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1. Introduction

Charged Higgs bosons (H™) are predicted in many well-motivated extensions of the standard
model (SM). The expected couplings to the standard model particles are large enough to enable
observations of a H* both directly at the LHC and indirectly in flavor observables.

The simplest class of the models with the extended Higgs sector are two-Higgs-doublet models
(2HDM). Among them the Type-II 2HDM is of special importance, as it has the same couplings
of the H* to fermions as the minimal supersymmetric extension of the SM (MSSM) [1]. In the
Type-1I 2HDM the two Higgs doublets couple separately to the down-type quarks and the up-type
quarks. The coupling of H to a fermion pair f, f; is proportional to m rtan 3, where m, denotes
a mass of a down-type quark or a charged lepton, and tanf3 = v, /v, is the ratio of the vacuum
expectation values of the two Higgs fields.

B-meson decays offer an interesting laboratory for indirect searches of H*. The relatively
large b-quark mass both enhances the H* couplings and improves the reliability of theoretical
calculations. Moreover, the two B-factories experiments, Belle at KEKB and BaBar at PEP-II,
have collected large data sample, sufficient to probe extensions of the Higgs sector and to provide
meaningful constraints on parameter spaces in specific models.

Natural places to search for physics beyond the SM are processes which are suppressed in the
SM. The flavor changing neutral current (FCNC) B decays, being forbidden at the tree level and
induced via loop diagrams in the SM, are widely recognized as a sensitive probe of new physics; in
particular, radiative b — sy decays play an important role in constraining the charged Higgs. Very
promising observables can be accessed in leptonic and semileptonic B decays to final states with
a 7T lepton, where the large 7 mass enhances sensitivity to charged Higgs contribution at the tree
level.

The main focus of this report are recent experimental results on BY — t7v; |, B— D® 1ty
and inclusive B — Xy decays that currently provide the most stringent bounds on the charged
Higgs sector.

Very high precision measurements of 7 decays, which are being pursued at B-factories, can
also give interesting indirect limits on H=, but they are beyond the scope of this paper [2].

2. Experimental aspects

The two B-factory experiments, Belle at KEKB and BaBar at PEP-II, have completed data
taking with the total data samples containing 770 million BB-pairs and 470 million BB-pairs re-
spectively, collected at the Y (4S) resonance. Most of the analyses presented in this report have not
exploited the full data sets yet, still leaving some room for further improvement in accuracy.

Although technical details of studying inclusive B — X,y and multiple neutrino B — (D)) tv,
decays are quite different, they share the common experimental challenge, which is the lack of
clear-cut kinematic constraints. At B-factories experimental strategies exploit advantages of the
exclusive production of BB pairs in the Y(4S) decays. The most straightforward approach is to
reconstruct one of the two B-mesons (By,g) in a set of exclusive channels and to infer the decay
of the other one (Bsjg) from the remaining activity in the detector. The By, candidates can be
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selected using both hadronic and semileptonic B decays. For hadronic tags, the Bi,g candidates
are selected using the beam-energy-constrained mass and the energy difference variables: Mg =

/B — ptzag and AEye = Eqag — Ebcam, Where Epeam is the beam energy and prg and Ey,e denote
the reconstructed momentum vector and energy of the B, candidate in the Y (4S) rest frame. The
semileptonic tag reconstruction exploits the cosine of the angle between B and the D)y system
which can be calculated as cos®p_ .y = (2EpeamEp, — ms — mém )/ (2PbeamPpi)¢) that takes
values predominantly outside the range [-1,1] for combinatorial D*)¢ candidates.

Reconstruction of the By, strongly suppresses combinatorial and continuum backgrounds and
provides kinematic constraints on Bgj,. The main draw-back is the low By, reconstruction effi-
ciency, which is at the level of 10~3 for exclusive hadronic tags, and in many cases less restrictive
constraints on the tagging side are imposed. Details of analyses are optimized individually for each
process under study, compromising between the efficiency and purity of the signal. In particular,
if a signal mode provides a clean signature, like a D*) meson in semitauonic decays, the tagging
efficiency can be increased several times by an “inclusive” reconstruction of By, from all the par-
ticles that remain after selecting candidates for By, daughters. As in exclusive tags, if there are no
unpaired leptons on the tagging side, the M,g and AEy,; variables are used to check the consistency
of a By, candidate with a B-meson decay.

3. Bt > 1ttv,

Purely leptonic decays B™ — /" v, proceed in the SM via W-mediated annihilation. The SM
branching fraction is given by

szB m2
By (BT — £ vy) = —L—Zm}( —m%)zfz?Wublsz, (3.1)
B

where G is the Fermi constant, my (¢ = e, i, T) denotes the charged lepton mass, V,,, is the CKM
matrix element and T and mp are the B' lifetime and mass respectively. The B meson decay
constant, fp, is a non-perturbative quantity to be estimated by theoretical methods like lattice QCD
calculations. Due to the helicity suppression, represented by the factor m%, the decay to TV, is
most accessible experimentally with the expected branching fraction of the order of 1074,

This decay rate can be significantly modified by a charged Higgs boson exchange. In the Type-
IT1 2HDM the charged Higgs effect on the (B — ¢v;) can be expressed as a multiplicative factor
rg, which is a function of tan 8 and charged Higgs boson mass, mg+ [3]:

B(B — lvy) ms

= 7 —(1—tan’
H %(B—)ng)SM ( n Bmlzy_]i

)2 (3.2)

The B* — 7% v, decay rate represents a sensitive observable to probe H* except for very small
values of tan 8 /my+ and around tan 3 /my+ = /2 /mp, where the H* contribution doubles that of
the SM (with the opposite sign), and the factor ry takes values close to 1 (see Fig. 1).

Belle and BaBar performed searches of BY — 1t v, decays employing exclusive B, recon-
struction, both in hadronic and semileptonic modes. The signal yields are extracted from a fit
to Egcr, the energy of clusters in the electromagnetic calorimeter that are left after selecting the
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By, and the 7 daughter candidates. For signal events, Egcy peaks around zero, while background
events tend to have higher values due to the contribution of additional clusters. The first evidence
of the B" — 7 v, decay with a significance of 3.5 standard deviations () has been reported by
Belle using hadronic tags [4]. The summary of the branching fraction measurements is presented
in Table 1.

Table 1: Summary of B™ — 7" v, branching fractions. The first branching fraction error is statistical and
the second one is a systematic uncertainty. The significances of the signal excess, X, include systematic
uncertainties.

analysis data sample (BB) B x 10* X(0)
Belle, hadronic tags [4] 449 x 10° 1.79f8:28f8:‘5‘? 3.5
Belle, semileptonic tags [5] 657 x 10° 1.5470350-29 3.8
BaBar, hadronic tags [6] 468 x 10° 1.807037+0.26 3.3
BaBar, semileptonic tags [7] 459 x 10° 1.8+£0.84+0.2 2.3

The experimental results are systematically larger, but consistent within uncertainties, with the
SM expectations. An illustration of the constraints in the (my=+,tan ) parameter space are shown
in Fig. 2 for ry = 1.37£0.39. The value of ry is evaluated with the current average experimental
value of Z(B* — ttv;) = (1.64+£0.34) x 10~* [8] and the SM prediction Z(BT — t+v;)sy =
(1.20+£0.25) x 107*, taking the |V,;| = (4.3240.1640.29) x 103 from inclusive semileptonic
B decays [8] and fp = 190+ 13 MeV from lattice QCD calculations [9]. The bounds are derived
within the Type-1I 2HDM; however, they are only mildly modified by adding loop corrections in
the MSSM (see e.g. [10]). On the other hand, the exclusion region can be appreciably shifted
due to ambiguities in the SM prediction of the decay rate, coming from the choice of fp and
systematic differences between |V,;| extracted from inclusive and exclusive methods. Moreover,
an alternative approach to predict the SM value of the Z(B" — 17 v;) from the CKM fit using
other measurements of the CKM parameters gives %(Bt — t7v;)ckm = (0.76370041) x 107
[11], which is by 2.40 lower than the world average of direct measurements. This tension, though
very interesting and deserving further study, represents an important issue in constraining charged
Higgs sector from BT — 77 v,.

4. B— D™y,

Semileptonic decays B — D)7 v, offer an alternative route to study charged Higgs effects
at the tree level [12]. Having different sources of theoretical uncertainties, these decays are com-
plementary to the B" — 77 v; mode. A broad spectrum of observables sensitive to new physics,
like the 7 polarization, will make the semitauonic B decays competitive to the purely leptonic
B* — 77 v; channel at future super B factories [13]. The effects of new physics are expected to
be larger in B — Dt v, than in B — D*7 v, [14]. It should be mentioned, however, that the de-
cays to the vector meson are cleaner experimentally and offer an interesting possibility of studying
correlations between the D* polarization and other observables [15].

The theoretical predictions for B — DHrty, depend on the relatively well known element
of the CKM matrix, |V,|, and on the form-factors, which are constrained by the Heavy Quark
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Figure 1: Charged Higgs effects in BY — 11V, (black) [3] and B — D7"v; (magenta, dashed) [17] de-
cays. The shaded band around the B — DTV, curve indicates the combined uncertainties from theory and
experimental error on the branching fraction of the reference B — D¢* v, mode.
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Figure 2: Constraints in the (tan 8, m+ ) plane for the Type-II 2HDM from B* — t7 v, (left) and B" Dt v,
(right) decay rates. The shaded (green) areas are excluded at 95% C.L.; the narrow allowed band corresponds
to the tan 8 /my= values, where the H* contribution is about twice as large as the SM one, and opposite in
sign. For comparison, direct limits from LEP2 (yellow band) are superimposed on the left panel.
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Effective Theory [16] and by B — D(*)Ew (¢ = e, i) measurements. The dependence on hadronic
parameters is further reduced in the ratio

R _ #(B—D%1vy)
DIt ="58(B — DM Lvy)

) 4.1

An example of expected charged Higgs effects in B — Dtv; mode [17] is presented in Fig. 1
together with the B — 7V, prediction, showing the complementarity of the two modes. Although
the overall sensitivity of B — D7V, is smaller than that of B — TV, the semileptonic mode is
superior in the region around tan 8 /my+ = /2/mgp.

Both Belle and BaBar reported results of searches of exclusive semitauonic B decays. The
decays are tagged with hadronic By, decays reconstructed inclusively ([18],[19]) and exclusively
([201,021D).

The signal candidates are selected by combining a D*) meson with a charged track expected
from the 7+ decay. The 7 lepton candidates are reconstructed in leptonic modes T+ — eV, V;
([18L[191,[201,[21]), T+ — uT vy Ve ([191,[20],[21]) and in semileptonic decay T+ — w1V, ([18],
[19]). The latter is of special interest due to its sensitivity to the T polarization.

The most discriminating variable, used to distinguish the signal from background, is the miss-
ing mass MM, corresponding to the effective mass of the neutrino system in the final state. In the
analyses employing the exclusive By, reconstruction, signal yields are extracted from fits to the
two-dimensional distributions of (MM?, pe) (pe is the lepton momentum from 7 decay) [20] and
(MM?,Egcr) [21]. In the inclusive B, reconstruction the My, variable is used to extract the signal.
The My, distribution is flat for most background components at large values of MM 2, while for the
signal modes it shows a prominent peak at the B mass. The fits are performed taking into account
large cross-feeds between the D* and D modes. In the analyses with exclusive tags, the results are
normalized to the corresponding B — D) ¢ v, branching fractions to reduce a part of systematic
uncertainties. The results of the measurements are summarized in Table 2.

The measured branching fractions can be compared with the SM expectations that are around
1.4% for B — D*t"v; and 0.7% for B — DT v, (see e.g.[23]).

An example of constraints on the tan 8 and my+ parameters, obtained from the naive average of
Rpey =0.40£0.08 [24] is shown in Fig. 2. Similarly to B — tVv;, the B — DTV, excludes two dis-
joint regions in the (tan 3, my+) plane, but the gaps are filled by combining the two modes. Further
improvements in sensitivity can be achieved with larger data samples that will enable meaningful
measurements of differential characteristics in semitauonic decays.

5. B—= Xy

The flavor changing neutral currents (FCNC), proceeding in the SM only at the loop level, offer
a high sensitivity to new physics. In particular, inclusive B — X radiative decays with the partonic
transition b — sy have been very useful in constraining many new physics scenarios, including the
charged Higgs sector. In addition to the penguin loops involving W boson, new physics can also
contribute at the one-loop level. In particular, the contribution of the charged Higgs loop adds
constructively to the SM penguin, and is almost independent of tan 3, except for very small values,
providing a very effective tool to constrain the 2HDM scenarios. On the other hand, additional new
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Table 2: Summary of the B — D™ 1ty, measurements. In the analyses [20] and [21] the branching fractions
are evaluated from the R/, measurements and the current average branching fractions of the normalization
channels B — D®)¢*v, [22]. The quoted uncertainties are statistical (first), systematic (second) and due to
the branching fraction error of the normalization mode (third). The significances of the excess, X, include
systematic uncertainties.

analysis data sample (BB) B x 102 Y(0o) Ry 4y (%)

B’ —» D 1tv,

Belle, incl. tags [18] 535 x 10° 2.027939+0.37 5.2

Belle, excl. tags [21] 657 x 10° 2.5670 21031 £0.10 4.7 487137

BaBar, excl. tags [20] 232 x 10° 1.11+£0.514£0.044+0.04 2.7 20.7+£9.5+0.8
BT — Dtty,

Belle, incl. tags [19] 657 x 10° 2.127028 £0.29 8.1

Belle, excl. tags [21] 657 x 10° 3.04170:69+040 £ 0.22 39 4771016

BaBar, excl. tags [20] 232 x 108 2.2540.484+0.224+0.17 53 34.6+734+34

B D ttv,

Belle, excl. tags [21] 657 x 10° 1011040401 £0.10 26 48THS
BaBar, excl. tags [20] 232 % 10° 1.04+£0.354+0.15£0.10 33  489+165+6.9

Bt — D%ty

Belle, incl. tags [19] 657 x 10° 0.774+0.2240.12 3.5
Belle, excl. tags [21] 657 x 10° 15170301045 +0.15 3.8 70M19t
BaBar, excl. tags [20] 232 % 10° 0.67+0.37£0.11£0.07 1.8 31.4+17.0+4.9

physics contributions, such as squark-chargino loops in SUSY models, make an interpretation of
the measurements more ambiguous.

The calculation of (B — X;¥) has been completed up to next-to-next-to leading order (NNLO)
[25], reducing substantially the theoretical uncertainty on the inclusive branching fraction pre-
diction. The predicted value for the photon energy cut Ey > 1.6 GeV is #(B — X,y)
(3.1540.23) x 1074,

Experimental efforts aim at making the most inclusive measurements possible in order to min-

Ey16Gev —

imize the model dependence in comparing the results with the theoretical calculations. The easiest
approach, based on summing a large number of fully reconstructed exclusive radiative decay chan-
nels, suffers from large systematic uncertainties associated with the corrections for unseen modes.
An alternative approach is to identify the B — X,y event by tagging the high energy photon, with
minimal requirements on the X; system. Much effort is devoted to lowering the photon energy
threshold. The large coverage of the photon spectrum is essential to reduce the theory uncertainties,
but results in an overwhelming background from low energy photons. The dominant background
source coming from the continuum quark pair production is subtracted using data taken below
the Y(4S) resonance. Backgrounds from 7° — yy and 1 — yy from B decays are evaluated from
measurements of 71° and 1 spectra produced in B decays.

There are several possibilities to reduce the continuum background. They are based on the
characteristics of By,g that provide at the same time information on the flavor of By, but at the
expense of a substantial signal reduction. For the data samples currently available, the best results
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are obtained by tagging with high momentum leptons.

Experiments operating at the Y(4S) e*e™ colliders provided a set of inclusive B — X,y mea-
surements employing various techniques. The latest measurement by Belle combines untagged
and lepton tagged samples extracted from 657 x 10° BB-pairs [26]. Large statistics and improved
experimental techniques allowed to lower the photon energy threshold down to 1.7 GeV, covering
for the first time more than 97% of the B — X, phase space, and provided the most precise mea-
surement of the partial branching fraction 2(B — X,Y)g,~1.7 Gev = (3.45+£0.15£0.40) x 1074,
where the errors are statistical and systematic.

The average of experimental measurements, extrapolated to the partial branching fraction for
E, > 1.6 GeV, yields (B — X,y) = (3.55+£0.244+0.09) x 10~* [8] which is marginally consistent
with the SM prediction. This result provides a 95% C.L. lower bound for the charged Higgs mass
mpy= > 295 GeV in the Type-II 2HDM [25].

6. Summary and outlook

B physics observables represent a sensitive probe of the charged Higgs sector and current con-
straints on H* are dominated by indirect measurements at B-factories. The most robust limits are
placed on the parameters tan 3 and My+ of the two-Higgs-doublet model of Type-1I. The energy
scale probed in these measurements surpasses current direct searches at the Tevatron, and the ob-
tained bounds overlap with the region of the highest sensitivity to the charged Higgs discovery at
the LHC.

Further improvements in measurements of the B physics observables, especially the BT —
TV, and B — D7 v, branching fractions, can be achieved rather quickly using the full data sam-
ples collected at the B-factories and by applying more efficient tagging techniques. The potential
of flavor physics for studying the charged Higgs sector will be greatly enhanced at the future super
B factories.
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