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1. Introduction

B decays toτ leptons represent a broad class of processes that can provide interesting tests
of the Standard Model (SM) and its extensions. Of particular interest arethe modes presented
in this report: the purely leptonic decayB+ → τ+ντ [1, 2, 3, 4] and semi-leptonic decaysB →

D(∗)τντ [5, 6, 7, 8]1. Both decays in the SM occur at tree level.

The purely leptonic decayB+ → τ+ντ proceeds via W-mediated annihilation in the SM. It
provides a direct determination of the product ofB meson decay constantfB and the magnitude
of the Cabibbo-Kobayashi-Maskawa matrix element|Vub|. The SM expected branching fraction is

(1.59±0.40)×10−4 and is given byB(B+ → τ+ντ) =
G2

F mBm2
τ

8π (1− m2
τ

m2
B
)2τB f 2

b |Vub|
2, whereGF is

the Fermi constant,τB+ is theB+ lifetime, andmB andmτ are theB+ meson andτ lepton masses.

Theoretical predictions for semileptonic decays to exclusive final states require knowledge
of the form factors, which parametrise the hadronic current as functions of q2 = (PB − PD(∗))2.
Branching fractions for semileptonicB decays toτ leptons are predicted to be smaller than those
to light leptons. The predicted branching fractions, based on the SM, arearound 1.4% and 0.7%
for B0 → D∗−τ+ντ andB0 → D−τ+ντ , respectively (seee.g., [9]).

B meson decays withb → cτντ andb → τντ transitions, due to the large mass of theτ lepton,
are sensitive probes of models with extended Higgs sectors[10][11]. In multi-Higgs doublet mod-
els, substantial departures from the SM decay rate could occur forB → τ+ντ . The semileptonic
B decays to tau provide new observables sensitive to New Physics such aspolarizations, which
cannot be accessed in leptonicB decays. Also difference to SM decay rate forB → Dτ+ντ can be
large. Smaller departures are expected forB → D∗τ+ντ , however they provide cleaner sample and
D∗ polarisation that can be used to enhance a sensitivity to NP effects.

Difficulties related to multiple neutrinos in the final states cause that there is little experimen-
tal information about decays of this type. Prior to the B-factories era, there was only inclusive
measurement ofB(B → cτ+ντ) = (2.48±0.26)% from LEP[12].

2. Analysis techniques

At B-factoriesB decays to multi-neutrino final states can be observed via the recoil of accom-
panyingB meson (Btag). TheBtag can be reconstructed inclusively from all the particles that remain
after selectingBsig candidates or exclusively in several, hadronic or semileptonic decay modes. The
remaining charged particles and photons are required to be consistent withthe hypothesis that they
are coming fromB → τντ or B → D(∗)τντ decays. Choice of theτ, D or D∗ decay modes, as well
as the methods of theBtag reconstruction, depend on particular analysis requirements on purity and
signal extraction procedure, etc.

Different tagging techniques have been developed, using full or partial reconstruction of one
of the twoB mesons in the event to reduce background and improve the determination of kinematic
quantities.

1Charge conjugate modes are implied throughout this report unless otherwise stated.
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2.1 Exclusive reconstruction of Btag in hadronic modes

In BaBar results theBtag candidates are reconstructed in 1114 final statesBtag→ D(∗)Y± with
an algorithm that has been used at BaBar for a number of analyses, involving missing momentum[13][2].
These final states arise from the large number of ways to reconstruct theD andD∗ mesons within
theBtag candidate and the possible pion and kaon combinations within theY system. TheY± sys-
tem may consist of up to six light hadrons (π±,π0,K±, orKS ). In both theD(∗) andY± systems, the
π0, K0

S and charged kaons are reconstructed and identified employing standartprocedures methods
available at B-factories.

For Belle case, theBtag candidates are reconstructed in the following decay modes:B+
tag →

D(∗)0h+, andB0
tag→D(∗)−h+, whereh+ can beπ+,ρ+,a+1 or D(∗)+

s . Thea+1 candidates are selected
by combining aρ0 candidate and a pion.

The selection ofBtag candidates is based on the energy substituted massmES≡
√

E2
beam− p2

B

(see Fig. 1 left) and the energy difference∆E ≡ EB −Ebeam. Here,EB andpB are the reconstructed
energy and momentum of theBtag candidate in thee+e− center-of-mass (CM) system, andEbeamis
the beam energy in the CM frame.
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Figure 1: Left: The distribution of the energy substituted mass,mES (called mbc in Belle), for theBtag

candidates in Babar data[2]. The combinatorial backgroundis overlaid. Right: The cosθB−D(∗)l distribution,
in Belle results[3], forB− → τ−ντ candidate events withEECL < 1.2 GeV( see 3.1) selected with allBtag

andBsig requirements except for those on cosθB−D(∗)l . The histograms are the MC expectation for events

without B+ → D
(∗)0

l+νl decays for different background contributions( See subsection 2.2).

2.2 Exclusive reconstruction of Btag in semi-leptonic decays

TheBtag is reconstructed in a set of semileptonicB decay modesB → D(∗)0Xℓνℓ, through the
full hadronic reconstruction ofD0 mesons and identification of the lepton,(ℓ− = e,µ ). Other par-
ticles resulting from a transition from a higher-mass charm state down to theD0 are not explicitly
reconstructed. TheBtag candidates are selected using the lepton momentumP∗

l and cosθB−D(∗)l,
the cosine of the angle between the direction of theBtag momentum and the direction of the mo-
mentum sum of theD(∗)0ℓ system (see Fig. 1 right). This angle is calculated using cosθB−D(∗)ℓ =

(2EbeamED(∗)ℓ −m2
B −m2

D(∗)ℓ
)/(2|PB||PD(∗)ℓ|), whereED(∗)ℓ, PD(∗)ℓ, andmD(∗)ℓ are the energy sum,

momentum sum and invariant mass of theD(∗)0 and lepton, whilemB is the B meson mass.
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Figure 2: EECL distribution in data for hadronic tag events in Belle(right) and semileptonic tagged events for
Belle results(middle) and BaBar(left). The points with error bars are data. Surimposed are the MC prediction
and fit results.

2.3 Inclusive reconstruction of Btag in hadronic modes

The inclusive tagging approach was, up to now, exploited only by Belle collaboration[5, 6].
With this method the reconstruction starts fromBsig candidates, reconstruction ofD(∗) on

the signal side strongly suppresses the combinatorial and continuum backgrounds. Once aBsig

candidate is found, the remaining particles that are not assigned toBsig are used to reconstruct the
Btag decay. The consistency of aBtag candidate with aB-meson decay is checked using the beam-

energy constrained mass and the energy difference variables:Mtag=
√

E2
beam−p2

tag, ptag= ∑i pi,
and∆Etag = Etag−Ebeam, Etag = ∑i Ei, pi andEi denote the 3-momentum vector and energy of
the i’th particle. All quantities are evaluated in theϒ(4S) rest frame. The summation is over all
particles that are left after reconstruction ofBsig candidates.

3. B+ → τ+ντ

3.1 B+ → τ+ντ with hadronic tags

Belle analysis[1] uses a data sample of about 449× 106 BB̄ events with fully reconstructed
Btag decays. In this sample, the decays ofBsig into a τ and a neutrino is searched; theτ lepton
is reconstructed in five decay modes:τ+ → µ+ν̄µ ν̄τ , τ+ → e+ν̄eν̄τ , τ+ → π+ν̄τ , τ+ → π+π0ν̄τ

andτ+ → π+π+π−ν̄τ , which taken together correspond to 81% of allτ decays. Further require-
ments on the magnitude and an angular distribution of missing momentum provide background
suppression. For the signal side tracks, the momentumPτ→X is to be in the region consistent with a
B → τντ decay. The selection criteria forBtag andBsig are optimised for each of theτ decay modes,
because the background levels and the background components are mode-dependent. The remain-
ing energy in the electromagnetic calorimeter,EECL (or EExtra), is the most powerful variable for
signal and background separation. It takes values around zero forsignal events, while background
events are distributed toward higherEECL due to the contribution from additional neutral clusters.

The signal yield is extracted from a fit to theEECL distribution (Fig 2). The combined fit
for all five τ decay modes gives 17.2+5.3

−4.7 signal events. It corresponds to the branching fraction
B(B+ → τ+ντ) = (1.79+0.56

−49 (stat)+0.46
−0.51(syst)) × 10−4. The significance, after including system-

atic uncertainties, is 3.5σ2. This result represents the first evidence of the purely leptonicB decay.

2The significance implies inclusions of systematic uncertainties throughout this report.
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BaBar collaboration presented a search for the decayB+ → τ+ντ [2] using 383×106 BB̄ pairs.
They identify theτ lepton in the following modes:τ+ → e+νeν̄τ ,τ+ → µ+νµ ν̄τ ,τ+ → π+ν̄τ and
τ+→ π+π0ν̄τ . They find 24 events with expected background of 14.27±3.03, which correspond to
a 2.2σ excess in data and gives a branching fraction ofB(B+ → τ+ντ) = (1.8+0.9

−0.8(stat)±0.4(bck.
syst.)±0.2(other syst.)×10−4.

3.2 B+ → τ+ντ with semileptonic tags

Belle measurement[3] of the decayB+ → τ+ν̄τ with a semileptonicB tagging method is based
a data sample containing 657×106 BB̄ pairs. The strategy adopted for this analysis is similar to the
measurements with hadronic tag. TheBtag mesons decaying semileptonically are reconstructed and
the properties of the remaining particle(s) in the event are compared to thoseexpected for signal
and background.

The signal yield is extracted from a fit to theEECL distribution (Figure 2). the clear excess
of signal events can be observed in the region nearEECL ∼ 0. The measured branching fraction
is B(B− → τ−ντ) = (1.54+0.38

−0.37(stat)+0.29
−0.31(syst))×10−4 with a significance of 3.8σ . The signal

yield is of ns = 154+36
−35.

BaBar performed a search[4], with semileptonic tag, for the decayB− → l−νl (l = τ ,µ , or e)
in 458.9×106 BB̄ pairs (see Fig.2). They foundB(B− → τ−ντ) = (1.7±0.8±0.2)×10−4, which
excludes zero at 2.3σ .

4. B → D(∗)τ+ντ

4.1 B → D(∗)τ+ντ with inclusive hadronic tag

Belle collaboration reported the first observation of an exclusive decaywith the b → cτντ

transition[5], in channelB0 → D∗+τ−ντ observed withBtag reconstructed inclusively in a data
sample containing 535× 106 BB̄ pairs. Theτ− → e−νeντ and τ− → π−ντ modes are used to
reconstructτ lepton candidates. TheD∗+ mesons are reconstructed in theD∗+ → D0π+ decay
channel. TheD0 candidates are reconstructed in theK−π+ andK−π+π0 final states.

To suppress background and improve the quality of theBtag selection, additional requirements
are impose like: zero total event charge; no charged leptons in tag side; zero net proton/anti-proton
number. The requirements that the candidate events have−0.3 GeV< ∆Etag < 0.05 GeV are
applied. These requirements result in flatMtag distributions for most background components ,
while the distribution of the signal modes peaks, at large missing mass square,at theB mass (See
Fig. 3). The main sources of the peaking background are the semileptonic decaysB → D̄∗l+νl and
B → D̄(∗)πl+νl (includingD̄∗∗l+νl).

The observed signal of 60+12
−11 events for the decayB0 → D∗−τ+ντ with a significance of 5.2σ

was extracted fromMtag distribution. The corresponding branching fraction is listed in Table1 and
is consistent with SM expectations.

A new analysis forB+ → D(∗)0τ+ντ was performed in a sample of 657×106 BB̄ pairs[6]. The
signal and combinatorial background yields are extracted from an extended unbinned maximum
likelihood fit to theMtag andPD0 (momentum ofD0 from Bsig measured in theϒ(4S) frame) vari-
ables. Theτ+ → e+νeντ , τ+ → π+ντ , and in additionτ+ → µ+ντ modes are used to reconstruct

5
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Figure 3: Mtag distribution forB0 → D∗−τ+ντ decay Belle analysis[5]. The histogram represents expected
background scaled to the data luminosity. The solid curve shows the result of the fit. The dotted and dashed
curves indicate respectively the fitted background and the combinatorial component only.

τ lepton candidates. TheD0 mesons where reconstructed in same way as in the previous analysis.
TheD̄∗0 candidates are reconstructed from̄D0π0, whereπ0 is reconstructed fully or with one miss-
ing γ. In total, 13 different decay chains are considered, eight withD̄∗0 and five withD̄0 in the final
states.

The fits are performed in the rangeMtag> 5.2 GeV/c2, simultaneously to all data subsets. In
each of the sub-channels, the data was described as the sum of four components: signal, cross-
feed between̄D∗0τ+ντ andD̄0τ+ντ , combinatorial and peaking backgrounds. The common signal
branching fractionsB(B+ → D̄∗0τ+ντ) andB(B+ → D̄0τ+ντ), and the numbers of combinatorial
background in each sub-channel are free parameters of the fit, while the normalisations of peaking
background contributions are fixed to the values obtained from the rescaled MC samples. The sig-
nal yields and branching fractions forB+ → D̄(∗)0τ+ντ decays are related assuming equal fractions
of charged and neutralB meson pairs produced inϒ(4S) decays. All the intermediate branching
fractions are taken from the PDG compilation [12].

The branching fractions extracted from the fit are listed in Table1. The fitprojections inMtag

andPD0 variables are shown in Fig. 4. The signal yields are 446+58
−56 B+ → D̄∗0τ+ντ events and

146+42
−41 B+ → D̄0τ+ντ events.

4.2 B → D(∗)τ+ντ with exclusive hadronic tags

Babar collaboration presented measurements of the semileptonic decaysB− →D0τ−ν̄τ , B− →

D∗0τ−ν̄τ , B0 → D+τ−ν̄τ , B0 → D+τ−ν̄τ , andB0 → D∗+τ−ν̄τ [7]. The data sample consists of
232×106 ϒ(4S)→ BB̄ decays. The events are selected with aD or D∗ meson and a light lepton
(= e or µ) recoiling against a fully reconstructedB meson. For theBsig meson decaying semilepton-
ically, D(∗) candidates are reconstructed in the modesD0 → K−π+, K−π+π0, K−π+π+π , K0

S π+π ;
D+ → Kπ+π+, K−π+π+π0, K0

S π+, K−K+π+; D∗0 → D0π0, D0γ; andD∗+ → D0π+, D+π0.

The fit is performed to the joint distribution of lepton momentum and missing mass squared,m2
miss,

to distinguish signalB → D(∗)τ−ντ(τ− → l−ν̄lντ) events from the backgrounds, predominantly

6
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Figure 4: The fit projections toMtag, andPD0 for Mtag> 5.26 GeV/c2 (a,b) forD̄∗0τ+ντ , (c,d) forD̄0τ+ντ .
The black curves show the result of the fits. The solid dashed curves represent the background and the
dashed dotted ones show the combinatorial component. The dot-long-dashed and dot-short-dashed curves
represent, respectively, the signal contributions fromB+ → D̄∗0τ+ντ andB+ → D̄0τ+ντ . The histograms
represent the MC-predicted background.

B → D(∗)ℓ−ν̄ℓ. The fit is performed simultaneously in four signal channels.

Figure 5 shows projections inm2
miss for the four signal channels, showing both the lowm2

miss

region, which is dominated by the normalisation modesB → D(∗)lνl , and the highm2
miss region,

which is dominated by the signal modeB → D(∗)τ ντ .

Babar measures the branching-fraction ratiosR(D)=B(B→Dτ ντ)/B(B→Dlνl) andR(D∗)=

B(B → D∗τ ντ)/B(B → D∗lνl) and, from a combined fit toB andB0 channels, approximately 67
B → Dτ ντ and 101B → D∗τ ντ signal events where observed, corresponding to resulting ratios
R(D) = (41.6±11.7±5.2)% andR(D∗) = (29.7±5.6±1.8)%, where the uncertainties are sta-
tistical and systematic. The signal significances are 3.6σ and 6.2σ for R(D) andR(D∗), respec-
tively. Normalising to world averagedB− → D(∗)0l−νl branching fractions[12], they obtainB(B →

D∗τ ντ) = (0.86±0.24±0.11±0.06)% andB(B→D∗τ ντ) = (1.62±0.31±0.10±0.05)%, where
the additional third uncertainty is from the normalisation mode. They present for the first time,
distributions of the lepton momentum,|p∗l |(Fig.5), and the squared momentum transfer,q2. The
measured branching-fraction ratios for individualD(∗) states are sumurised in Table2.

Belle collaboration presented similar study based on 604.5f b1 of the data sample[8]. The
B → Dτντ andB → D∗τντ signals are extracted using unbinned extended maximum likelihood fits
to the two-dimensional(m2

miss,E
ECL
extra) distributions obtained after the selection of the signal decays.

The B+ andB0 samples are fitted separetly. The cross talk between the two tags is found to be
small. Then for eachB0 andB+ tag, a fit is performed simultaneously to the two distributions for
theDτντ andD∗τντ . The fit components are two signal modes;B→Dτντ andB→D∗τντ , and the
backgrounds fromB → Dℓνe, B → D∗ℓνe and other processes. For the fitting of theB0 → D∗−τ+ντ

distribution, theDτντ cross feed andDℓνℓ background are not included, because their contribution
are found to be small. The fit region is defined by(−2< m2

miss(GeV2/c4)< 8,0< EECL
extra(GeV)<

1.2) for all the four signal modes.

The two-dimensional PDF’s forD(∗)τντ andD(∗)ℓνl processes are created by taking the prod-
uct of one-dimensional PDF for each variable, as correlation betweenm2

miss andEECL
extra for these

processes are found to be small in the MC simulation. The PDF for the other background processes
is made by using the two-dimensional histograms obtained by the MC simulation, sincecorrelation

7
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Figure 5: Distributions of events and fit projections inm2
miss(left) and in |P∗

l | for the four final states:
D∗0l−, D0l−, D∗+l−, andD+l−. The normalisation regionm2

miss≈ 0 is shown with finer binning in the
insets. The|P∗

l | is shown in the signal region,m2
miss> 1(GeV/c2)2. The fit components are combinatorial

background (white, below dashed line), charge-crossfeed background (white, above dashed line), theB →

Dlνl normalisation mode (// hatching, yellow), theB → D∗lνl normalisation mode (\\hatching, light blue),
B → D∗∗lνl background (dark, or blue), theB → Dτ ντ signal (light grey, green), and theB → D∗τ ντ signal
(medium grey, magenta).

Figure 6: Fit results forB+ → D0τ+ντ (top) and
B+ → D∗0τ+ντ (bottom). Them2

miss (left) andEECL
extra

(right) distributions are shown with the signal selec-
tion cut on the other variable[8].

Figure 7: Fit results forB0 → D−τ+ντ (top) andB0 →

D∗−τ+ντ (bottom). Them2
miss (left) and EECL

extra (right)
distributions are shown with the signal selection cut on
the other variable[8].
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between the two variables is significant for these background processes, which mainly come from
hadronicB decays.

Figures 6 and 7 show the fit results forB+ → D(∗)0τντ andB0 → D(∗)−τντ , respectively. The
results for the four ratios are listed in Table2,

Taking into account the branching fractions for theB → D∗ℓνl normalisation decays, reported
in [12] , the branching fractions for theB → D∗τντ decays are obtained and listed in Table1.

4.3 Summary of B → D(∗)τ+ντ

Table 1: Summary of branching-fractions forB → D(∗)τντ decays([%]), where the first error is statistical,
the second is systematic, and the third is due to the branching fraction error for the normalisation modes. In
brackets are significances, after including the systematics([σ ]).

Mode Belle[5][6] BaBar[7] Belle[8]

B+ → D∗0τ+ντ 2.12+0.28
−0.27±0.29(8.1) 2.25±0.48±0.22±0.17(5.3) 3.04+0.69

−0.66
+0.40
−0.47±0.22(3.9)

B0 → D∗−τ+ντ 2.02+0.40
−0.37±0.37(5.2) 1.11±0.51±0.04±0.04(2.7) 1.51+0.41

−0.39
+0.24
−0.19±0.15(4.7)

B+ → D0τ+ντ 0.77±0.22±0.12(3.5) 0.67±0.37±0.11±0.07(1.8) 1.01+0.46
−0.41

+0.13
−0.11±0.10(3.8)

B0 → D−τ+ντ - 1.04±0.35±0.15±0.10(3.3) 2.56+0.75
−0.66

+0.31
−0.22±0.10(2.6)

Table 2: The measured branching-fraction ratios for individualD(∗) states for analysis based on exclusive
Btag reconstruction.The first errors are the statistical and thesecond errors are the systematic.

BaBar[7] Belle[8]

R(D0) (31.4±17.0±4.9)% (70+19
−18

+11
−9 )%

R(D∗0) (34.6±7.3±3.4)% (47+11
−10

+6
−7)%

R(D−) (48.9±16.5±6.9)% (48+22
−19

+6
−5)%

R(D∗−) (20.7±9.5±0.8)% (48+14
−12

+6
−4)%

The current experimental status of semi tauonic B decays is summrized in Table 1.
There is no yet HFAG experimental average of the semi-tauonicB decays. Taking into ac-

count all available experimental results from Belle and Babar a naive weighted averages can be
calculated3:

• B(B+ → D∗0τ+ντ) = (2.36±0.27)%

• B(B0 → D∗−τ+ντ) = (1.70±0.34)%

• B(B+ → D0τ+ντ) = (0.89±0.20)%

• B(B0 → D−τ+ντ) = (1.03±0.30)%

Experimentally all modes are clearly established, with significance at least 3σ (over 5σ for D∗

modes). They are observed in both experiments and there is still a room forimprovement since the
results are not based on full statistics.

3it takes into account correlations in systematic for Belle results
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5. Summary

The studies ofB decays toτ at B-factories brought significant advances in this field, providing
the first evidence of the purely leptonicB+ → τ+ντ mode, semi-tauonicB → Dτ+ντ modes and
the observation of semi-tauonicB decays in theB → D∗τ+ντ channels. These results are consistent
with the SM but, given the uncertainties, there is still a room for a sizeable non-SM contribution.
The Super B-factories with≈ 50 times higher statistics should measure these modes with much
higher precision. Of particular interest will be measurements of differential distributions.
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