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1. Introduction

Semileptonic decays of B mesons are sensitive to the magnitude of the CKM matrix elements
|V.p»| and |V,;5|, which complement the measurements of CP asymmetries, providing a stringent test
of the CKM Unitarity Triangle. Moreover, these decays can be used also to determine Heavy Quark
parameters (e.g. b and c—quark masses) and other quantities related to the dynamics of strong inter-
actions. Measurements of semileptonic B decays at the B Factories offer several advantages with
respect to other experimental environments. The final state consists only of particles resulting from
the decay of the BB pair produced by the Y'(4S). The BB cross-section at the Y'(4S) is about 1.05
nb, with an acceptable (0.25) ratio to continuum e*e~ — gg background. The high integrated lu-
minosities collected at the B Factories (roughly 1.2 ab™! in total) and the large B — X/V branching
fraction results in inclusive samples of the order of several million events. The reconstruction of
semileptonic decays is based on the excellent charged lepton identification of B Factories experi-
ments, and on accurate measurements of the hadronic system accompanying the lepton pair. The
neutrino is indirectly reconstructed by measuring the momentum and energy of all particles in an
event and comparing the resulting four-vector with the known initial state energy-momentum. To
study inclusive semileptonic decays, it is important to correctly assign particles to the hadronic
system produced in the semileptonic decay. This is a difficult task at the 1'(4S), since the two
B mesons are produced at rest and particles from the two decays are isotropically distributed and
therefore tend to overlap. For this reason, a technique has been developed by which one of the two
B mesons (B,.c,) in the event is fully reconstructed in an hadronic decay mode and semileptonic
decays are searched for in the other (B,...i). All particles not belonging to the B,.., and not identi-
fied with a lepton are associated to the hadronic system X, whose kinematic properties are therefore
completely determined. This hadronic tag method also gives an improved neutrino reconstruction
and a reduction of combinatorial backgrounds. However, the resulting reconstruction efficiencies
are only of a few permille (0.3-0.6%). The resulting inclusive samples collected at the B Factories
are therefore of the order of one hundred thousand and one thousand for B — X.¢vV and B — X, /V
decays, respectively.

From the theoretical point of view, the quark-level decay rate is given by

2

I'(b—qlv)= 192 3|

Vi 2(14Aew) (1.1)

where A,,, is due to electroweak corrections and g = c,u. At the hadron level, one needs to take
into account effects due to the strong interactions between the quarks. Due to the large mass of the
b quark, an Operator Product Expansion (OPE) approach can be used to factorize the contributions
due long- and short-distance dynamics. The former, non-perturbative contributions, are given by
matrix elements of local operators, while the latter enter as coefficients in front of these operators,
and can be calculated in perturbation theory. This results in a double-series expansion in powers of
o, and 1/my [1, 2]. The total decay rate can be schematically written as [3]
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where r = m,/m, y; and z; are known functions which appear in the perturbative expansion of the
different orders of the heavy mass expansion, and p is the renormalization scale. Conceptually
similar expressions can be calculated for differential rates. Non-perturbative inputs, e.g. 2, ué,
pg and pzs up to the third order in 1/my, are not calculable from first principles, but they enter in a
well-defined way in experimentally accessible spectral moments, e.g. the lepton energy-hadronic
mass moments:

1 [Ema dr(u2, uz,p3,pLS?,...)
(EIMZ") = " /E ~dE, / M3 z d% Ed’])w : ElMZ" (1.2)

A global fit to moments allows to determine |V, | and non-perturbative inputs, as well as the masses

of the beauty and charm quarks.

2. Inclusive B — X./V decays and the determination of |V, |

Following the path outlined at the end of the last section, a vast experimental program has
been carried out in order to measure distributions of relevant quantities in inclusive semileptonic
decays and several moments for each of them. While observables such as the lepton energy are
conceptually easy to measure, the energy and invariant mass of the hadronic system are best deter-
mined in events with an hadronic tag. Background discrimination is based on the inferred neutrino
momentum and squared missing mass. Proper calibration of the hadronic observables is needed
and an unfolding procedure is necessary to deconvolute detector effects and measure quantities
which can be directly related to the spectra and moments predicted by theory. Measurements have
been performed at the B Factories[4, 5, 6, 7, 8, 9, 10], but also at CLEO [11, 12], CDF [13] and
DELPHI [14]. Many moments are extracted from a single distribution, therefore large correlations
need to be taken into account. Moreover, moments are extracted by integrating data above cuts
on the lepton energy E,;;,. The leading experimental systematic uncertainties are due to detector
modeling and to the knowledge of B and D decays. The CKM matrix element |V,,|, the mass of
the charm and beauty quarks and other hadronic parameters are determined from a fit to theory
predictions, which are accurate up to second-order terms in ¢ and third order terms in 1/m;,. The-
oretical calculations are performed by using either the kinetic [2, 15, 16] or 1S renormalization

schemes [17]. Although effective in determining |V, |, the moments of B — XV decays are not

sufficient to constrain the b quark mass precisely, which is important for the determination of |V,|
with inclusive decays. This limitation can be overcome by including the photon energy moments in
inclusive B — Xy decays [18] into the fit, or by applying a precise constraint on the ¢ quark mass.
For the latter, a quite conservative determination [19] of m.(3GeV) = 0.998 +0.029 GeV in the
MS scheme is used. The global fit in the kinetic scheme, using the charm quark mass constraint,
gives

Vip| = (41.88+0.44 iy £0.59%00ry) X 1072,

This result is consistent with the fit using the B — X,y constraint (see table 1). While the value of
|V.»| is barely affected, the value of the b quark mass decreases by about 15 MeV and its uncertainty
decreases from 32 to 23 MeV. Similar results are obtained in the 1S scheme. In summary, |V,
is determined at the 2% level and its determination is nearly independent of the renormalization
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scheme and constraints imposed. The value of |V,;| obtained with inclusive decays is about 20
higher than the one measured with exclusive semileptonic decays [20].

Table 1: Global fit results in the kinetic scheme for different constraints. Refer to the text for more details.

| Constraint | V| [1073] | m"[GeV] | p2[GeV?] | xP/dof. |
B— X,y |41.94+0.43540.59, | 4.574+0.032 | 0.459+0.037 | 27.0/(66 —7)
mMS(3 GeV) | 41.88+0.445+£0.59y, | 4.56040.023 | 0.453+0.036 | 33.4/(55—7)

3. Inclusive B — X,,/v decays

Due to the much more abundant B — XV background, the study of inclusive charmless
semileptonic decays is experimentally challenging. Kinematical cuts are required to suppress back-
grounds. Therefore only partial branching fraction can be measured, and the extrapolation to the
full phase space must rely on theoretical predictions. Also, relevant variables to discriminate signal
over background, such as the invariant mass of the hadronic system my and the squared invariant
mass of the lepton pair g2, can be accessed only in hadronically tagged events.

From the theoretical point of view, cutting on kinematic variables may be problematic, since
in limited phase space regions OPE breaks down and a shape function, not calculable from first
principles, is needed to resum non perturbative processes [21, 22, 23]. It is in principle possible
to measure the leading shape function in radiative B — Xy decays, and apply the results to the
calculation of B — X,/V partial decay rates [24, 25]. However, subleading shape functions appear
at each order in 1/my, which are different in semileptonic and radiative decays, thus limiting the
ultimate theoretical accuracy. The most promising approach is to extend measurements of B —
X, /V partial rates in regions where B — XV is allowed and the theoretical treatment simplified.
Precise knowledge of the B — XV background is in this case the factor limiting the |V,;| accuracy.
Measurements in as many phase space regions as possible is in any case important to check the
theoretical calculations predicting the corresponding partial rates and give constraints on the shape
function. Theoretical calculations can be roughly grouped in two classes, inspired respectively
by OPE (BLNP [26, 27, 28, 29], GGOU [30]) and resummed perturbation theory (DGE [31],
ADER [32]).

The most precise measurements are performed by BABAR and Belle on a region defined by
p; > 1GeV. Signal and background discrimination is achieved by fitting the myx and g spectra.
While BABAR performs a cut-based analysis, Belle relies on a multivariate analysis. In both cases,
measurements are performed in the system recoiling against a fully reconstructed B decay. Figure
1 shows the distributions obtained by BABAR. In these inclusive measurements, the systematic
uncertainties are dominated by signal modeling, and the total uncertainties on the partial branching
fractions is of the order of 12%.

Measurements of partial branching fractions for B — X,,{V decays, together with the corre-
sponding accepted region, are given in Table 2.
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Figure 1: Upper row: measured my (a), P, (b), g> with my < 1.7 GeV/ c? (c)and p; spectra (d) (data points).
The white and black histogram represent B — X,,/V decays generated respectively inside and outside the
selected kinematic region. Light-shaded histograms represent B — X.¢V and other backgrounds. Lower row:
Background-subtracted spectra, not efficiency-corrected. BABAR data.

Table 2: Summary of inclusive determinations of partial branching fractions for B — X,V decays. The

errors quoted on AZ correspond to statistical and systematic uncertainties. The s

Refs. [33, 34].

max

’ Measurement  Accepted region AB[1074]
CLEO [35] E, >2.1GeV 3.3+0.2+0.7
BABAR [34]  E,>2.0GeV, sM™ < 3.5GeV? 44+£04+04
BABAR [36] E, >2.0GeV 57+0.4+0.5
BELLE [37] E, > 1.9GeV 8.5+04+1.5
BABAR [38] My < 1.7GeV/c?,¢*> > 8GeV?/c?>  6.84+0.6+0.4
BELLE [39] My < 1.7GeV/c?,¢> >8GeV?/c?  7.44+0.9+1.3
BELLE [40] My < 1.7GeV/c?,¢* >8GeV?/c?  8.440.84+1.0
BABAR [38] P, < 0.66GeV 9.84+0.940.8
BABAR [38] My < 1.7GeV/c? 11.5+1.0+0.8
BABAR [38] My < 1.55GeV/c? 10.84+0.8+£0.6
BELLE [41]  p; > 1GeV/c 19.6+1.7+1.6
BABAR [38] (Mx,q*) fit, p; > 1GeV /¢ 18.0+1.3+1.5
BABAR [38] p; >1.3GeV/c 153+13+1.4

4.

V.»| determination

variable is described in

The magnitude of |V,;| is determined from the partial branching fraction measurements shown

above as

9

V| = AB(B — X, LV)
v B Al—‘theory

.1
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where Al'theory, the theoretically predicted B — X, /v rate for the selected phase space region,
is determined by the four calculations discussed in the previous section (BLNP, DGE, GGOU,
ADFR), and 7p is the B meson lifetime. Table 3 shows the results, as well as the resulting averages.
A fifth calculation (BLL [24]), which gives an HQET-based prescription for phase space regions

2 is also shown.

defined by combined cuts on my, g

The total uncertainty on the resulting |V, |averages is of the order of 6% for all methods but
BLL. The consistency between measurements in different phase space regions is good. The most
inclusive measurements (p;>1GeV) give very consisting |V,;,| values for all theoretical calculations,
while the spread between the calculations increases in restricted regions of phase space (e.g. in the

endpoint analyses).

Table 3: Summary of input parameters used by the different theory calculations, corresponding inclu-
sive determinations of |V,,;| and their average. The errors quoted on |V,;| correspond to experimental and

theoretical uncertainties, respectively.

y BLNP DGE GGOU ADFR BLL
Input parameters
scheme SF MS kinetic MS 1S
my, (GeV) 4.588 £0.025  4.194 +0.043 4560 £0.023  4.194 £0.043  4.704 £0.029
12 (GeV?) 0.189 092 - 0.453 £0.036 - -
Ref. |V.p| values
E. [35] 4.194+0.49702° 3824045707 3.93+£046707% 3.43+0.4070]5 -
My, q* [39] 4.46+0.477035  4.40+£0.467010 43710467023 3.89+0.417017  4.68+£0.497030
E, [37] 4.884£0.457037  4.79+£0.44702) 4752044700 4.48+0.427030 -
E, [36] 4.48+0.257037  4.28+£0.24703% 4290247018 3.94+0.227020 -
E,, s [34] 4.66+£0.317031  4.324£0.2970% - 3.824+0.26701
pi [41] 447027700 4.60£027701% 4.54+0.277010 4480301019 -

My < 1.55GeV [38]
Myx < 1.7GeV [38]
Mx,q* [38]

P, [38]

P* > 1GeV [38]

P* > 1.3GeV [38]
My, q* [40]

4.174£0.19703%
3.97+£0.221020
4.25+0.231023
4.02+0.257023
4.28+0.247028
4.29+0.271030

4.40£0.201015

0.26
4.16+0.237935
4.19+£0.227018
4.10+£0.257037
4.40+£0.247013

RE
4.39+0.277912

4.08+£0.19702)
3.94£0.22%015
4.17+£0.227022
3.754+0.237039
4.354+0.24790%
4.334£0.277019

3.81+0.18708
3.73+0.217017
3.74+0.207015
3.56+0.221013
4.29+£0.247018

Tl
4.27+£0.2670 15

0.29
4.5040.24*92

0.32
5.0140.39*932

Average

0.19
440+0.15700

0.15
445+0.15700

0.12
439+0.15707

0.18
4.03+£0.137015

0.29
4.62+0.2070%

The arithmetic average of the BLNP, DGE, GGOU and ADFR averages gives

[Vip| = (4.3340.24,,, +0.15,,65) 107,

which is about 2.5¢ higher than the |V,;| determination with exclusive charmless semileptonic

decays [20].

5. Evidence for an excess of B — D)7V decays at BABAR

Semileptonic decays with a 7 lepton in the final state are sensitive to processes involving
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non-Standard Model particles, and particularly to charged Higgs bosons which would appear as
propagator in the Feynman diagram. The ratios R (D(*)) of decays with taus and lighter leptons in
the final state is predicted at the 5-10% level in the Standard model [42, 43]:

_ PBB-DV) _
R(D) = BEDR) 0.297+£0.017

«\ _ BB—-DTV)
R(D*) = BEDF) 0.252+£0.003

Both B — Dtv and B — D*TV have been previously established with 3.8c and 8.10 signifi-
cances [44, 45, 46, 47], but the experimental sensitivity was not not sufficient to give meaningful
constraints on new physics. A new analysis of BABAR data has been performed [48], following the
same philosophy of the previous one, but using the entire dataset (. = 426fb~') and improving
the reconstruction of the hadronic B decay against which signal is searched for. Improvements in
particle identification and background rejection were also achieved.

Four samples are defined, according to the reconstructed D meson (D°,D*, D D*t), and
the tau meson is reconstructed in leptonic final states. In this way, signal samples have the same
detectable particles as normalization samples, i.e. decays into lighter leptons. A poorly known
remaining background is due decays into P-wave charmed mesons (D**). These are studied with
four control samples (one for each signal sample), selected by adding a neutral pion to the decay
chain. A simultaneous fit is performed to the distribution of the lepton momentum in the B rest
frame, p;, and the square of the missing mass. The fit gives the yields for signal, normalization and
control samples simultaneously for the four different charm mesons involved in the final state. The
other background yields and shapes are determined from simulations, after data-driven corrections
have been applied. These residual backgrounds include: charge cross-feed, giving a contamination
form B*decays, and combinatorial background from BB and continuum events. Isospin constraints
can be also imposed in order to get a combined measurement for B* and B® decays. The results of
the fit are shown in Figure 2. The signal yields, signal significance and measured values of R(D)
and R(D*) are reported in table 4. Systematic uncertainties are dominated by the assumptions made
on the D** background, the statistical accuracy of the simulation and the knowledge of continuum
and BB backgrounds. The correlation between R(D) and R(D*) is -27%.

Table 4: Results of the isospin-unconstrained (top four rows) and isospin-constrained fits (last two rows).
The columns show the signal and normalization yields, R(*), branching fractions, and Xy, and Xy, the
statistical and total significances.

Decay Niig Nnorm R™) $(B — D(*)TV) (%) Zsa Ztot
B~ — Dt v, 314 + 60 1995 + 55 0.429 4+ 0.082 + 0.052 0.99 +0.19 +0.13 5.5 4.7
B~ — DYtV 639 £+ 62 8766 + 104  0.322 £+ 0.032 £+ 0.022 1.71 £ 0.17 £ 0.13 11.3 9.4
B'— Dttv; 177 £ 31 986 + 35 0.469 4+ 0.084 4+ 0.053 1.01 £0.18 £ 0.12 6.1 5.2
B'— D*ft7v, 245 £ 27 3186 + 61 0.355 £ 0.039 + 0.021 1.74 £ 0.19 £ 0.12 11.6 10.4
B - D1V, 489 + 63 2981 + 65 0.440 4+ 0.058 4+ 0.042 1.02 £ 0.13 £ 0.11 8.4 6.8
B - DTV, 888 + 63 11953 £ 122 0.332 £0.024 £ 0.018 1.76 £ 0.13 £ 0.12 16.4 13.2

6. Implications on the Standard Model and new physics

The two measurements of R(D) and R(D*) exceed the Standard Model prediction by 2.0 and
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Figure 2: Data and the fit projections in the mfm-ss variable for the four D*)¢ samples. The insets show the )2

projections for m2, . > 1GeV?, which excludes most of the normalization modes. In the background compo-
nent, the region above the dashed line corresponds to charge cross-feed, and the region below corresponds

to continuum and BB.

2.70, respectively. Their combination, including their correlation, gives a p—value of 6.9x 1074,
Therefore, the possibility of both measurements to agree with the Standard Model is excluded at
the 3.40 level.

The effect that a charged Higgs boson, in a two-Higgs-doublet model of type II [49, 50], would
have on the measurements is evaluated by reweighting the relevant matrix element in the simulation
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according to 20 different values of tan 8 /my+, where tan 3 = v, /vy is the ratio of the expectation
values, and repeating the analysis. The regions allowed by the R(D) and R(D*) measurements are
tan 8 /my+ = 0.44 +0.02 and tan B /my+ = 0.75 £ 0.04, respectively. Their combination excludes
the full parameter space of this model with 99.8% probability, in the region my+ > 10GeV .

7. Conclusion

After ten years of efforts, the determination of |V,;|, |V,;| and the b quark mass with inclusive
semileptonic decays of B mesons has improved substantially both from the theoretical and the
experimental point of view, resulting in accuracies at the (few) percent level. Long-standing 2-3¢
tensions between inclusive and exclusive determinations and CKM fits are still present in data,
signaling either that the current understanding of QCD is still above the percent level or perhaps
that there might be new physics effects in b — u transitions.

Finally, a significant excess of events in B — D7V and B — D*1V decays, marginally compat-
ible with the SM and clearly disfavoring a 2-Higgs Doublet Model of type II, has been observed by
BABAR. This prompts for further investigations from current experiments and future facilities.
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