ DK® has been suggested in [73,74] and recently by [75]. In
this analyis, the D meson is detected in the final state Kgm ™7 ~. If the amplitude of D° decaying
to a point in the Dalitz plot, m?(Kgn™) = m2 and m*(Kgm~) = m?, is given by f(m2,m?%),
then that of D° decaying to the same final state can be written as f(m?2, mi) where the two
arguments are simply exchanged. This is due to the approximate C'P conservation of the D

decay. Explicitly,

Amp(DO)(mKSﬂ+ =My MEggr— = m*) = f(m?HmQ—)

Amp(DO)(mK5ﬂ+ =My MEger— = m*) = f(m—¢m+) (473)
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Figure 4.33: Search for B~ — DK~, D — K*7~. The data is 78 fb~1.
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The total decay amplitude for B~ — DK~, D — Kgn T~ is then
M_ = Amp(DO—J(SWWLﬂ*K_) + Amp(DO—J(Sw+7r*K_)

= A[f(mi, m?) + rei(‘sB_%)f(mQ_, mi)] , (4.74)

where A, r, §p are as defined in the previous section. The total decay amplitude for Bt — DK™,
D — Kgn™n~ where m?(Kgn™) = m2 and m?(Kgn~) = m?

is similaly
My = Amp(DY g - K*) + Amp(DY i - KY)

= A[f(m%,m2) + re'08F93) f(m2 m?)], (4.75)

where the sign of ¢3 has flipped while the strong phase dp stayed the same.

The Dalitz plot for DY — Kgntr~ based on the CLEO measurement [76] is shown in
Figure 4.34. As can be seen from the Dalitz plot, the distribution is highly asymmetric under
the exchange of my  + and mg .- which indicates that the interference in the Dalitz plot has
a good sensitivity on the phase between the two terms of (4.74) and (4.75). The phase angles
0 — ¢3 and dp + ¢3 are obtained from the separate fits of B~ and B decays and ¢3 can be
extracted therefrom.

Figure 4.35 shows the AE and Mp distributions for B¥ — DK*, D — Kgrtn~, based on
140 fb' of data, and the dalitz plots of the D decays are shown in Figure 4.36 separately for
Bt and B~ [77]. The results of a unbinned maximum likelihood fit for the parameters (= a),
dp(=0), and ¢3 are shown in Figure 4.37. For ¢3 and dp, one obtained

¢3 = 95730+ 13+10(°)
op = 162720 +12+24(°) (4.76)

where the first systematic error is experimental, such as background shapes and efficiency shapes,
and the second systematic error is due to the D decay model dependence. With 5 ab=! and 50
ab~! of data, the statistical errors will be

o a -1
003 = { 11.120 ((550 .531)) ' (4.77)

With more statistics, the Dalitz distribution of D® — Kgm 7~ will be measured more accurately
using D*t — DO%t. Even though it is not clear at present if the systematic uncertainty
due to the D decay modeling can be reduced to one degree level, it is quite possible that the
measurement is not overwhelmed by systematics at 5 ab™!. Furthermore, the value of r measured
in this mode can be used in the B* — DK* modes.
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4.9 |Vy

4.9.1 Introduction

Precise determination of the magnitude of the Cabibbo-Kobayashi-Maskawa matrix element V,;
is of fundamental importance in overconstraining the unitarity triangle, and thereby finding
effects of physics beyond the Standard Model. Such a serious examination would require pre-
cision of a few %. A high luminosity SuperKEKB/Belle experiment will provide such a unique
opportunity.

In principle, |V,3| can be determined using data for semileptonic B — X, /v decays, where
X, denotes a hadronic system containing a u-quark. Both inclusive and exclusive measurements
are useful. However, the present error in |V,;| determination is about +20% [78], and limited by
both experimental and theoretical systematic errors. The high luminosity at the Super-KEKB
will enable us to perform high statistics measurements of B — X, /v decays with “B tagging”.
This will lead to rate measurements with significantly reduced experimental systematic errors
and also to |V,p| extraction much less biased by theoretical ambiguities. These features are
ungiue at a high luminosity ete™ B-factory, and cannot be achieved at eTe™ machines with the
luminosity available so far nor at present or future hadron machines.

In this section, we discuss strategy and prospects for determination of |V,| at the Su-
perKEKB/Belle experiment using both inclusive and exclusive semileptonic B — X, v decays.

4.9.2 Theoretical formalisms for the semileptonic B decays
Inclusive decays

The amplitude for B — X,lv inclusive decay can be computed in perturbative QCD using
the Operator Product Expansion (OPE). Since the b quark inside the B meson has momentum
(mpv+k)#, where k is the residual momentum of O(Agep), the OPE is carried out by expanding
the quark propagator as

1 1 (mpv —q) - k k2
— 1— — 4+ 4.78
(mpv+k—q)%2  (mpv — q)? (mpv — q)? (mpv — q)* ( )

Denoting the invariant mass and the energy of the hadron state X, as mx and Ex, the first
term is of order ExAgcp/m% while the second term is of order Aéc p/m%.

The phase space can be divided into the following three regions (see Figure 4.38): (i) a
generic region where Agop/mx, (ExAgep)/m% < 1. In this region, the differential decay
rate can be successfully expanded by the OPE; (ii) a shape function region (or collinear region)
where Agep/mx < 1 and (EXAQCD)/m§( ~ 1. In this region, a class of AQCDE/m§( terms
must be resummed, which can be described by the shape function of the B meson [79-81] and
its higher twist corrections; (iii) a resonance region where Agcp/mx ~ 1. In this region, the
differential decay rate is dominated by a few exclusive states so that neither the OPE nor the
twist expansion work.

Since the B — X, lv decay suffers from B — X_.lv decay background one has to introduce
the cut of the following kinds:

e lepton energy cut : E; > (m% —m%)/(2mp).
e hadron invariant mass cut : mg( < mQD.

e lepton mass cut : ¢> < (mp — mp)?.
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Figure 4.38: Phase space for B — X, lv decay.
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e combined (¢, m%) cut.

For the E; cut, only 10% of the rate is available, which is dominated by the shape function
region. In this region, the lepton energy spectrum at the leading order is given by

dl'  GE|V|*m;
_—= —2F; — 4.
where f(w) is the shape function define by
1 _
f(w) = ——(BJhd(in - D + w)|B). (4.80)

© 2mp

Since this function is a universal quantity of the B meson, it can be measured experimentally
through other processes. For example, the photon spectrum of B — X, decay is given by [82]

T 2 * |2 5
d _ GF’V;fbV;fs| QQEDMY, (w) (4.81)
dE',y

3274

Therefore, the extraction of |V,;| can be done without the theoretical uncertainty of the shape
function, if one considers a ratio of weighted integrals over the endpoint regions of B — X, lv
decays and the photon spectrum in B — Xy decays as [83,84]

Vo |* 3agep L' (Eo)
= Kpert(E O(A/Mp), 4.82
s et BO) T + 04/ M) (482
where
Mp/2 dl'(B — Xl
rgy) = [ agTE ) (4.83)
Eo dE;
2 [Mp/2 dl(B — X47)
I's(E = — dE(E, — Ey) ——————. 4.84
(B = g [ e ) S (184)

The coefficient Kpe,t(Ep) is a factor from short-distance effect which can be calculated in per-
turbative QCD. There are two major sources of uncertainties. The first is the unknown higher
twist corrections to the shape function 1/my [85-88]. Based on model calculations this higher
twist correction is expected to be of order 15% for Ef“* = 2.3 GeV. The second is the weak anni-
hilation contribution of O(1/mZ), which is estimated as 10% for Ef“* = 2.3 GeV [89,90]. These
two uncertainties can be reduced below 10% by lowering the lepton energy cut by combining
with other cuts.

For the m% cut [91-95], 80% of the kinematic range is available but still the results are sen-
sitive to the shape function. This cut also suffers from the singularity due to the bremsstrahlung
diagram when the partonic invariant mass s = (my — v)? is zero.

For the pure ¢ cut, 20% of the rate is available and the decay rate is not sensitive to the
shape function [96]. However, the kinematic range is sensitive to the resonance region and the
convergence of the OPE as well as the convergence in the perturbative expansion in «; are slower.
The largest error comes from the weak annihilation contribution of O(1/mj). The rate with ¢ is
also sensitive to the uncertainty of my, [97] as can be seen from the m;, dependence of the partial
Qo — (mp — mp)?

1GeV?

To summarize, possible sources of errors are (1) perturbative error from unknown two-loop
corrections, (2) shape function contributions and bremsstrahlung, (3) uncertainties in my, and

2
decay rate parametrized as I'(¢? > ¢2,;) o mbA(q“‘t), where A(q2,;) ~ 10 +
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A G

Cuts on (¢, m%)  G(¢ s Ment) AstructG ApertG A3 G AG

+80/30 MeV
Combined cuts
6 GeV?,1.86 GeV 0.38 —4% 4% 13% /5% 6% 15% /9%
8GeV?, 1.7GeV 0.27 —6% 6% 15%/6% 8% 18%/12%
11 GeV?,1.5GeV 0.15 —7% 13% 18%/7% 16% 27%/22%
Pure ¢ cuts
(mp —mp)?,mp 0.14 —— 15% 19%/7% 18% 30%/24%
(mp — mp+)2, mp- 0.17 — 13% 17%/7% 14%  26%/20%

Table 4.18: G(q2,, Mecut) and its errors for different choices of (g2, Meut). AstructG gives the
fractional effect of the structure function f(k4) in the simple model which is not included in the
error estimate. The total error is obtained by adding each error in quadrature. The two values
correspond to Am}® = +80 MeV and 430 MeV. Table is from [98].

(4) O(1/m3) power corrections. The optimized method would be obtained by combining the g2
and m3 cuts [98]. The kinematical constraints mx < mp and g2, > mpmp — (m§H)? reduce
the charm background. If we raise ¢2,, the errors (3) and (4) gets larger while if we lower g2,
the errors (2) gets larger and (1) is small in the intermediate ¢* region. Thus it is important to
find the best cut that minimizes the sum of these errors.

In Table 4.18, we give results of [98] for the errors of the partial decay rate normalized by

the total tree level parton decay rate defined as

—G = dqg ds§ ——. 4.85
19273 (qcuta mcut) Lgut q /O s d(j2d§ ( )

In order to achieve the |V,;| determination with a few percent accuracy, ¢2,=6 GeV? (and
m% .. = M%) is the optimal choice. The dominant error in this case is the uncertainty in my,.
It is therefore important to determine the bottom quark mass to 30 MeV accuracy.

Exclusive decays

The exclusive semileptonic decay B — wlv determines the CKM matrix element |V,;| through
the following formula,
dl’ G%

i@ = 243 k) = m PRV P (@) (4.86)

where the form factor f* is defined as

2 02 2 2
(=(k)|gy"b|B(p)) = (¢ (HW_%W +f0<q2>%qu, (4.87)

with p and k the B and 7 meson momenta. ¢ = p — k is the momentum transfer and ¢> =
m% +m2 —2mpv -k, where v is the velocity of the B meson. Since the most promising approach
in which systematic improvement based on first principle calculations is possible is lattice QCD,
we focus on the lattice computation of the form factors.

Lattice calculation suffers from three major limitations. One is the discretization error from
the large energy of the initial and final hadrons. In order to avoid such error, spatial momenta
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method stat.  disc. 1/M extrap. pert.

NRQCD (JLQCD) 10% 16% - 4%
extrap. (APE) 10% 5% 15% -
NRQCD (future) <5% 4-10% - 4%

extrap.+ HQET (future) < 5% 5% 5% -

Table 4.19: Typical errors of the form factor f*(q?) for ¢*> > 16 GeV? at present and future
prospects. “stat.”, “disc.”, “1/M extrap”, and “pert.” stand for statistical, discretizations, 1/M
extrapolation, and perturbative errors.

must be much smaller than the cutoff, i.e. [F|, |kr| < 1 GeV. This means that the form factors
can be computed reliably only in the range of v -k = E; < 1 GeV or equivalently ¢> > 18
GeV?2. Another limitation is the fact that due to the limited computer power the light quark
mass range for practical simulations is ms/3 < my < mg or my = 0.4 ~ 0.8 GeV. In order
to obtain physical results chiral extrapolation in the light quark masses is necessary. The last
limitation is the large discretization error from the b-quark mass. In the present simulations,
the lattice cutoff is limited to a=! = 2 — 3 GeV, so that the b-quark mass in lattice unit is
larger than unity. This makes the discretization error of O(am;) completely out of control. In
order to avoid this error, one either carry out simulations around charm quark mass region and
extrapolate the result in the inverse heavy quark mass 1/mg (extrapolation method), or use
heavy quark effective theory, such as NRQCD action or Fermilab action (HQET). In both cases,
extrapolation or interpolation of the form factors in 1/m¢ may be performed using the HQET
motivated form factors fi(v - k) and fo(v - k) [99]

“w

(BB ) =2 [ ke + falo- k)] (189)
With this choice the heavy quark scaling law is explicit, and the form factors are simply expanded
in terms of 1/mg.

So far all lattice calculations of the form factors have been performed only in the quenched
approximation, in which the sea quark effects are neglected. The systematic error due to quench-
ing is hard to estimate but typical errors in many quantities such as light hadron masses and
decay constants are expected to be at 10-15% level.

Recently five lattice collaborations have carried out quenched QCD calculations of B — wlv
form factors using extrapolation method [100,101], the Fermilab action [102], and the NRQCD
action [103,104] for the heavy quark. Figure 4.9.2 shows the result by different lattice groups.
1 (q?) agrees within systematic errors, while f°(¢?) shows deviations among different methods.
The reason for the discrepancies in f°(¢?) can be attributed to the systematic error in the chiral
extrapolation and heavy quark mass extrapolation (interpolation) error. The error of the form
factors in the present calculations is around 20%. In addition to the quenching error and the
chiral extrapolation error, the major errors are the statistical error, the discretization error and
the 1/M extrapolation error.

Table 4.19 shows the errors by and the JLQCD collaboration (NRQCD) and the APE collab-
oration (extrapolation method). We also list expected errors in unquenched lattice calculations
with a=! = 23 GeV in the near future. The present NRQCD method (JLQCD) has a large
discretization error since a=! = 1.6 GeV. It would be possible to carry out simulations with
a~! =2 —3 GeV, so that the error of O((ak)?) are reduced to 4-10%. The discretization error
in the extrapolation method appear in the lattice results for the charm quark region them-
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and open symbols are f%(¢?).

134



selves which is propagated through the final result by extrapolation in 1/M. Since the present
quenched calculation is carried out with a=! = 2.7 GeV, they will remain to be of the same
order.

There are several proposals to improve the form factor determination.

The quenching error can be resolved only by performing the unquenched calculations. Re-
cently, the JLQCD collaboration has accumulated n; = 2 unquenched lattice configurations with
O(a)-improved Wilson fermions [105], and ny = 2+ 1 unquenched configurations with improved
staggered fermions have been produced by the MILC collaboration [106]. These unquenched
QCD data should be applied to form factor calculations.

Using the heavy quark symmetry is another way of improvement. Since the CLEO-c exper-
iment can measure form factors for D — wlv to a few percent accuracy, their results will be a
good approximation for the B — wlv form factors. Then the task for lattice QCD is to provide
dT'(B — wlv)/d(v - kr) .

with the
dT'(D — 7lv)/d(v - kr)
same recoil energy v - k; would be a nice quantity to measure on the lattice, since a large part
of the statistical error, the perturbative error and the chiral extrapolation errors are expected
to cancel in this ratio.

Model independent bounds for the whole ¢ range can be obtained with dispersion relation,
perturbative QCD, and lattice QCD data [107]. Reducing the lattice errors or having other
inputs would significantly improve the results. More elaborate studies along this line would be
important.

Recently, the UKQCD collaboration [108] and the SPQcdR collaboration [109] performed
studies of B — plv form factors. Both collaborations use O(a)-improved Wilson action for the
heavy quark and extrapolate the numerical results of mg ~ m. toward the physical b quark mass.
UKQCD obtained the partially integrated decay rate in the region 12.7 GeV? < ¢2 < 18.2 GeV?
as T'= (4.97127 %) x 1012571V, 2.

the 1/m¢ dependence of the form factors. The B to D ratio

4.9.3 Measurement of inclusive b — u semileptonic decays

Measurement of the inclusive rate for B — X, fv decays is the most straightforward approach
to determine |V,,|. OPE provides a firm theoretical basis to convert the measured rate to |V
However, this is true only when the total rate can be measured with a small enough error.
Experimentally, however, we have to introduce cuts on kinematical variables, such as Ep, mx
and ¢2, to reduce the huge B — X_.fv background, and only a limited phase space is available in
a practical measurement. This complicates the situation, and the cut has to be chosen carefully
to minimize the theoretical uncertainties. As discussed in the above section, one of the best
strategies is to apply a combined cut on (¢%, mx).

In Y(4S) experiments, a correct measurement of (¢2, mx) is possible when the accompanying
B decays are fully reconstructed. This technique, referred to as “full reconstruction tagging”,
allows us to isolate tracks from the signal B decays for correct reconstruction of my, and also
to determine the momentum vector of the signal-side B meson. The latter helps to improve
reconstruction of the missing neutrino, leading to correct reconstruction of ¢> and better dis-
crimination of B — X fv background leaking into the signal phase space. Full reconstruction
tagging also allows us to determine the flavor and charge of the signal-side B. It helps to iden-
tify the signal lepton using the correlation between the B flavor and lepton charge, and also to
measure the decay rate separately for neutral and charged B mesons. However, this ultimate
measurement requires a large accumulation of BB data because of the relatively small efficiency
in the full reconstruction of the accompanying B’s (a few times 0.1%). Therefore, the high lu-
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Figure 4.40: Distribution of reconstructed my with a full reconstruction analysis using 141 fb~!
of data.

minosity of the SuperKEKB provides an unique opportunity to perform this measurement with
high statistics.

Such analysis with the full reconstruction tagging is being performed with the present Belle
data, although with limited statistics. Figure 4.9.3 shows the distribution of reconstructed mx
for the ¢ region above 6 GeV?, based on 141 fb~! of data accumulated by Summer 2003. In
this data sample, the number of fully reconstructed events is about 1.4 x 10° (9.1 x 10* of B*
and 4.7 x 10* of BY events), and it corresponds to the full reconstruction efficiency (€frecon) of
0.1%. In the low mx region, one can see a clear enhancement of the B — X, /v signal over the
expected B — X v background. In the region my < 1.5 GeV/c?, for example, the observed
signal (.5) is 68 with a predicted background (B) of 56, resulting in a signal-to-background ratio
(S/B) of 1.2. Table 4.20 summarize the efficiency to detect the B — X,/fv signal once the
accompanying B’s fully reconstructed (e,_,,) and the signal-to-background ratio (S/B). Here,
values are shown for three mx cuts, mx < 1.5,1.7 and 1.86 GeV/c?, with the ¢? cut fixed at
6 GeV2. We note here that a similar analysis by the BaBar collaboration has better S/B by a
factor of 2 [110].

Based on extrapolation of the present Belle results and realistic assumptions for the improve-
ment in €. and S/ B, we have estimated the |V,;| precision at a SuperKEKB /Belle experiment.
We consider here the statistical, experimental systematic and theoretical errors, and estimate
them as follows.

Statistical error The statistical error (Agq¢) is simply scaled with the integrated luminosity
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Quantity MXcut
1.5 GeV/c? 1.7 GeV/c? 1.86 GeV/c?

€b—u 0.14 0.17 0.17
S/B 1.21 0.61 0.32

Table 4.20: Efficiencies to detect the B — X, ¢v signal for the fully reconstructed events (ep—,,)
and the signal-to-background ratio (S/B) for three different cut values.

(L),

, (4.89)

1 \/ 1+ (S/B x fs/p)~!
2

Agtat = 7 X
ng X ffrec X €y X L

where nyg is the rate of B — X, v decays after full reconstruction, estimated as 68/(0.14 x
141) = 3.2/tb=!. The factor ffrec accounts for the improvement in €f.., that is 2.2 x
10°/1.4 x 10° = 1.6 (see Table 4.3). The factor [s/B accounts for a possible improvement
in S/B from the results in Table 4.20, and is assumed to be [s/B = 2 based on the above
mentioned BaBar result.

Experimental systematic error The major source of experimental systematic error (Agyst)
will be associated with the background subtraction, and largely depend on the signal-
to-background ratio. For instance, the (¢, mx) measurement by Belle using an advanced
neutrino reconstruction technique [111] has S/B = 0.18 and the total experimental system-
atic error (in Br(B — X,fv)) of 18.1%, dominated by the BB background subtraction
error of 16.8%. Relying on this result and assuming a naive scaling of the background
subtraction error with (S/B)™!, Agys is estimated as,

0.18
S/B x fS/B

Here, we add in quadrature a 3% error associated with the signal detection efficiency. The
estimation then gives Ay = 2.8% in |V

1
Agyst = = % [0.168 x

5 ©0.03 . (4.90)

Theoretical error As discussed in Section 4.9.2; the theoretical error (Aypeo) is minimum
at a choice of (¢2,,, mxeut) = (6GeV?, 1.86GeV/c?). The dominant error in this case is
the uncertainty in the b-quark mass. Based on a combined fit to recent experimental
data of B semileptonic decays, Bauer, Ligeti, Luke and Manohar have deduced m%s =
4.74 £ 0.10 GeV, where the error is dominated by experimental uncertainties [112]. If the
experimental uncertainties are eliminated in the future, the present 100 MeV error shrinks
to 30 MeV. Then Aypeo = 1/2 X 9 = 4.5% in |V, according to Table 4.18.

Adding the above three error sources in quadrature, Figure 4.41 demonstrates the expected
improvement of |Vy;| error as a function of the integrated luminosity L, with the optimal choice
of (¢, Mxeut) = (6GeV? 1.86GeV/c?). In conclusion, with a precise determination of the
b-quark mass, a |V| error of less than 5% is achievable at L = 5 ab™ 1.

4.9.4 Mesurement of exclusive b — u semileptonic decays

The measurement of the inclusive B — X, fv decay is insensitive to theoretical ambiguities, but
experimentally challenging because of the large background from B — X v decays. Comple-
mentary to this, the measurement of exclusive decays, such as B — wfrv and B — pfv, provides
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Figure 4.41: Expected improvement of |V,;| error as a function of L.

experimentally cleaner information, but is subject to large theoretical uncertainties in the form
factors. On the experimental side, it is essential to provide precise data for the differential rates
dl'/dg?® of each exclusive channel. This is because dI'/dg? varies depending on theory models,
and such data helps to test the model. Precise data in the high ¢ region is especially important,
since lattice-QCD calculations, the most promising tool for reliable model-independent deter-
mination of |V,|, are possible only in the region ¢*> > 18GeV?, as discussed in Section 4.9.2.
While there have been several exclusive measurements in the literature [113-118], these data
lack information on the ¢? distribution or, even if they include such information, suffer from
poor statistics and from relatively large systematic errors. A high luminosity SuperKEKB/Belle
experiment will enable us to measure the ¢? distributions with high statistics and less systematic
uncertainties. Combined with improvements in lattice QCD with unquenched calculations in
future, this will lead to useful determinations of |V|.

One of experimental key issues in measuring the exclusive B — w¢*v/plTv decays is the
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Figure 4.42: Missing mass resolution in (left) a full reconstruction analysis and (right) a classical
neutrino reconstruction analysis.

reconstruction of the undetected neutrino in the final state. Information on missing energy
and momentum of the event have been used to infer information about the missing neutrino
(“neutrino reconstruction”). This method, originally developed by CLEO, has been applied
in existing measurements and exploits the known kinematics of the ete™ — T(4S) reaction
and near 47 coverage (“hermeticity’) of the detector. In reality, however, hermeticity of a
detector is never complete. This lack of hermeticity allows background from both BB and
cross-feed (e.g., mlv < plv) to contribute, where the latter is serious especially in the high
q? region. For instance, the recent CLEO measurement [116] provides Br(B — mfv) with a
statistical error of 13.5(36.0)% and an experimental systematic error of 8.6(18.3)% for the whole
7> (¢*(> 16GeV?) region. The experimental systematic errors are mainly associated with the
neutrino reconstruction; 6.8% in the whole ¢? region and 17.2% in the ¢> > 16GeV? region.
The CLEO result has been obtained with event sample of only ~ 10 fb~!, and we can quickly
improve the statistical error to a few %. However, the systematic error arising mainly from the
neutrino reconstruction will soon limit the experimental uncertainties.

As in the case of the inclusive measurement, discussed in the previous section, analyses
with full reconstruction tagging improve the situation substantially, and make best use of the
high luminosity at SuperKEKB/Belle. Figure 4.42 compares the missing mass resolution for (a)
full reconstruction tagging (for B — D%*v with 78 fb~!), and (b) classical v reconstruction
(for B — wl*v with 78 fb=1) in the present Belle analyses. An improvement in the FWHM
by almost a factor of 50 is seen for the full reconstruction analysis. We can also consider
semileptonic tagging, where one tags more abundant B — D®) ¢ty decays in the accompanying
B decays. This technique provides about 4 times more statistics by sacrificing purity and ¢?
resolution. Belle has presented a preliminary inclusive analysis using this method [119]. An
exclusive analysis using this method is also in progress.

Figure 4.43 shows the expected improvement of the experimental error in |V,;| as a function
of the integrated luminosity L, for the whole ¢ and the high ¢®> regions. Here, the errors

139



2004/02/09 10.43 2004/02/09 10.43

A|Vub|/|Vub| Experimental Error A|Vubl/|Vub| Experimental Error
S 20 s 20
< af Whale g Regi g High.q.Regi
é 18 ; F@q eqglon é 18 1 1g q egilon
M 16| M 16|
_az" [ o Taading .g F a.Tagging
2 14 1 2 14
T T r
xr 12| / Tagyging xr 12 \\ Tagyging
10 H 10 | R
ol | ] s\ ]
6 \ | | 6
W\ / SRR
4 < 4L 2 )
L N — .\ AN T S RN S e N A
2 ----------------------------- 2 : ..................... s
007081716 2 25 3 35 4 45 5 00 051715 2 26 3 35 4 45 5
Ly (ab) Ly (ab)

Figure 4.43: Expected improvement of the experimental error in |Vi;| as a function of the
integrated luminosity L, (left) for the whole ¢? and (right) the high ¢? regions.

are estimated by extrapolating the present Belle analysis using semileptonic tagging, and are
compared with the classical neutrino reconstruction. One can see that the classical neutrino
reconstruction will soon hit the systematic limit. At a few times 100 fb~!, the tagging analysis
will provide more precise results. The experimental precisions in |V,;| expected at 5 and 50 ab™!

are 2.3% and 1.9%, respectively, for the whole ¢ region, and 2.9% and 2.1%, respectively, for
the ¢ > 16GeV? region.
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4.10 Tau decays

4.10.1 Introduction

The 7 lepton is the only charged lepton that is heavy enough to decay hadronically. Its variety of
pure-leptonic and semi-leptonic decay modes makes it possible to study various physics issues.
With an anticipated luminosity of 5 x 103> cm™2sec™!, SuperKEKB is expected to deliver a
sample of 1.5 x 10'Y tau-pairs in three years of data taking. This huge data sample allows us
to attain a single event sensitivity of 3 x 10710 for branching fractions under assuming a 10%
detection efficiency with no backgrounds. Research making the best use of such a large data
sample can be divided into two categories: the sensitivity frontier and the precision frontier. The
sensitivity frontier involves searches for new physics phenomena in rare or forbidden decays, while
on the precision frontier one searches for a small inconsistency with the SM in a high precision
measurement. Among many possible subjects at the sensitivity frontier, here we discuss the
search for Lepton Flavor Violation (LFV) phenomena at SuperKEKB.

A theoretical overview of lepton-flavor-violating process beyond the Standard Model is given
in Section 3.5.

4.10.2 Present experimental status

2.0E-4 @CRYSTAL BALL — Uy
/ 3.4E-5/1.2E-4 @ARGUS — Ty

= '6!“‘&9, 6.2E-5/1.1E-4 @DELPH
|

| | N

42E6@CLEO . — " — — 3.0E-6/2.7E-6 @CLEO
.L\ 1.1E-6 @CLEO
2.0E-6 @BaBar(pre.)

SUSY SM/GUT with Ve~ @B

- 3.6E-7 @Belle(pre:)
3.1E-7 @Belle

SUSY SU(5) GUT w/o Vg

1990 2000 2010
Year

Figure 4.44: Experimental status of the LFV search.

So far, tau physics has been carried out mostly at electron-positron collider facilities. Samples
of ete™ — 7777 reactions are selected based on characteristic properties, such as low multiplic-
ity with a well collimated back-to-back jet-like pattern and missing momentum(energy) due to
missing neutrinos. While these requirements will remove BB and a large portion of continuum
reactions, an appreciable amount of Bhabha, muon-pair and two-photon processes remain and
constitute severe backgrounds. Since 7 decays always include neutrinos, the 7 cannot be exclu-
sively reconstructed and therefore background contamination cannot be totally avoided. The
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LFV processes discussed here are exclusive decays and much higher sensitivity than for other
decay modes could be attained.

Belle has so far analyzed 86 fb~! of data for 7 — pu~(e™)~, 83 fb~! of data for 7= — p~ (e~ )h"
(where hY denotes either h® = 7,7 or 7°), and 87 fb~! of data for 7= — [~I*1~. The current
experimental status is summarized in Table 4.21 and the history of 7= — u~(e™ )y searches is
shown in Figure 4.44. It is seen that the older data, mostly collected by CLEO, are no longer
competitive with the best limits from the Belle collaboration. Branching fractions attained
go down to the 1077 level and the searches are approaching the sensitivities required for new
physics.

In this section, we discuss the experience in 7 physics research that we have acquired during
the analysis of the current Belle data.

While the signal side 7 is exclusively reconstructed for every LFV process, the tag side is
required to be composed of a single charged track and any number of photons with neutrinos.
The mode 7= — p~ (e )7y has the fewest constraints, so that a certain amount of background
inevitably remains. The 7= — = (e”)h mode includes extra constraints that provide additional
background-rejection power, although there is some decrease of the detection efficiency due to the
higher multiplicity. Together with the kinematic constraints for the signal, particle identification,
especially for muon and electron, play an essential role for event selection. The Belle detector
provides a p-id efficiency of 90% and an e-id efficiency of 97-98%: the event selection power
is strong and then background contamination is little at the electron accompanying processes.
The contamination due to the inefficiency of p-id is 28% for 7= — p =+, while the rate due to
the inefficiency of e-id is 6% in 7= — e 7.

We have introduced a new requirement on the relation between the missing momentum and
the missing mass-squared in 7~ — p~ (e )y, in addition to the conventional requirements. It
is quite effective: 98% of generic tau-pairs and 80-90% of radiative Bhabhas, muon-pairs and
continuum are removed, while 76% of the signal is retained (See Figure 4.45).
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Figure 4.45: A newly introduced selection requirement regarding the missing quantities,
Pmiss Vs m2 . (a) For signal-MC events, and (b) for generic tau-pair MC. The selected re-

gion is the area between the lines.
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Figure 4.46: Distributions of events after all selection requirements. (a) 7 — pu(e)y with 86 fb=1,
(b) 7 — un with 83 fb=1,

Within the data analyzed, no signal candidates are found in the signal regions for 7= —
p=(e7)hY and 7= — [71*1~. On the other hand, 7= — u~ (e~ )y suffers from backgrounds as seen
in Figure 4.46 (a). The principal background remaining after the selections for 7= — p= (e )y is
originates from 7777. In particular, the radiative tau-pair process (e~ e~ — 7777 7) dominates.
One of 7’s decays semi-leptonically from which the lepton and the radiated photon composes
a tau candidate, while the other tau decays leaving one charged track in the detector with
a different lepton flavor. Multi-photon radiative muon-pair (and Bhabha ) yields the second
largest background: one of leptons and a radiated photon forms a tau candidate, and the other
lepton is mis-identified. These backgrounds cannot be discriminated from the true signal.

10

# of events

AE(GeV)

Figure 4.47: Expected background distribution for 7= — p= .
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For 7= — p=(e7)n, p~ (e )/, p~ (e )m® and 7= — I71T1~, we evaluated the expected back-
grounds in the signal region from the sidebands and extract the number of signal candidates.
No candidates are found. The upper limits are calculated according to a Baysian approach. For
T~ — p~ (e7 )y the background distribution was intensively studied using actual data and MC
simulations, as is seen in Figure 4.47. A thorough understanding of the background’s origin
and properties was obtained. Finally, the number of signal events was obtained by means of an
unbinned extended maximum likelihood method.

Mode Limit Luminosity Refs. Limit in PDG2000
(b~ 1)
T — <31x107"7 86 [120] <11 x 1077
T — ey <3.6x1077 86 <27 %1077
T — Ty <3.4x1077 83 [121] <96 x 1077
T —en <6.9x1077 83 <82x1077
T~ —eefer  <35x1077 87 [122] <29 x 1077
T —eetuym <1.9x1077 87 [122] <17 x 1077
T~ —eputem <1.9x1077 87 [122] <15x 1077
T~ —eputyT <20x1077 87 [122] <18 x 1077
T —pTetpuT  <2.0x1077 87 [122] <15 x 1077
T = pptpT <20x1077 87 [122] <19 %1077

Table 4.21: Limits on lepton-flavor-violating decay modes(90% confidence level) obtained so far
from Belle data. The last column shows the previous limits from the PDG 2000 compilation.

4.10.3 Achievable sensitivity at SuperKEKB and physics reaches

Figures 4.48 shows the sensitivities anticipated at SuperKEKB. The sensitivities shown by the
trianglar symbols are the expected sensitivities obtained by assuming some signal-to-background
conditions and applying the unbinned extended maximum likelihood method at SuperKEKB.
The lower-solid line are obtained by assuming no candidate events in the signal-region.

The former case corresponds to 7= — p~ (e”)~. In the latter case, the upper limit decreases

inversely proportional to the total luminosity, Br o< 1/N +,.—. The ™ — p~ (e )n,u~(e7 )/, u~ (e 7)w

and 77 — {717~ modes would follow a oc 1/N.+,.- behavior for a short time as up-to a lumi-
nosity of a few 100 fb~! and then gradually change to a oc 1/y/N, 1, dependence as candidates
begin to appear. Therefore, if the current signal-to-background condition is still maintained,
the ultimate goal at 5,000 fb~! could be a branching fraction sensitivity of several x10~° for
= —pu (e )n,p (e, p (e7)m® and 7~ — [7IHI~. The 7= — p~(e”)y mode could be with
a brantiong fraction sensitivity of of a few x1078.

Can we improve the sensitivity more? Experimental sensitivity is in general determined
by the three key elements: statistics, resolution, and signal-to-background ratio; and its ex-
perimental reliability depends on how well the systematic uncertainty of these aspects is con-
trolled. We discuss here possible measures for improvements, based on experience from the Belle
T~ — p~ (e7 )y analysis.

Statistics Besides accumulating higher luminosity, it is important to the detection efficiency in-
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Figure 4.48: Achievable upper limits for LF'V decays at SuperKEKB.
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cluding trigger performance. However, at a SuperKEKB. the selection criteria will become
tighter and efficiencies will be lower than the current sizes. There is no way to increase
the detection efficiency.

Resolution Improvement of the momentum and energy resolution reduces the size of the sig-
nal region. The signal-to-background ratio, the sensitivity, is enhanced because the back-
ground distributes uniformly for a narrow AE vs. My, region. As is seen in Figure 4.49,
energy leakage in the calorimeter and initial state radiation yields a long low-energy tail,
so that our signal region is defined to be quite large to include a sufficient portion of the
signal, say, more than 90%. While the effect of initial state radiation cannot be controlled,
the effect of the calorimeter leakage can be improved, for instance, by using a crystal
with a longer radiation length and containing less lateral energy leakage in the analysis
procedure.

Improvement of particle identification ability is essential for all decay modes. The effi-
ciency of e-id is already 98% so that further improvement would be not practical. On
the other hand, the p-id efficiency is now 90% so that the increase efficiency may reduce
background contamination, for example, (uy)4not—u events in the 7= — u~ 7 search,
and the sensitivity will increase. A KLM counter with finer segmentation in the radial
direction might provide a better muon identification. K/7 separation is also important in
searches for decays into 3 hadrons. The Time-Of-Propagation counter being studied by
the Nagoya group could be a very good candidate for improvement here.

0.2" ]

1.6 18 2
M., (GeV/c?)

Figure 4.49: AFE vs. M;,, distribution for 7= — =~ decay.

Signal-to-background A newly introduced requirement for the missing quantities, pmiss —

M?2,..., plays an important rule for background as seen in Figure 4.45. It makes it possible
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to achieve a sensitivity higher than that of the CLEO experiment. We also apply a new
selection for 77 — €77, using the opening angle between the tagged track and missing
particle direction; this criterion quite effectively removes the radiative Bhabha background.

We have to create this kind of new criteria for future analysis.
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Figure 4.50: Physics reach in m4 — tan 3 parameter space at 1000fb~! for the 7= — p~n decay,
together with the regions excluded by direct searches at LEP and in Tevatron experiments
[123,124]. Here, my4 is the pseudo-scalar Higgs mass in the Higgs mediated model.

Figures 4.50 and 4.51 show the 7 physics reach with 1,000 fb=!.
i) Fig. 4.50 shows a possible exclusion region in the m 4 —tan 3 parameter space from 7= — p™n.
The region allowed by the current upper-bound from the Belle experiment(< 3.4 x 10~7) and
the one from non-observation with the 1000fb~! are shown. The boundary is evaluated by
multiplying a factor 8.4 to the formula given by Eq.(3.13), i.e.

- _ tan 3 ° My \7*
3.2 % 107 x |51, ( ) () .
Blr = pmm) = 32> 107 lon "> =557 ) > \To0Ger

where |5TL#| = 1 is assumed for the evaluation of the boundary 2. It is worth mentioning that we
already have achieved a sensitivity similar to that obtained by FNAL-Tevatron experiments for
the tan 8 vs. my4 relation.

ii) Fig. 4.51 shows a possible exclusion region in mgysy — tan  parameter space for 7= —
p~v. The excluded regions are from Belle’s current upper-bound (< 3.1 x 10~7) and from
non-observation at 1000fb~!. In this evaluation, we use the branching fraction for 7= — pu =7y
provided from Eqs.(3.3)-(3.7). Assuming also |5§M| =1 and |57Lu| = 1, the approximate formula
for Br(t~ — p~7y) is given as

2 —4
B(r™ — p ) =3.0x107° x (tanﬁ) X (MSUSY> .

60 1TeV

2This mean we are assuming the maximum branching fraction.
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Figure 4.51: Physics reach in mgygy — tan 8 parameter space from Belle’s current upper-bound
and at 1000fb~! luminosity for 7= — 7. The maximum branching fraction is obtained by

. R _ L _ .
taking |07,| = [07,] = 1 in Eq.(3.4)-(3.5).

148



4.10.4 Summary

Higgs and SUSY particles must exist, nevertheless there is no evidence for them yet. Many
possible mechanisms for LF'V decays are possible and a very wide range of the relevant parameter
spaces are allowed now. Accordingly, many different models have been proposed as discussed
in Section 3.5. Some predict relatively large branching fractions while others give extremely
small values. Systematic and extensive investigation of various 7 decay modes would provide
a powerful means to select models, restrict their parameter space, and possiblly discover new
phenomena beyond the Standard Model. The 7 lepton is the most suitable charged lepton and
a SuperKEKB is the facility best suited to carry out this frontier research.
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4.11 Diversity of physics at Super-KEKB—other possibilities

4.11.1 Charm physics

At a B factory, a large number of charm mesons are produced from the ¢ continuum and also
from decay products of B mesons. For example, with 11.1fb~! Belle reconstructs 10° D° (150),
8x 10% D* and 6 x 10° DF mesons in low multiplicity decay modes. We can expect data samples
a hundred times larger with a luminosity of 10%° cm=2s~1.

Due to the effectiveness of the GIM mechanism, flavor-changing neutral current (FCNC)
decays, D° — D° mixing and CP violation are small in the charm sector. This is in sharp
contrast with K and B FCNC processes, which are enhanced by the presence of top quarks
in loops. In many cases, extensions of the Standard Model (SM) upset this suppression and
give contributions sometimes orders of magnitude larger than the SM. As a result, rare charm
processes are an excellent place to look for new physics.

The strength of DY — D° mixing is characterized by two parameters x = AM/T and y =
AT /2I'. According to the conventional expectation of the SM, z,y < 1073. However, in a
recent treatment by Falk et al., the possibility of y (and perhaps z) ~ 1072 within the SM is
raised [128]. The current experimental limits are at the level of a few times 1072,

Experimental searches for D° — DO mixing usually involve hadronic decay modes such as
DY — K*7~. For such modes, there are contributions from both mixing and doubly Cabibbo
suppressed decays (DCSD), which can be distinguished by their time dependences. In the C'P
conserving limit, the rate for wrong sign decays is

rws(t) = [Rp + VRpy't + 1/4(2" + y*)t*]e ",

where Rp is the DCSD rate, and 3y’ = ycosd — xsind and 2’ = xcosd + ysind are the mixing
parameters y and z rotated by J, the relative strong phase between D° — K*7~ and D° —
K*n~. In the absence of interference, mixing has a t?e~* dependence which peaks at 2 D°
lifetimes, whereas DCSD follows the usual e~ dependence. The interference term is proportional
to te~! and dominates the sensitivity to mixing, since (22 + 3/?) = (2% + y?) < Rp. Since the
measurement of ¢ and 2’ requires that these three terms be distinguished from each other,
decay-time resolution is crucial: improved vertexing at the Belle upgrade, together with the
very large DY samples available at 103> cm~2s~!, will lead to an improvement in sensitivity over
previous experiments [129] and the existing B-factories.

Interpretation of D° — K¥7~ and other hadronic-decay mixing analyses is complicated
by the strong phase difference 0, which may be large [130], [131]: it is important to obtain
constraints on this quantity. At a tau-charm facility, 6 can be determined by using quantum
correlations with two fully reconstructed D decays [132]. At a high luminosity B factory, ¢ can
be determined by measuring related DCSD modes, including modes with K mesons [133].

If C'P is violated in the D system, then additional D° — DO mixing signals may be seen. C'P
violation in the interference of D° decays with and without D° — DY mixing is parameterized
by the phase ¢p = arg(q/p): the SM expectation is O(1073 — 1072), whereas in new physics
scenarios it can be O(1). This is in contrast with direct C'P violation, which occurs in Cabibbo
suppressed decays such as D — pr at the 1073 level in the SM: new physics scenarios are unlikely
to change this expectation.

A time dependent asymmetry

(D°(t) — DO(t)) o xsin ¢ppTte Tt
may be measured by comparing D® — K+t7~ and D0 — K~ nt decays [134], and would (unlike

C P-conserving mixing) be a clear signal of new physics. The corresponding asymmetry between
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DY and DO decay rates to K+ K, where the D flavor is tagged by the pion from D** — DOt
allows an especially clean measurement since the final state is identical in both cases, and is only
singly Cabibbo suppressed. The analysis of this mode is similar to that used for time dependent
CP violation in B decay.

There are several classes of rare D decays where the large data samples available at high
luminosity will allow improved measurements. Two body decay modes such as D — vy, utu~
and pteT are strongly suppressed in the Standard Model: expectations are 1078 for DO — ~~,
1071 for D® — p*p~ and 0 for D° — pe. In new physics scenarios, the rates can be orders
of magnitude larger [135]. For example, in both R-parity violating and leptoquark models, the
branching fraction for D° — p+pu~ can be as large as 3 x 1076 while that for D° — p*eT could
be 5 x 10~7. The current experimental bounds for D° — ptp~ and DY — pte™ are 3.3 x 1076
and 8.1 x 1079, respectively. For 3-body final states such as p¢T¢~, where SM expectations
are similar, orders of magnitude enhancements are expected at low ¢/~ invariant masses in
some new physics models. In the case of radiative decays such as D° — K*y, py, which are
long-distance dominated, measurement at Super KEKB could constrain long-distance effects in
the corresponding modes in the B sector.

By the time Super KEKB begins taking data, the tau-charm facility at Cornell will also
be operating. Although the design luminosity is relatively low (5 x 1032 cm?s™!), correlated
D meson pairs are produced at threshold from the 1)” resonance. For measurements where
kinematic constraints from production at threshold are essential, such as fp and D absolute
branching fractions, the Cornell facility will remain competitive; and a sensitivity to D° — DO
mixing at the 1074 level is claimed [132]. Super KEKB will have the advantage of precision
vertexing for measurement of time-dependent decay distributions—especially important if C'P
violation is associated with mixing—and very large D meson samples. Other facilities in the
world such as ATLAS/CMS/CDF /D0 cannot do charm physics. LHC-B and BTeV may record
large charm data samples if they modify their trigger configurations, which are optimized for B
physics. However, these experiments cannot efficiently reconstruct final states with neutrals or
K mesons.

4.11.2 Electroweak physics

The standard-electro weak model has two fundamental parameters, which are directly related to
measurable quantities: the parameter p = M, /(M% sin?©y ), which is unity in the standard
model and the Weinberg angle Oy, which determines the relative contributions of electromag-
netic and weak forces. Both parameters have been measured at the ete™ colliders PETRA and
TRISTAN before the high precision measurements at the Z-Pole became available from LEP.

Recently a growing interest is being observed to revisit this type of physics and repeat
sin?Oyy and p measurements with high precision. There are two aspects to this renewed interest
in a precision determination of the fundamental electro-weak parameters. One is related to a
measurement of the NuTeV collaboration at Fermilab [136], who observe values of p and sin?Qyy ,
which are not in agreement with the standard model. The second motivation is that the scale
dependence of gauge couplings has been observed for the strong coupling constant a, and the

electromagnetic coupling «, however, not yet for the coupling constant of the weak isospin group
SU(2).

The quantity sin?@yy is related to the coupling parameters of two gauge groups, U(1) for the
electromagnetic part and SU(2) for the weak isospin part of the standard electro weak model.
Both couplings have a different scale dependence resulting in a scale dependence of a more
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complicated nature for sin?@y, [137] as shown in Fig. 1. To test the scale dependence, data
below the Z-pole with an accuracy of a few 10~* will serve the purpose.

Two experiments are being proposed to measure sin?Oyy at center of mass energies below
1 GeV, QWEAK at the Jefferson Lab in Virginia and one at SLAC, E-158. The QWEAK
experiment will deduce sin?@yy from elastic scattering of polarised electrons off protons, while
the SLAC experiment measures Moller scattering of polarised electrons.

The NuTeV Detector at Fermilab consists of an 18 m long, 690 ton active steel-scintillator
target with drift chambers as tracking devices followed by an iron-toroid spectrometer. High
purity v, and 7, beams resulting from interactions of 800 GeV protons in a BeO target can be
directed onto the detector.

In principle sin?Oyy can be derived from a measurement of the ratio between neutral current
(NC) and charged current interactions (CC) in a nuclear target for just one neutrino species.
This aproach is, however, subject to large QCD corrections. The corrections can be minimized
by a determination of the ratio R~ with

0N = 1, X) — 07N — 7X)
o(wyN —- p=X)—o(,N — ptX)

R =

NuTeV obtains with this method sin?Oy, = 0.2277 + 0.0013 £ 0.0009, a value which is 3¢
above the value expected for the standard electro weak model. From a two parameter fit to p
and sin?Oy they conclude that one of the quantities, but not both of them can be made to
agree with the standard model value. Their result is sensitive to new physics in the W and Z
sector and suggests a smaller left-handed NC coupling to light quarks than expected. But this
result also depends on hadronic corrections and nuclear structure functions, which is the main
criticism with respect to an interpretation in terms of deviations from the standard model.

In the electro-weak process ete™ — putp~ the values for sin?@y and p are derived from a
fit to the angular distribution (0*) of u pairs with respect to the axis of the incoming positron
in the ete™ center of mass system [139)].

dor o,
aQ  4s
with the following definitions:

C1(1 + cos? ©F) + Cy cos %)

C1 =1+ 2v.vux + (vg + az)(vi + ai)x2

Cy = —4aca,x + &Jeaeaﬂx2

Ve, = —1 + 4sin® Oy, Qe = —1

The quantity y may be written in two different ways, as a function of sin?Oyy or as a function
of p

1 s
~ 165sin? Oy cos? Oy (s — M2)

X

or
B pGrM?2 s

© 8rav2 (s — M3)
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Figure 4.52: Scale dependence of sin?Oyy . The full symbols show the current situation, while
the open symbols with error bars for the proposed experiments QWEAK, SLAC E-158 and Belle
are placed at the correct cm energy with arbitrarily chosen vertical positions. The previous mea-
surements are determinations from atomic parity violation (AVP) [138], deep inelastic neutrino
scattering (NuTeV), and from Z-pole asymmetries (LEP/SLC).
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where s is the square of the center of mass energy and Gp = 1.17 x107° GeV~2 is the Fermi
coupling constant.

For the purpose of estimating statistical errors and significance levels it is sufficient to con-
sider the forward-backward charge asymmetry integrated over all angles, while in an actual
experiment, one would fit the angular distribution.

30,
App=——=15
FB el X

A guidline for estimating the significance of a measurement at /s = 10 GeV would be the
capability of distinguishing the value of sin?@y at the Z-pole from a value it would assume if it
were running according to the predictions of the standard model.

With the Z-pole value of sin?@y, = 0.232 the forward-backward asymmetry assumes a value

of App(y/s =10 GeV) = 6.34 x 1073.
For sin?@yy running according to the standard model, the asymmetry is Arp(y/s = 10 GeV) = 6.38 x 1073
The charge asymmetries for a running and a constant coupling coupling constant thus differ

by 5(AFB) =4 x107°.

At 10 GeV center of mass energy, the statistical error on sin?@yy is 30 times larger than the
error on the forward-backward asymmetry:

o(sin® Oy ) = 30 o(Arp)

With a statistical error of o(App) = £1 x 107° on the charge asymmetry the corresponding
error on sinOyy is o(sin?Oy ) = 3 x107%.

The number of events required to achieve this accuracy is certainly smaller than 100 events,
because when fitting an angular distribution much more efficient use is being made of the exper-
imental data and, thus for an accumulated luminosity of 1 ab™! with 10 events a statistically
significant measurement can be made, which is compatible with that of the two dedicated ex-
periments as may be inferred from Fig.1.

The p-pairs from the decay of the Y (4S) will have a different asymmetry from those of
the continuum, as with T as an intermediate state the Z-boson couples to b-quarks and the
relative weight between ~ and Z-exchange is altered with respect to the continuum. However
the branching fraction of BR(Y(4S)— ptu~) = 3 x 107° is, however so small that corrections
to the angular dependence will become less important and they can be calculated with sufficient
accuracy, as all couplings and weak charges are known. The experiment is thus a continuum
experiment.

Radiative corrections are small and can be calculated with sufficient accuracy. Also bin to
bin migrations are expected to be small. A potential source of systematic errors are radiative
returns of the Y(1S) resonance. These events can be removed by a mass cut on the invariant
two lepton mass.

The angular distribution of electron pairs is known with high accuracy and therefore electron
pairs can be used to check the charge symmetry of the detector and other systematic errors like
those, which may be related to the fact that the muon momenta in the forward and backward
hemispheres are different due to the asymmetric energies of the colliding electron and positron
beams.

Muon identification need not be very restrictive, because there are only very few reactions,
which could fake muon pairs, if collinearity of the two tracks is requested. Tau pairs will be
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rejected by collinearity cuts and invariant mass cuts, the cross section for pion pairs is too small
to present a serious background and electron pairs are easily identified by their unique signature
in the CsI crystals. As a first guess, a loosely identified muon track would be sufficient for
one track, while the second collinear particle need not be identified as a muon, it should be
compatible with a muon and incompatible with an electron.

The presence of SU(2) breaking forces could result in a different phonomenological pattern
for reactions, where quarks are present or only leptons are involved. Leptoquarks as an exam-
ple could alter the result of a sin?@y, measurement in neutrino-nucleon scattering without a
measurable impact on the charge asymmetry of muon pairs in eTe™ annihilation. Therefore one
could imagine to face a situation, where purely leptonic experiments do agree with the standard
model, while reactions involving nucleons don’t. In this case one could extend the program
at SuperKEKB to a determination of the charge asymmetry of jets. This is a very ambitious
measurement, which needs extensive Mt. Carlo studies beforehand to investigate the feasebility
of such an experiment.

The Super-KEKB will be capable of performing a statistically significant measurement of
the Weinberg angle sin?Qy in order to prove the running of the U(1)/SU(2) couplings of the
standard electroweak model and set limits on new weak isospin breaking interactions. In order
to achieve this, data corresponding to about lab™! are needed.

4.11.3 Charmonium physics

In the history of physics, many new and important insights have derived from detailed studies of
“well understood” systems: precise measurements of the motion of planets in the solar system
led to the discovery of an anomalous precession of the perihelion of Mercury’s orbit, which
provided an important impetus for General relativity; high resolution measurements of atomic
spectra were the key to the discovery of fermion spin.

In hadronic physics, the most “well understood” systems are the quarkonium mesons, i.e, cc¢
or bb mesons. Here, because the quarks are massive, they are nearly non-relativistic and ordinary
quantum mechanics is applicable. Moreover, lattice calculations are particularly well suited to
heavy quark systems. As these improve we can expect reliable first-principle calculations of
quarkonium properties with good precision.

In B meson decays, the b — ccs subprocess is CKM-favored and, thus, final states containing
charmonium particles are common. A super-B factory would provide superb opportunities for
precision, high sensitivity measurements of the charmonium system.

Even right at the YT(4S5) peak, the cross-section for the continuum production of c¢ quark
pairs is higher than that for bb pairs. Thus, a “super-B” factory is also a “super-charm” factory
that will support a variety of interesting studies of charmed particle and charmonium physics.

New results on charmonium from Belle/KEKB

There are still a few undiscovered charmonium states that are predicted to have masses below
the relevant threshold for open charm production and are, thus, expected to be narrow. These
include the n = 1 singlet P state, the h., and possibly the n = 1 singlet and triplet spin-2 D
states, i.e. the 1'Dg and 13D.. The discovery of these states and the measurements of their
properties is important for a number of reasons, including;:

e Measurements of the masses of these states will pin down unknown parameters of the
charmonium model, such as the strength of the fine and hyperfine terms in the inter-quark
potential.
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e The properties of these states are highly constrained by theory. Measured variances from
theoretical predictions could indicate new and unexpected phenomena.

In Belle, modest efforts of studying charmonium production in B decays and continuum e*e™
processes have produced interesting examples of both of these cases.

e The 7, discovery
In 2002, with a 42 fb~! data sample, Belle discovered the 1. via its KgK7 decay mode in
exclusive B~ — K~ KgKm decays [140] (see Fig. 4.53). This observation was subsequently
confirmed by other Belle measurements [141] as well as CLEO [142] and BaBar [143].
Although nobody ever doubted the existence of the 7, it had evaded detection for nearly
thirty years. A “candidate” 7., reported by the Crystal Ball in 1982 [144], indicated
an ¢'-n, mass splitting (92 +£ 7 MeV) that is above the range of theoretical expectations
(43 ~ 75 MeV) [145]. The Belle measurement of the 7., mass indicates that mass splitting
(32 + 10 MeV) is, in fact, at the lower end of the theoretically preferred range and has
helped pin down the strength of the hyperfine splitting terms in the charmonium potential.
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Figure 4.53: The KgKw invariant mass distribution for B~ — K~ KgKmn decays. The large
peak near 2980 MeV is the 7,; the smaller peak near 3650 MeV is attributed to the 7.

e The X (3872) discovery

In 2003, with a nearly four-times larger data sample, Belle discovered a narrow charmonium-
like 77~ J /1) state with a mass of 3872 MeV in exclusive B — KrmJ/1¢ decays [146] (see
Fig. 4.54). This state, called the X (3872), was originally considered to be the 3Dz, how-
ever a closer examination of its properties indicated problems with this interpretation: the
3872 MeV mass is substantially above model expectations of ~ 3815 MeV; the decay rate
to X1 18 too small; the shape of the M (77) distribution is too peaked at high w7 masses;
and the inferred exclusive branching ratio for B — K (3Dgg) is too large. As a result, a
number of theorists have speculated that this particle may not be a c¢ charmonium state,
but, instead, a new type of four-quark meson [147]. Either the standard charmonium
model has to be modified, or the X (3872) is a first example of an altogether new type of
particle. More data will help sort this out.
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Figure 4.54: Distribution of M (77~ ¢*¢7) — M (£+£7) for selected events in the AE-M, signal
region for (a) Belle data and (b) generic BB MC events.

e The discovery of the large rate for the continuum process ete™ — céce

A major problem for QCD are calculations of the production of physical hadrons. This
is because the long-range, low-¢? processes that are involved, can not be dealt with per-
turbatively. Charmonium is an exception. Since charmonium is formed at relatively short
distances, perturbation theory should be applicable. An elegant effective theory called
Nonrelativistic QCD (NRQCD) has been developed to deal with various aspects of char-
monium production [148]. In Belle, studies of J/1 production in continuum ete™ annihi-
lation processes were started as a way to test the predictions of NRQCD. This led to the
remarkable, and totally unexpected discovery that continuum-produced .J/s are almost
always accompanied by another c¢ system; As can be seen in Fig. 4.55, the recoil system
appears to be totally saturated by either other charmonium states such as 7., xco or 7.,
or by pairs of charmed particles [141]. There is no evidence in the spectrum for low recoil
masses that NRQCD predicts should dominate; the measured cross-sections for exclusive
and inclusive ete™ — cécé processes are an order-of-magnitude larger than NRQCD pre-
dictions. Theorists have not been able to modify the model to accommodate the Belle
experimental results. NRQCD specialist Bodwin has said that explaining these results
“either requires the invention of charmonium production mechanisms within the standard
model that have not yet been recognized, or physics beyond the standard model” [149].

Strategies for a Super-B factory

These examples demonstrate that when data samples containing a significantly larger number
of B mesons becomes available, we can reasonably expect that, as a bonus, charmonium stud-
ies might produce important new discoveries. As the X (3872) and continuum e*te~™ — ccce
discoveries demonstrate, these could provide new insights into hadronic physics.

The eTe™ environment is well suited for these investigations. The X (3872) — ntn~J/v
has an especially distinct signature that makes it observable at hadron colliders [150]. However,
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Figure 4.55: Distribution of recoil masses from inclusive (a) J/v and (b) ¥(2S) mesons produced
in continuum e e~ annihilation processes near v/s = 10.6 GeV. The three peaks in the J /1 recoil
mass spectrum are the 7., the x. and the n.. There is no evidence for events with recoil masses
below the 7.; there the observed level of events is consistent with background.

understanding the nature of the particle requires sensitivity to other, less distinct modes such as
vXe1, and also 7070 /4, T a~ 70T /+p and D°DO70 [151]; these are only accessible in the ete~
environment. Likewise, the recoil-mass technique that was used to discover ete™ — cécc is also

only possible in the eTe™ environment.

e Search for the h,

The h. has proven to be the most elusive of the low-lying charmonium states. A signal for
an h. candidate in E760 at Fermilab [152] was not reproduced in the subsequent experiment
E835 [153]. The h, is expected to decay predominantly into final states that include an 7;;
these are experimentally not very distinct. Searches in B meson decays are also hampered
by the fact that the exclusive decay process B — Kh., which violates factorization, is
expected to be small. Using a technique based on a suggestion by Suzuki [154], Belle is
looking for the h. via the B — Kh.: h. — 7n. decay chain. Here the hope is that the
large expected decay branching ratio for h., — yn — ¢ (~ 60%) might compensate for the
small, factorization-suppressed rate for B — Kh,.

So far, no signal is seen, but the branching ratio limit (of ~ 1 x 10™%) is not very restrictive.
This is because of the low efficiency for reconstructing the 7. in low-background channels.
Future searches at higher luminosity will improve this limit, but only by a factor that goes
as the square-root of the increase in luminosity.

The process process ete™ — n.h. is allowed by C-parity conservation. Thus, another
approach for h. searches would be to use experimentally distinct 7. decay final states,
such as pp and 4K modes, to study states recoiling against continuum 7.s in eTe™ — céce
processes. Since the useful 7. modes have branching fractions (~ 1073) that are ~ 1072
smaller than those for the J/v this method will require a large data sample. If we assume
that the o(ete™ — n.he) ~ o(ete™ — J/1xe0), about 10 ab=! of data would be needed
to uncover the h. by this method.

Search for the 3Dy
Since it looks more-and-more unlikely that the X (3872) is the 3D, the discovery of the
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3D.o remains an open experimental question. Since the exclusive decay B — K3D.y is
expected to by strongly suppressed by factorization, here also searches in exclusive decays
are not promising. Since the yy.1 and 777~ J /¢ modes are expected to be strong and are
experimentally distinct, inclusive searches are feasible. (Belle has reported a strong signal
for the inclusive process B — x2X [155], even though no evidence has been seen for it in
exclusive two-body decays.)

Summary

A super-B factory will provide opportunities for unprecendented studies of the properties of
charmonium systems and to search for the missing charmonium states. These measurements
will provide stringient tests of hadronic models where they are supposed to be most reliable.

Taking history as our guide, we are confident that new and surprising discoveries will be
made.
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Observable Belle 2003 SuperKEKB LHCb
(0.14ab™1) (5ab=1) (50 ab™1) (0.002ab™1)
ASyro 0.51 0.079 0.031 0.2 [156]
ASk+ kK e 0.056 0.026
ASn'Kg 0.27 0.049 0.024 X
ASKgKgKg NA 0.14 0.04 X
ASroxo NA 0.10 0.03 x
sin2x (Bs — J/¢¢) X X X 0.058
Skeoy NA 0.14 0.04 x
B(B — Xv) 26% (5.8 tb™1) 5% 5% X
Acp(B — Xy7) 0.064 0011  5x1073 x
Cg from ZFB(B — K*€+€7) NA 32% 10%
C1o from ZFB(B — K*£+£_) NA 44% 14%
B(Bs — ptu™) X X X 4o (3 years) [158]
B(BT — KTwv) NA 5.10 x
B(Bt — Drv) NA 12.70 40.30 x
B(B° — Drv) NA 3.50 11.00 X
sin 2¢ 0.06 0.019 0.014 0.022
¢2 (mm isospin) NA 3.9° 1.2° X
o2 (pm) NA 2.9° 0.9° X
#3 (DK ™)) 20° 4° 1.2° 8°
¢3 (Bs — KK) X X X 5°
o3 (Bs — DsK) X X X 14°
|[Vus| (inclusive) 16% 5.8% 4.4% X
B(t — ) <31x1077 <1.8x1078
B(t — u(e)n) <3.4(6.9) x1077 <5x107?
B(r — £60) < 1.4-31x1077 <5x107?

Table 4.22: Summary of sensitivity studies. Values for LHCb are taken from [157] unless other-
wise stated.

4.12 Summary

Table 4.22 summarizes the sensitivities for some of key observables described in the previous
sections. As a comparison, we also list expected sensitivities at LHCb whenever available. It is
seen that most of key observables are accessible only at the ete™ B factories. The advantage
of the clean environment at SuperKEKB is thus clear. Note that the B physics program at
hadron colliders has its own unique measurements that are not accessible at eTe™ B factories.
Examples include rare By decays such as Bs — p*p~. Thus B physics programs at hadron
colliders also help scrutinize the rich phenomenologies of B meson decays.
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Chapter 5

Study of New Physics Scenarios at
SuperKEKB

5.1 New Physics Case Study

As discussed in the previous sections, there are a number of processes in which one may find
observable effects of physics beyond the Standard Model (BSM). In particular, processes induced
by loop diagrams can be sensitive to new particles at the TeV energy scale, as the Standard Model

contribution is relatively suppressed. Such processes include S KO A%if;.(b — 57), ABX(b — s7),

Br(b — stt¢7), App(b — st*¢7), and Br(t — p7y). In this section we consider some specific
new physics models in the context of supersymmetry and investigate how their effects could be
seen in these processes.

The hierarchy problem of the Higgs mass suggests that the physics beyond the Standard
Model most likely exists at the TeV energy scale, and hence the LHC has a good chance of
discovering some new particles. However, the flavor structure of BSM will still remain to be
investigated, as hadron collider experiments are largely insensitive to flavor-violating processes.
In SUSY models, for example, flavor physics is the key to investigating the mechanism of SUSY
breaking, which is expected to lie at a higher energy scale.

As discussed in Section 3.3, even in the minimal supersymmetric extension of the SM (MSSM)
most of the parameter space is already excluded by the present FCNC constraints, and hence one
has to consider some structure in the soft SUSY breaking terms such that the FCNC processes
are naturally suppressed. In this study we consider the following three models according to
refs. [1,2].

o Minimal supergravity model (mSUGRA)

In this model one assumes that supersymmetry is broken in some invisible (hidden) sector
and its effect is mediated to the visible (observable) world only through the gravitational
interaction. Since gravity is insensitive to flavor, the induced soft breaking terms are flavor
blind at the scale where they are generated. Namely, all sfermions have degenerate mass
m3; trilinear couplings of scalars are proportional to Yukawa couplings; all gauginos are
degenerate with mass M;/,. Even though the soft breaking terms are flavor blind, they
could induce flavor violation as they evolve from the SUSY breaking scale (assumed here
to be My ~ 2 x 10'6 GeV for simplicity) to the electroweak scale by the renormalization
group equations, since the Yukawa couplings are flavor dependent. In general, FCNC
effects are small for this model.
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e SU(5) SUSY GUT with right-handed neutrinos

Grand Unification (GUT) is one of the motivations to consider supersymmetric models,
as they naturally lead to the unification of the gauge couplings. Since, in GUT models
quarks and leptons belong to the same multiplet at the GUT scale, the flavor mixings
of the quark and lepton sectors are related to each other. In particular, large neutrino
mixing can induce large squark mixing for right-handed down-type squarks [3—8]. In this
class of models we consider two cases where the masses of the right-handed neutrinos
are degenerate or non-degenerate. Because of the large neutrino mixing, the bulk of the
parameter space is excluded in the degenerate case due to the B(u — e7y) constraint, and
as a result the effect on other FCNC processes is limited. On the other hand, for the
non-degenerate case one can expect larger FCNC effects.

e U(2) flavor symmetry
The family structure of the quarks and leptons could be explained by some flavor symmetry
among generations. Although U(3) is a natural candidate for such a symmetry, it is badly
broken by the top quark Yukawa coupling. Therefore, here we consider a U(2) flavor
symmetry among the first two generations in the context of SUSY. We assume some
breaking structure of the U(2) symmetry for the Yukawa couplings, squark mass matrices,
and the scalar trilinear couplings.

These models still contain many parameters. We randomly choose a number of points from
the multi-dimensional parameter space, while fixing the gluino mass at 600 GeV and tan 3 = 30.
Among these points, those that are already excluded from existing mass bounds and FCNC
constraints, such as ex, b — sy branching fraction, and y — ey branching ratio, are eliminated.
The results for several quantities are then shown in the following scatterplots.

First of all, the expectations from these models for two interesting FCNC processes S¢Kg
and AZX(b — sv) are shown in Fig. 5.1, together with the expected sensitivity at SuperKEKB.
Each dot in the plots shows a randomly chosen parameter point of the model. One can observe
a significant deviation from the SM for the SU(5) SUSY GUT with a right-handed neutrino
(non-degenarate case) while the mSUGRA model gives comparatively small deviations from the
SM for these FCNC processes. We emphasize that these different models could have almost an
identical mass spectrum of SUSY particles as shown on the bottom panels in the figure. This
means that the flavor structure of BSM models is barely probed by measurements at high energy
collider experiments.

Predictions for other interesting FCNC processes are shown in Figs. 5.2-5.6 for the above
four SUSY models.

5.2 Model Independent Approaches

In the SuperKEKB experiment there are a number of processes from which we can measure the
fundamental parameters of the Standard Model (SM), i.e. quark mixing angles and phases. In
this chapter we discuss how these measurements at SuperKEKB may be used to gain insight
into the flavor structure of BSM without assuming some particular model.

Fitting the CKM parameters using the available data is a common practice. One draws
the constraints obtained from several measurements in the parameter space of (p,7), which are
the least known parameters in the usual parametrization of the CKM matrix. If one found an
inconsistency among the different input quantities, it would indicates the existence of a BSM
effect for some quantities. We investigate how SuperKEKB can contribute to narrowing down
the allowed region from each measurement.
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Figure 5.6: Correlations between key observables in case of U(2) flavor symmetry.
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Once deviations from the SM are established, the next question is which quantities are af-
fected by the new physics and how. To consider such questions, it is natural to assume that
tree-level processes are not affected much by the new physics. If the Standard Model is a low
energy effective theory of some more fundamental theory, the new physics effects will manifest
themselves as non-renormalizable higher dimensional operators. In tree-level processes such op-
erators are relatively suppressed, while in loop-induced FCNC processes the higher dimensional
operators could compete with the loop effects of the Standard Model.

Therefore, we may proceed in three steps. Firstly, we obtain a constraint on (p,7) using
only tree level processes, i.e. |Vy| from the semileptonic decay b — ufv and ¢3 from the DK
asymmetry. The result can be considered as the SM value of (p,7) even in the presence of the
new physics. Secondly, the allowed region for (p,7) is compared with the determination through
B — BY mixing, i.e. Amg and sin2¢; from B — J/?[)Kg. If we assume that the decay amplitude
for B — J/¢ K2 is dominanted by the tree level contribution, this value of (p, ) contains loop
effects from AB = 2 process. Finally, we consider a parametrization of new physics contributions
to BY — BY mixing with the amplitude Mo expressed as Mo = M + MY, and obtain a
constraint on M{s™ [9-11], Such a study of the CKM parameter fit is described in the next
section.

The separation of the Standard Model and new physics contributions can also be formulated
for radiative and semileptonic B decays: b — sy and b — s¢T¢~. As discussed in Section 3.4,
in the language of the effective Hamiltonian the new physics contribution can be expressed in
terms of Wilson coefficients.

A Similar strategy can be applied to hadronic decay amplitudes. For instance, the difference
between the values of sin2¢; measured by J /ng and gng implies some new physics effect
in the b — s8s penguin process. One can parametrize the b — sss amplitude in terms of SM
and BSM amplitudes. In this case, however, the calculation of the decay amplitudes from the
fundamental theory is much more difficult and the utility of the parametrization is limited.

5.3 The CKM Fit

We perform a global fit to the CKM parameters (p, ) using the CKMfitter package [12]'. If no
new physics effect exists, all the measurements should agree with each other in the (p,7) plane
and can be combined to obtain the constraint on them. On the other hand, the effect of new
physics may cause discrepancies among these measurements.

The strategy is to look for the new physics effects from only one source at a time, in order to
quantitatively identify the new physics contribution. Assuming that the tree-level processes are
insensitive to new physics effects, we determine the SM value of (p, ) using |Vy;| from B — X, v
decays and ¢3 from B¥ — DV[— K27 "7~ K* 2. We then examine the b — d box diagram, i.e.
B? — B9 oscillations, for which the available measurements are sin2¢; from B — céK" and
Amd.

The input parameters used in the fit are listed in Table 5.1 where the errors are based on
the sensitivity studies in the previous sections. The errors for Amy are extrapolated from the
current measurements with an irreducible systematic error of 0.4% [14]. The current value of
fB,\/Ba, is from a recent unquenched lattice calculation 215(11)(*,3)(15) MeV [15], where the

"We use the CKMFitter package with the R-fit option. The parameter values are the default values used in
the package if not mentioned explicitly.

2There is a possible effect of new physics on the Dalitz distributions through D® — D® mixing or C'P violation in
D°. However, we can check and measure the effect from the data using soft-pion tagged D° decays (D*T — D%x})
[13], and verify whether its effect to the ¢3 measurement is small enough.
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parameters | central values errors
0.5 ab™! 5ab~! 50 ab~!
sin 2¢; 0.753 +4.4% +2.5% +1.9%
$3 (Dalitz) 65° +23% +7.2% +2.3%
V| 3.79x1073 +6.9% £ 8%  +£3.7% +45%  +3.2% + 3%
Amyg 0.496 ps~! +0.8% +0.5% +0.4%
fe,v/BB, | 0230 GeV | £0.011+£0.026 +0.011 £0.026 40.005 & 0.015
b2 91° +9° +2.9° +0.9°

Table 5.1: Summary of inputs to in the CKM-fit. If two errors are given, the second error
is treated as flat in the fit [12]. Otherwise, errors are taken to be Gaussian. |V is fixed at
4.04 x 1073 in the fit. Central values correspond to p = 0.176 and 7 = 0.376.

first error is statistical, the second is the uncertainty from the chiral extrapolation and the third
is due to other systematic errors. In Table 5.1 the two systematic errors are combined and
the error is symmetrized. To improve the accuracy of the lattice calculation, simulations at
significantly smaller sea quark masses will be required. With the staggered fermion formulation
for sea quarks this is possible, albeit with additional complications, by introducing more flavors
(or tastes) of fictitious quarks [16]. Within several years it will also become possible to perform
unquenched simulations using lattice fermions with an exact chiral symmetry, such as overlap
or domain-wall fermions. The reduction of errors down to a level of several percent is feasible
within the time scale of the construction of SuperKEKB.

The constraint on (p,7) using all these measurements for the SM case is shown in Fig. 5.7
as a reference.

Among those input parameters the measurement of the angle ¢3 is not available at present.
Therefore, despite the good agreement of (p, 77) from different measurements, there is a possibility
that ¢3 does not agree with the current world average obtained with the CKM fit. It means
that the SM value of (p,7) could still be different from the current values. To see what could
be observed at SuperKEKB, here we show a plot assuming that the central value of the ¢3
measurement is 90° instead of the current average 65° (Fig. 5.8). This plot indicates that the
theoretical uncertainty in the hadronic matrix element fg,\/Bp, will become the limiting factor
for testing the SM using the CKM unitarity.

The effect of new physics on the b — d box diagram can be expressed as

My = M + Mis™, (5.1)

where MM (M7P$™) is the contribution of the amplitude to the b — d box diagram from the SM
(new physics particles) [9-11]. The result of a fit for the constraints in the (Re MY, Im M{s"W)
plane is shown in Fig. 5.9.

Measurements of ¢o using B — 77~ or B — prr decay modes are contaminated by the
b — d penguin diagram. New physics contributes to the b — d box and penguin amplitudes in a
model dependent way. However, the “penguin trapping” technique based on the isospin relation
is not affected by the new physics contribution in the penguin-loop as long as the new physics
diagrams only contribute to AI = 1/2 amplitudes. In this case, the sum of the SM penguin
and new physics penguin amplitudes is treated as a penguin amplitude to be trapped out. With
this assumption, we examine the additional constraint on new physics parameters from the ¢o
measurement. The results are shown in Fig. 5.10.
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Figure 5.8: (a) Constraints from tree-level processes, i.e. |V, and ¢3 assuming ¢3 = 90°. (b)
Constraints from processes induced by the b — d box diagram, i.e. sin 2¢; and Amg. Contours
correspond to 0.5 ab™! (black), 5 ab™! (red) and 50 ab™! (green). (c) Both contours overlap.
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Figure 5.9: Constraints on the new physics contribution to the b — d box amplitude M{y™.

Contours correspond to 0.5 ab™! (black), 5 ab™! (red) and 50 ab™! (green). The predictions
from SUSY models are indicated by dots in the plots for (a) mSUGRA and (b) for the SU(5)
SUSY GUT with right-handed neutrinos.
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Figure 5.10: Constraints on the new physics contribution to the b — d box amplitude M5".

Contours correspond to 0.5 ab™! (black), 5 ab™! (red) and 50 ab™! (green). The measurement
of ¢ is included in the fit.
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Figure 5.9 also show the SUSY model predictions for (Re MsY,Im M{¥¥). For the SUSY
models we choose the ones discussed in the previous section. In these models the deviation from
the SM is really tiny for Mio, which also gives a useful piece of information to investigate the
details of the SUSY models.

The method we described above can be extended to the b — s box diagram (Amy) and time
dependent C'P violation using B — Ji¢ etc., s — d box diagram (e ), and b — d penguin
diagram (b — dy etc.).
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