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Abstract

We present recent results of the measurements, employed by the BABAR Col-
laboration, of the Cabibbo-Kobayashi-Maskawa (CKM) matrix element V,; in
absolute value |V,,;|, and phase ~.

1 Introduction

With the discovery of CP violation in the BY mesons, and the precise measure-

ment 1) of the angle ( of the Unitarity Triangle (UT), the experimental effort
focus on the measurements of other parameters to overconstraint the CKM
matrix. The information on the side R; opposite to the angle 3 is crucial. In
the Wolfenstain parameterization, |Rp| = A™1(1 — A2/2)|Vyp/Ves|, and the Ry
phase is the angle . The parameters |V,,/Vep| and v play a special role in the
CKM matrix, because they can be extracted from pure tree level decays, so
their values are to high accuracy independent of any new physics contributions.
The parameter |V is known, from a global fit to the heavy quark parameters

2) , with an uncertainties of about 2%, so at present the uncertainty on |V,
close to 7%, is the limiting factor to the constraint, so we will focus the rest
of the paper only to |V,s|. A comprehensive review of |V,;| and v measure-
ments is beyond the scope of this paper. We will present only the most recent
measurements.

2 Inclusive Measurement of |V,,|

The semileptonic are characterized by an electroweak current that probes the
B dynamics allowing to determine the CKM matrix element in a clear environ-
ment. Their simplicity is only apparent, because we are interested in precision
measurements, the complexity specific of QCD dynamics have to be addressed
and taken in consideration.

The full rate for B — X, fv decays is related to the free quark rate by
Operator Product Expansion (OPE) techniques 3). If the full decay rate were
experimentally accessible, the resulting theoretical uncertainties on |V,,;| would

be of the order of 5% 4). In practice the measurable rate is strongly reduced
since the background from B — X fv decays (that dominates the signal by
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a factor 50) must be suppressed by requiring stringent kinematic cuts. The
reduced accessible rate breakdown the OPE and this increase considerably the
theoretical uncertainty. The cuts relies on the u quark mass being much lighter
than the ¢ quark, as a consequence the distribution of some variables, like py,
the lepton momentum, extends to higher values for the signal. Whereas the
distribution of the hadronic mass mx of the hadronic jet produced by the
fragmentation of the quark u, extends toward lower values. It is possible to
select regions of the phase space where the signal over background is reasonable,
but usually the acceptances tend to be small (from 6% requiring py above the
kinematic endpoint of the leptons from B — X fv, to 70% requiring mx lower
than the mass of the D meson). In the reduced phase space, the leading term
of the non-perturbative correction to the expected rate, becomes of the order
Agcp/my instead of Aéc p/m3, and is described by the distribution function
(call shape function) of the momentum of the b quark inside the B meson.
The shape function cannot be computed perturbatively and must determined
experimentally. It is function of m; and the other heavy quark parameters
that describe the internal structure of the B meson, which can be determined
by other processes like B — X v and b — s decays. The measurement of
the partial branching ratio AB(B — X,fv) can be translated into |Vy;| by
|[Vas| = VAB/(75 - T4p,), where 75 is the B meson lifetime, and T'y, is the
reduced decay rate defined as T'y, = ATy, /|Vus|?, where ATy, is the partial
width into the phase space defined by the kinematic cuts, predicted by the

theory 5).

2.1 Measurement near the Endpoint of the Lepton Energy Spectrum

The endpoint region of the lepton-energy spectrum allows to access the B —
X, lv events measuring the rate of leptons beyond the kinematic endpoint for
B — X lv. The region of the phase space above this limit is ~ 6%, so the
acceptance of the cut on p, is affected by large uncertainties due to the shape
function. Moreover this region is sensitive to the weak annihilation contri-
butions, which are not well known. In the last few years the backgrounds
knowledge have improved, so it has been possible to relax the cut on p. down
to 2.0 GeV/c, increasing the acceptance to 26%, and reducing the total the-

oretical uncertainties 6). Tn Fig.1, the distribution of the lepton momentum
is shown. Using 88 million of Y(4S) decays, the measured partial branching
fraction is AB(p. > 2.0 GeV) = (5.31 £0.32444 = 0.495,5¢) X 10~%. This partial
branching ratio translates in [Vip| = (4.25 & 0.30¢p £ 0.31¢he0) X 1073,
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Figure 1: (Left) on-resonance data after subtraction of the fitted non-BB back-
ground estimated using off-peak data collected at the center of mass energy
40 MeV below the Y(48) resonance. The histogram shows the simulated BB
background, which is essentially described by the sum of the different charm
components: B — Dlv, B — D*{v B — D**{v. (Right) Differential branch-
ing ratio for B — X, lv decays, as a function of the electron momentum, after
the background subtraction and correcting for bremsstrahlung and final state
radiation. The Monte Carlo signal simulation is superimposed to the data.

2.2 Shape function free measurement using hadronic B tags

Recently BABAR published results using two new techniques to extract |V
with a reduced dependence on the modeling of the shape function 8).

the Ref. 7) is presented a technique (called LLR) that utilizes weight func-
tions to relate B — X, /v partial rate, with the photon energy spectrum in
B — Xgv. The LLR method, applied to the hadronic mass myx, combines
the mx spectra integrated below (, with the high energy part of the measured
differential B — X photon energy spectrum, through the weight functions.
The BABAR analysis the recoil of fully reconstructed B mesons on a sample
of 88 million of BB events. Fig.2 shows the spectrum of the hadronic in-
variant mass myx, before and after background subtraction. The partial rate
A(B — X, lv) is determined by counting events requiring myx < ¢, and |Vy|

is extracted by using the photon energy spectrum measured by BABAR 9).
The experimental errors increase at higher (, instead the theoretical uncer-
tainty increase as the ¢ is decreased (the LLR calculations are accurate up
to corrections of order (Amp/(¢my))?). The optimal cut is mx < 1.67GeV,
which gives a measurement with a 12% of total error, which is dominated by
the statistical uncertainty on the B — X, /v rate and on B — X4v. The re-
sult is |Vip| = (4.43 £0.45 £ 0.29) x 1073, An alternative method to reduce
the model dependence is to measure the B — X, /v rate over the entire myx

In



spectrum. In this case no extrapolation is needed to obtain the full rate, and
the OPE expansion 4) can be used, but the statistical errors increases due to
the large background subtraction needed to extract the signal. The result is
|Vup| = (4.34 £0.476 £ 0.10) x 1073,

The |V,| values obtained with these techniques are compatible with the
measurements performed with other methods and with the latest average from

the HFAG 10).
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Figure 2: The mx for the B — X{v candidates. (Left) data and the fit com-
ponents, (right) data and signal MC after subtraction of B — X Alv and other
backgrounds.

3 Measurement of v

The CP-violating phase v can be measured with the charged B-decays B~ —
D®OK®) = where D° indicates either a D° or a D° meson. The basic method
is based on the fact that a B~ meson can decay into a color-allowed D)0 K ()=
final state via b — cus transition, instead the color-suppressed DK decay
proceeds via a b — ués transitions. The amplitude of the b — cus (A(b — ¢))
is proportional to A* and the amplitude of the b — ucs (A(b — u)) transition
is proportional to A®y/n2 + p2e*®3=7) where dp is the relative strong phase
of those two transitions. If the D° decay in a final state common to D and D,
the total measured amplitude for B~ — D®OK ()~ decays is the sum of the
amplitude A(b — u) and A(b — ¢) that interfere. This interference can lead to
different Bt and B~ decay rates, so to a measurable direct C' P-violation.
The A(b — u) amplitude is reduced with respect to A(b — ¢) because a
color suppressed diagram is involved. The parameter rg = |A(b — u)/]A(b —
¢), that determine the size of the direct CP violation, is a very critical parameter
for these analysis: the smaller rg, the smaller is the experimental sensitivity



to . Its value is predicted to be in the range 0.1 — 0.3 and it has to be fitted
together with the weak phase y and the strong phases dp (rp and dp depends
on the B final state).

Three methods are been usually used, depending essentially on the D°
decay modes considered:

1. ADS 11) method considers the double CKM-suppressed D° final state,
like D° — K*r~. Here the favored b — ¢ decay, followed by the sup-
pressed D decay, interferes with the suppressed b — u decays, followed by
the favored D final state. The relative similarity of the combined decays
amplitudes enhances the possible interference. There are complications

due to the unknown relative strong phase in the D° — D’ — [K*T7™)
system. Actually this method alone does not put strong constrain on the
angle v but allows to put limit on rp.

2. gasz 12) study the decay D° — K%~ 7. This method is the one
with the highest sensitivity to v because of the best overall combination
of branching ratio magnitude, D — D interference and background level.
The DY final state can be accessed through many intermediate states
with C' P+ and CP—, therefore a Dalitz analysis is required to separate
the various contributions. The physical observables are usually espressed
in the Cartesian Coordinates, x+,y+ = Re, Im[rpe’®#*7] which are
natural choice to describe the amplitude decays. The BABAR final result,
is v = [67£285tat £13syst £ 11 Datitz modet]®, where the result is dominated
by the statistical uncertainties.

3. GLW 13). the DO is reconstructed in various C P-eigenstate. In princi-
ple this methods is very clean to determine v with an 8-fold ambiguity,
but the small C'P-asymmetry, and the small branching ratios to produce
the secondary D° C P-eigenstate, make this method difficult with present
dataset available. But this measurements can be combined with the mea-
surements from the Dalitz to improve the knowledge of the of the angle

and the parameter rg. The recent result 14) obtained by BABAR with
this method is reported in the following.

All these methods are theoretically very clean because the main contri-
butions to the amplitude comes from tree-level diagrams.
3.1 Direct CP violation in charged B decays

The result of the GLW analysis are usually expressed in terms of the 4 ob-
servables: the partial rate charge asymmetry Acp+ and the charge averaged



Table 1: Measured ratios Rcp+ and Acp+ for CP+ and CP- D° decays mode.
The first error is statistical and the second is systematic.

| DO mode | ch | Acp |
CP+ 0.90+0.11£0.04 | 0.35+0.13+0.04
CP- 0.86+0.10£0.05 | —0.06 £0.13 & 0.04

partial rate Rop+, which are defined in 14) Only three are independent be-
cause Rop+ Acp+ = —Rop—Acp—, but we have exactly three unknown, v, rp
and dp, so the measurement is in principle enough to extract ~.

We reconstruct the B~ — D°h~ decays, where the track A~ is a kaon or a
pion. The D° are reconstructed in the C'P-even eigenstates 7~ and K~ KT
and in the C'P-odd eigenstates K?7°, K% and K¢, and in the non-CP flavor
eigenstate K ~mT. Fig.3 shows the distribution of AE for K, CP-even and
CP-odd modes, after enhancing the h = K purity requiring that the prompt
track is compatible with the kaon hypothesis. The measured partial rate R
and the asymmetry, obtained with a sample of 232 million of T(4S) decays in
BB, are reported in Tab.1.
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Figure 3: Distribution of AE for events enhanced in B~ — D°K~ signal.
Left: B~ — DYp, K~ ; right: B~ — Dg&p_K~. The AE is computed in the
kaon hypotesis, for the B~ — Dn~ background the AE distribution is shifted
toward higher value.

We also express the result in terms of the Cartesian observable x4 using
the relation 3+ = [Rop+(1 F Acpy) — Rep—(1 F Acp-)]/4. The resulting
values are z; = —0.082 4+ 0.053 £ 0.018 and z_ = +0.102 4+ 0.062 £ 0.022,
which are consistent with the ones obtained through a Dalitz analysis, and the
precision is comparable.

A combination of the result of the direct ¥ measurements described above,
including the result of the BELLE collaboration, has been obtained by the
UTfit Collaboration 15) using a Bayesian approach, v = 65 =+ 20°, that is
consistent with the overall indirect prediction obtained for the standard model
CKM triangle fit using all the other usual inputs: v = 61.1 4+ 4.5°, where the



total error is dominated by the statistics uncertainty.

3.2 Different path toward ~y

The angle v can also be extracted using the neutral B® decays 16) | The time
dependent CP asymmetry in the decay modes B® — D®®x¥  which allows

to measure sin(25 + 7), have been extensively studied by BABAR 17) and

BELLE 18). In these modes the CP-asymmetry arise due to a phase difference
between two amplitudes of very different magnitudes, one, which involve the
BB mixing, is suppressed by the product of two small CKM elements (V,,;, and
Ved), the other is instead CKM favored (proportional to V). The resulting
interference between the two amplitudes, proportional to rgsin(26 + v+ ) is
small, because the parameter rp for the B — D®%xF decay mode is close
to 0.02. The parameter rp have to be extracted from other measurements, for

example through the measurement of the B — Dg*)iﬂjF 19), using SU(3)
Ssymimetry.

Recently have been proposed many others decays modes that could in
principle overcome the difficulties summarized above. The rest of this section

is devoted to illustrate the results of these studies. In Ref. 20) was proposed
to use two-body final states B — D)k with other types of light mesons h.
The basic idea is that decays amplitudes with light scalar or tensor mesons,
such as aar or, a;, emitted from weak currents, are suppressed due to the small
coupling constants. This means that the CKM favoured process (b — ¢) is
expected to be suppressed, and can be comparable with the CKM-suppressed
transitions, resulting in a large CP-asymmetry. In BABAR an extensive search

of the B® — Dg*HaaQ has been performed using about 230 million Y (45)

decays into BB pairs 21), We do not observe any evidence of the decays
B® — Dfay, B® — Dfay, B® — D:ta™° and B® — D}%a;, and set 90%
C.L. upper limits on their branching fractions respectively of 1.9 x 107?, 19 x
1077, 3.6 x 107° and 20 x 107°. The upper limit for B — Dfay is lower
than theoretical expectation, so a revision of the B — a¢X transition form
factors have to be performed. The upper limits suggested, through the SU(3)
symmetry, that the branching ratios of B® — D(*)*‘aa’Q, is too small for CP-
asymmetry measurements at the present B-factories.

The decay B’ = DK offer a new approach to determine sin(20 + )

13, 11, 22) pe CP asymmetry appears as a result of the interference between

two diagrams leading to the same final state DMK, Both diagrams are color
suppressed, this means that the parameter rp is large, the expected value is
close to 0.4, so the CP-asymmetry is expected to be large. On the other hand

the self tagged decays process B’ = DK™ with the K* — K~nt can be



used to gain insight into the CKM suppressed diagram in B’ — DR, Using
a sample of 226 million of BB decays, the CKM favored processes have been

observed 23), and the following branching fraction have been measured B(B —
D*OFO) =(36+£124+03)x107°, B(B — DOFO) =(5.3+£0.7+0.3) x 1075,
Instead the CKM suppressed mode B — DK™ has not been observed, an
upper limit at 90% of C.L. of 1.1 x 1075 has been put on the B(B — ﬁof*o).
This limit can be translated into the limit rg < 0.40 at 90% C.L. The present
signal yields combined with the limit on rp suggest that this method cannot
be used with the present B-Factories.

The three body decays B — DK7 decays have been proposed 24) as
an alternative method for measuring . This method is self-tagged and not
require time-dependent analysis. In these modes, the CKM suppressed b — ucs
transition includes color-allowed diagrams, thus larger rates and significant CP
violation are expected. In addition a Dalitz analysis of the DK final state
can resolve the strong phase and reduce the ambiguity to two-fold, compared
to the GLW standard method. Using a sample of 226 million BB events, a

measurement of the CKM favored B® — D K+~ decay has been performed

25). B(B" — D'K*n~) = (88 4+ 15+ 9) x 10-5. The search of the CKM
suppressed B — DK 7~ decays have also been performed, but no signal
was found. The upper limit on the branching ratio, at 90% of C.L. is B(B® —
DYK*7~) < 19x107°. The event yields in this channel are lower than expected
indicating that a larger data sample is required to constrain ~.

4 Conclusion

The study of the B decays to extraction the CKM parameter V,,; both in mod-
ule and in weak phase, is pursued with great effort both by BABAR and BELLE
Collaborations. The measurement of |V,;| is dominated by the theoretical un-
certainty, but the recent theoretical development in this field, driven by the
experimental measurements, has reduced the total uncertainty on the inclusive
|[Vaus| to under 7.4%. Further reduction are expected in the next future. Instead
the measurement of « is limited by the statistical uncertainty, so it is crucial
to have large sample of B mesons, and add togheter the informations coming
out from many different decays modes.
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