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Motivation - 
Why Leptons?

+ relatively little hadronic uncertainties 
(contained in decay constant fB)

- for pure leptonic decay: helicity 
suppression (ml

2)

+ have “easy” experimental signature 
(Particle IDentification)

- have neutrino(s) in final state
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Motivation - 
Why Leptons?

independent constraint in ρ,η plane

other measurements deliver a 
prediction

use experimental values for Δms 
and Δmd  together with lattice value 
for fB√BBd

BR (B➝τν) = (0.85 ± 0.14) x 10-4 

compare to lattice calculation for fB
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Motivation - 
Why Taus?

5

+ helicity suppression in leptonic decays 
relieved for more massive τ - relatively 
large BF

- have (more) neutrinos in final state

+ stronger coupling to Higgs-like 
particles

look at type II 2HDM: simplest model 
with extended Higgs sector

similar to Higgs sector in MSSM

+

+H+

W.-S. Hou, Phys. Rev. D. 
Brief Report 48 (1993) 
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Experimental Setup:
PEP II

asymmetric B-factory

also a charm and ττ 
factory

now running at the Υ(3S) 
resonance
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Figure 2.3: The hadronic cross section in the Upsilon region.
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Experimental Setup:
Dataset

collected 433 fb-1 at the Υ(4S) 
resonance

complete Υ(4S) dataset in 
hand

most analyses presented 
here use ~340 fb -1: ~380 M 
B-pairs (Run 1-5)

B➝D(*)τν uses 232 M BB-
pairs
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8

Cherenkov Detector
     144 quartz bars

    K, π, p separation

Electromagnetic Calorimeter
6580 CsI crystals

e+ ID, π0 and γ reco

Drift Chamber
40 layers

tracking + dE/dx

Instrumented Flux Return
  19 layers of RPCs (+LSTs) 

μ ID

Silicon Vertex Tracker
5 layers (double-sided Si strips)

vertexing + tracking (+ dE/dx)

e+ [3.1 GeV]

e- [9 GeV]

…. and a Good Detector to Catch Them

1.5T Magnet

Experimental Setup:
BaBar - Detector
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Experimental Methods
e+e--collider ➝ beam energy (and 
thus the center-of-mass) is known 
very well

calculate two (almost) independent 
variables: energy difference       
and effective mass   

define signal-rich region (signal 
box) and background rich 
sidebands for cross checks

keep signal box blind until 
analysis cuts (and systematic 
uncertainties) are determined

9

upper sideband

lower sideband

middle 
sideband

“blind”
signal box
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Experimental Methods (II)

10

BB - event

u,d,s,c,τ event

substantial fraction of events are non-BB events

light quark events more “jetty”

use event shape variables as thrust angles, Fox-Wolfram 
moments either as cut variables or input to Fisher-
discriminant or Neural Net
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Figure 2.3: The hadronic cross section in the Upsilon region.
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Figure 2.3: The hadronic cross section in the Upsilon region.
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Experimental Methods (III)
neutrinos escape undetected

use missing energy vector

includes all missing particles (decays of both B-mesons, acceptance effects)

B-decays with > 1 neutrino: neither works....
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Experimental Methods (IV): 
“Tagging”

e-
D*

X

e+

Btag

Brecoil

e,µ,π,ρ,a1

τ

ν

1 or 2ν

12

reconstruct one B: study the other (recoiling) B

D(*)lν: semileptonic tag

higher reconstruction efficiency

less information about Tag-B due to neutrino

use D-mass as variable to distinguish “peaking” 
background from combinatoric

D(*)(nπ± mK± rKS0 qπ0): fully hadronic tag

use ΔE and mES to select “peaking” events

~ 1/3 of semileptonic tagging efficiency



Measurements

13
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Measurements:
B➝τν

signal MC event

with semileptonic Tag-B

B➝D*eν, D*➝D0π0, D0➝Kπ 

τ decays into ππ0

require well-identified objects 
as daughters

characterize event by Eextra: 

(energy not assigned to Tag-B 
or the τ-daughters)

14



Silke Nelson, SLAC                   Fermilab Wine&Cheese seminar:  B-decays with τ-leptons in the final state

B➝τν: Tagging (II)

use D(*)X decays

X = lν: semileptonic tag

higher reconstruction efficiency

less information about Tag-D due to neutrino

use D-mass (and lepton momentum) to distinguish 
“peaking” background from combinatoric

X = nπ± mK± rKS0 qπ0 : fully hadronic tag

use ΔE and mES to select “peaking” events

~ 1/3 of semileptonic tagging efficiency
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electron or muon, and X can be either nothing or a tran-
sition particle (!0 or photon) from a higher mass charm
state decay which we do not attempt to explicitly include
in the tag B. However, we explicitly veto events where
the best tag candidate is consistent with neutral B decay,
where the X system is a single charged pion that can be
combined with the D0 to form a D!+ candidate.

The B+ ! "+# signal is searched for in both leptonic
and hadronic " decay modes constituting approximately
71% of the total " decay width: "+ ! e+##, "+ ! µ+##,
"+ ! !+#, and "+ ! !+!0#. We do not consider the
"+ ! !+!"!+# mode since we found it to be dominated
by background events.

A. Tag B Reconstruction

D0$ candidates are reconstructed by combining a D0

with an identified electron or muon with momentum
above 0.8GeV/c in the e+e" center-of-mass (CM) frame
(Fig. 1). The flight direction of the D0 is required to
intersect with the lepton track. Assuming that the mass-
less neutrino is the only missing particle, we calculate the
cosine of the angle between the D0$ candidate and the
B meson,

cos %B"D0! =
2EBED0! " m2

B " m2
D0!

2|&pB ||&pD0!|
, (2)

where (ED0!, &pD0!) and (EB , &pB) are the four-momenta
of the D0$ and B in the CM frame, and mD0! and
mB are the masses of the D0$ candidate and B+ me-
son (the nominal mass [7] is used), respectively. EB and
the magnitude of &pB are calculated from the beam en-
ergy: EB = ECM/2, where ECM is the CM energy of the
beams, and |&pB | =

!
E2

B " m2
B. Correctly reconstructed

candidates populate cos %B"D0! in the range of ["1, 1],
whereas combinatorial backgrounds can take unphysical
values outside this range. We retain events in the interval
"2.0 < cos %B"D0! < 1.1, where the upper bound takes
into account the detector resolution and the less restric-
tive lower bound accepts those events where the X is a
soft transition particle from a higher mass charm state.

We reconstruct the D0 candidates in four decay modes:
K"!+, K"!+!"!+, K"!+!0, and K0

S!+!", only con-
sidering K0

S candidates decaying to charged pions. The
charged tracks are required to meet particle identifica-
tion criteria consistent with the particle hypothesis and
are required to converge at a common vertex. The !0

candidates are required to have invariant masses between
0.115 and 0.150GeV/c2 and the photon daughter candi-
dates of the !0 must have a minimum laboratory en-
ergy of 30MeV and have shower shapes consistent with
electromagnetic showers. The mass of the reconstructed
D0 candidates (Fig. 1) in the K"!+, K"!+!"!+, and
K0

S!+!" modes is required to be within 20MeV/c2 of the
nominal mass [7], while in the K"!+!0 decay mode the
mass is required to be within 35MeV/c2 of the nominal
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FIG. 1: D0 mass for tag B candidates containing an (a) elec-
tron or (b) muon and the CM momentum of the tag B lepton
for tag B candidates containing an (c) electron or (d) muon.
On-resonance data (filled circles) are overlaid on the BB MC
(solid histogram) and non-resonant background MC (gray his-
togram), which have been normalized to the integrated data
luminosity. O!-resonance data (open diamonds) are over-
laid for comparison, and normalized to the on-resonance in-
tegrated luminosity.

mass. These constraints are determined by fitting a sin-
gle Gaussian function and a first-order polynomial to the
mass distribution in signal MC and correspond to the 3'
positions on the Gaussian. Furthermore, the sum of the
charges of all the particles in the event must be equal
to zero. If more than one suitable D0$ candidate can
be reconstructed, the best candidate is taken to be the
one with the largest probability of converging at a single
vertex.

The tag reconstruction e!ciency, extracted from sig-
nal MC and averaged over all data taking periods, is
(6.64± 0.03)# 10"3, where the error is due to the statis-
tics of the signal MC sample. At this level of selection,
we find that the MC models the data well in the elec-
tron channel of the semileptonic B decay, but less so in
the muon channel. The disagreement in the muon chan-
nel appears to derive largely from the continuum back-
ground and therefore should not a"ect the real semilep-
tonic tags. The tag reconstruction e!ciency is corrected
for any data/MC disagreement using a control sample
described in Section IIID.

B. Selection of B+ ! !+" signal candidates

After the tag B reconstruction, the recoil is studied
for consistency with the signal modes. All selection cri-
teria are optimized for each of the di"erent signal " decay
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in the tag B. However, we explicitly veto events where
the best tag candidate is consistent with neutral B decay,
where the X system is a single charged pion that can be
combined with the D0 to form a D!+ candidate.

The B+ ! "+# signal is searched for in both leptonic
and hadronic " decay modes constituting approximately
71% of the total " decay width: "+ ! e+##, "+ ! µ+##,
"+ ! !+#, and "+ ! !+!0#. We do not consider the
"+ ! !+!"!+# mode since we found it to be dominated
by background events.

A. Tag B Reconstruction

D0$ candidates are reconstructed by combining a D0

with an identified electron or muon with momentum
above 0.8GeV/c in the e+e" center-of-mass (CM) frame
(Fig. 1). The flight direction of the D0 is required to
intersect with the lepton track. Assuming that the mass-
less neutrino is the only missing particle, we calculate the
cosine of the angle between the D0$ candidate and the
B meson,

cos %B"D0! =
2EBED0! " m2

B " m2
D0!

2|&pB ||&pD0!|
, (2)

where (ED0!, &pD0!) and (EB , &pB) are the four-momenta
of the D0$ and B in the CM frame, and mD0! and
mB are the masses of the D0$ candidate and B+ me-
son (the nominal mass [7] is used), respectively. EB and
the magnitude of &pB are calculated from the beam en-
ergy: EB = ECM/2, where ECM is the CM energy of the
beams, and |&pB | =

!
E2

B " m2
B. Correctly reconstructed

candidates populate cos %B"D0! in the range of ["1, 1],
whereas combinatorial backgrounds can take unphysical
values outside this range. We retain events in the interval
"2.0 < cos %B"D0! < 1.1, where the upper bound takes
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are required to converge at a common vertex. The !0

candidates are required to have invariant masses between
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ergy of 30MeV and have shower shapes consistent with
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FIG. 1: D0 mass for tag B candidates containing an (a) elec-
tron or (b) muon and the CM momentum of the tag B lepton
for tag B candidates containing an (c) electron or (d) muon.
On-resonance data (filled circles) are overlaid on the BB MC
(solid histogram) and non-resonant background MC (gray his-
togram), which have been normalized to the integrated data
luminosity. O!-resonance data (open diamonds) are over-
laid for comparison, and normalized to the on-resonance in-
tegrated luminosity.

mass. These constraints are determined by fitting a sin-
gle Gaussian function and a first-order polynomial to the
mass distribution in signal MC and correspond to the 3'
positions on the Gaussian. Furthermore, the sum of the
charges of all the particles in the event must be equal
to zero. If more than one suitable D0$ candidate can
be reconstructed, the best candidate is taken to be the
one with the largest probability of converging at a single
vertex.

The tag reconstruction e!ciency, extracted from sig-
nal MC and averaged over all data taking periods, is
(6.64± 0.03)# 10"3, where the error is due to the statis-
tics of the signal MC sample. At this level of selection,
we find that the MC models the data well in the elec-
tron channel of the semileptonic B decay, but less so in
the muon channel. The disagreement in the muon chan-
nel appears to derive largely from the continuum back-
ground and therefore should not a"ect the real semilep-
tonic tags. The tag reconstruction e!ciency is corrected
for any data/MC disagreement using a control sample
described in Section IIID.

B. Selection of B+ ! !+" signal candidates

After the tag B reconstruction, the recoil is studied
for consistency with the signal modes. All selection cri-
teria are optimized for each of the di"erent signal " decay

PRD 76, 05200 (2007)

PRD-RC 77, 011107(2008)
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B➝τν: Tagging (III): Efficiency
D(*)lν: semileptonic tag

efficiency is (6.64±0.03)x10-3 (signal MC)

study double tagged (2 non-overlapping tags) 
events in data and MC to estimate efficiency 
correction

systematic from statistical error

hadronic tag

count peaking event in mES by subtracting 
combinatorial events using a template from MC

correct for tagging efficiency difference of generic 
B-decay and signal events

systematic estimated by changing template
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then the two best candidates are selected as those with
the largest probabilities of each converging at a common
origin. The D0 meson invariant mass is shown in Fig. 3
for the second tag in all double-tagged events.

We initially determine the tag e!ciency using a signal
MC where one of the two B mesons always decays into
a generic final state and the other always decays into a
!+" final state. We estimate the correction to the MC
semileptonic tag e!ciency by comparing the number of
single- and double-tagged events in data and MC. We cal-
culate the ratio of double-tagged to single-tagged events,
and we use the ratio of this quantity from data and MC
as a correction factor for the tag B yield.

We determine the number of single-tagged events by
subtracting the combinatoric component under the D0

mass peak in events where one B is tagged and the second
is allowed to decay without constraint (Fig. 1). We de-
termine this component by using D0 mass sidebands be-
tween 4# and 7# above and below the nominal D0 mass.
A narrower sideband region is used for this study than
in the background estimate validation due to the com-
parative flatness of the sidebands in this region and the
large statistics available at this early stage of selection.
We then average the yields from these combinatoric D0

mass regions and scale by the ratio of the sideband and
signal region widths. We perform this subtraction using
events where the D0 meson from one of the semileptonic
tags is reconstructed as D0 ! K!$+ and the second tag
decays into any of our allowed final states. The resulting
single-tagged event yields, and the double-tagged event
yields, are shown in Table III. We compared these re-
sults to that obtained from events where the D0 of at
least one of the tags decays as D0 ! K!$+$!$+ and
found a similar correction.

We take the uncertainty on the data/MC single-to-
double-tag ratios as the systematic uncertainty on the tag
B yield. We find a correction of 1.05 with a 3.6% uncer-
tainty. This comparison between data and MC provides
a more realistic environment than signal MC in which to
compare the various forms of background in the analysis,
and correct for them. The double-tagged sample alone
would only correct for B+B! backgrounds.

TABLE III: Single-tag and double-tag yields in data and MC,
for events where the D0 meson from the first tag is required
to decay as D0 ! K!!+. We calculate the ratio of these two
yields, and take the ratio of these ratios as a correction to the
tagging e!ciency determined from MC. The uncertainty on
the correction is taken as a systematic error.

Single Tags Double Tags Ratio

Data 335417 ± 747 1067 ± 33 (3.18 ± 0.10)"10!3

MC 349972 ± 572 1065 ± 20 (3.04 ± 0.06)"10!3

Data/MC 1.049 ± 0.038

We can further test the modeling of Eextra by com-
paring it in double-tagged events from data and MC.
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FIG. 3: D0 invariant mass from the recoil B meson in double-
tagged events. On-resonance data (black circles) are overlaid
on the combined BB (solid histogram) and continuum (gray
histogram) MC samples normalized to the data luminosity.

The Eextra for the double-tagged sample (Fig. 4) is cal-
culated by summing the energy of the photons which are
not associated with either of the tag B candidates. The
sources of photons contributing to the Eextra distribution
in double-tagged events are similar to those contributing
to the Eextra distribution in the signal MC simulation.

We additionally check the modeling of Eextra by com-
paring samples of events where the signal and tag B can-
didates are of the same sign. We find that for all signal
modes, there is good agreement between the shape of
the Eextra from the background prediction and the data
in this wrong-charge sample. In the pion channel in par-
ticular, we find the data yield is higher than predicted
from MC. This suggests that for a pure background sam-
ple, with a topology similar to that of signal, the Eextra

distribution is well-modeled but the background estimate
cannot be taken directly from the MC background sim-
ulation. This further validates our choice to take the
background estimate from the Eextra sideband in data
and the signal-to-sideband ratio in MC simulation.

IV. STUDIES OF SYSTEMATIC
UNCERTAINTIES

The main sources of uncertainty in the determination
of the B+ ! !+" branching fraction are the tag re-
construction e!ciency (%tag), the e!ciency of each sig-
nal mode (%i), and the number of expected background
events in the signal region for each signal mode.

An uncertainty of 1.1% enters the branching fraction
calculation from the estimation of the number of B+B!

events present in the data sample [15]. The tagging ef-
ficiency and yield in signal MC is corrected using the
double-tagged and single-tagged samples. The tag B
yield systematic uncertainty is 3.6%, with a correction
factor to the yield of 1.05. The systematic uncertainties
on the signal e!ciency depend on the ! decay mode and
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B➝τν: Eextra

the summed energy of “extra” particles (Eextra) is the 
most powerful variable to distinguish signal from 
background

modeling needs to describe clusters from 
background events, radiated photons and “split-offs”

background event from data taken by random triggers 
are superimposed on MC events

in particular “split-offs” are not well described

use event with two tags to check data-MC agreement

as in signal, all particles should be included in Tag-B 
and Signal-B
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FIG. 4: Eextra after the reconstruction of two non-overlapping
semileptonic B candidates. On-resonance data (black circles)
are overlaid on the combined BB (solid histogram) and con-
tinuum (gray histogram) MC samples normalized to the data
luminosity. B+ ! !+" signal MC (dashed-dotted line) is
shown for comparison, with arbitrary normalization.

TABLE IV: Contributions to the systematic uncertainty (in
percent) on the signal selection e!ciencies for di"erent selec-
tion modes. The total summed uncertainty is added linearly
with the systematic uncertainties from IFR K0

L reconstruction
and Eextra modeling. The result of this (“signal B”) is added
together in quadrature with the uncertainty on tag B recon-
struction and the number of BB pairs in the sample (NBB).
The “Correction Factor” is a multiplicative factor applied to
the e!ciency for each mode.

! decay mode e+"" µ+"" #+" #+#0"
Tracking 0.5 0.5 0.5 0.5
Particle Identification 2.5 3.1 0.8 1.5
#0 – – – 2.9
EMC K0

L – – 3.8 –
IFR K0

L 3.3
Eextra 3.4
signal B 5.5
tag B 3.6
NBB 1.1
Total 6.6

Correction Factor 0.951 0.868 0.964 0.939

include e!ects such as the tracking of charged particles,
particle identification, and the modeling of !0 mesons.

The systematic uncertainty on the signal e"ciency due
to the mis-modeling of the Eextra variable is extracted
using the double-tagged events. We extract the yield
of candidates satisfying Eextra < 0.5GeV. This yield is
then compared to the number of candidates in the full
sample. Comparing the ratio extracted from MC to that
extracted from data yields a correction factor, the error
of which is taken as the systematic uncertainty for Eextra.
The systematic uncertainty for Eextra is 3.4% with a cor-
rection of 0.99.

The systematic uncertainty on the modeling of K0
L can-

didates is extracted using the double-tagged events, sim-
ilar to the method used for the Eextra systematic evalua-
tion. We quantify the data/MC comparison by extract-
ing the yield with a cut demanding exactly zero (less than
two) reconstructed IFR (EMC) measured K0

L candidates
remaining, and extracting the yield with a sample where
any number of K0

L candidates remain, and take the ratio
of ratios from the MC and data. The systematic un-
certainty for vetoing IFR (EMC) K0

L candidates is 3.3%
(3.8%), with a correction factor on the e"ciency of 0.99
(0.97).

A breakdown of the contributions to the systematic un-
certainty for each signal mode is given in Table IV. We
find that the most significant individual e!ects on the sig-
nal e"ciency are from the modeling of the Eextra and the
K0

L vetos. The uncertainties on each mode are combined
by weighting them by the corrected e"ciency for a given
mode, using the e"ciencies from Table I multiplied by the
correction factors given in Table IV. The signal-mode-
specific systematic uncertainties are summed in quadra-
ture and then the sum is added linearly with the IFR K0

L

and Eextra uncertainties, which are correlated among the
modes. The resulting overall systematic uncertainty on
the signal e"ciency is then added in quadrature with the
uncertainties on the tag B reconstruction and the num-
ber of BB pairs in the sample to give a total uncertainty
of 6.6%.

V. RESULTS

After finalizing the signal selection criteria, we measure
the yield of events in each channel in the signal region of
the on-resonance data. Table V lists the number of ob-
served events in on-resonance data in the signal region,
together with the expected number of background events
in the signal region (taken from the Eextra sideband pre-
diction from Table II). Figure 5 shows the Eextra distri-
bution for all data and MC in the signal region, with sig-
nal MC shown for comparison. Figure 6 shows the Eextra

distribution separately for each of the signal modes.

TABLE V: Observed number of on-resonance data events in
the signal region are shown, together with number of expected
background events.

! Expected background Observed events
decay mode events in on-resonance data
!+ ! e+"" 44.3 ± 5.2 59
!+ ! µ+"" 39.8 ± 4.4 43
!+ ! #+" 120.3 ± 10.2 125
!+ ! #+#0" 17.3 ± 3.3 18
All modes 221.7 ± 12.7 245

We determine the B+ ! "+# branching fraction from
the number of signal candidates si in data for each "
decay mode, according to si = NBBB(B+ ! "+#)$tag$i,
where NBB is the total number of BB pairs in data. The
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B➝τν: Event Selection
require a good Tag-B and use the good tracks and photons in the recoil to 
separate events into 4 tau decay classes: e,μ,π,ρ

the a1 mode does not contribute to significance due to its large background

simultaneously optimize cuts on:

Eextra

little presence of “extra” particles (KL0, tracks, π0)

the momentum of the tau-daughter

continuum rejection

for the semileptonic tag, take extra care of ττ events: if they enter final sample, they 
peak in Eextra!

selection efficiencies of ~1-5% in each channel, total of 10(had)-13(SL)%

this is after tagging and signal-B reconstruction
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B➝τν: Background Prediction
            Semileptonic Tag

use sidebands (SB) in data 

scale the amount of data in the Eextra SB region by 
the ratio of MC events in the SB and signal 
region:

cross-check by using the m(D0)-SB region in the 
Eextra signal region (SR) scaled to the m(D0) SR 
(comb. background)

19

Nexp,sig = Ndata,sb !
NMC,sig

NMC,sb

Nexp = Ndata
comb + (NMC

total !NMC
comb)

7

the best signal significance, assuming the branching frac-
tion is 1 ! 10!4 and was blinded for Eextra < 0.5GeV in
on-resonance data until the selection was finalized.

The signal selection e!ciencies for the ! decay modes
are determined from signal MC simulation and summa-
rized in Table I. The signal e!ciencies correspond to
the fraction of events selected in a specific signal decay
mode, given that a tag B has been reconstructed. Signal
selection e!ciencies are further corrected by applying the
factors provided in Table IV which are explained in later
sections.

TABLE I: Selection criteria optimized for each signal ! decay
mode. Additional selection criteria are described in the text.
The signal e!ciencies, multiplied by branching fraction, are
given for each ! decay mode, relative to the number of tags.
Values given in the squared brackets represent lower and up-
per selection criteria imposed on the respective quantity.

mode e+ µ+ "+ "+"0

Mmiss(GeV/c2) [4.6, 6.7] [3.2, 6.1] ! 1.6 " 4.6
p!
signal(GeV/c) " 1.5 – ! 1.6 ! 1.7

Rcont [2.78, 4.0] > 2.74 > 2.84 > 2.94
Eextra(GeV) < 0.31 < 0.26 < 0.48 < 0.25
E!ciency (%) 4.2 ± 0.1 2.4 ± 0.1 4.9 ± 0.1 1.2 ± 0.1

C. Background Estimation from Eextra Sidebands

We estimate our background from the data by study-
ing events in a sideband region of Eextra. We define the
sideband (sb) region as Eextra > 0.5GeV, and also define
signal regions (sig) in Eextra using the appropriate sig-
nal mode-dependent selection. After applying all other
selection criteria, we compute from the background MC
simulation the ratio of events in the sideband (NMC,sb)
and signal (NMC,sig) regions,

RMC =
NMC,sig

NMC,sb
. (5)

Using the number of data events in the sideband
(Ndata,sb) and the ratio RMC, the number of expected
background events in the signal region in data (Nexp,sig)
is estimated,

Nexp,sig = Ndata,sb · RMC. (6)

The sideband background projection (Table II) is taken
as the number of expected background events.

The background estimate is validated by performing
a similar test using sidebands in the D0 mass distribu-
tion. We select events using D0 mass sidebands between
4" and 9" above and below the nominal D0 mass, with
all other signal selection criteria applied. Candidates in
these regions of the D0 mass distribution are random
combinations of kaons and pions, and represent a pure
combinatoric background. We average the yields from
the upper and lower sidebands and scale this using the

TABLE II: Comparison of the expected total background,
computed from data and MC in the D0 mass sideband and
signal regions, to that computed by projecting the Eextra side-
band into the Eextra signal region.

Background Prediction
signal mode e+ µ+ "+ "+"0

Eextra sideband 44.3±5.2 39.8±4.4 120.3±10.2 17.3±3.3
D0 sideband 44.2±6.4 42.8±6.0 113.4±11.6 16.3±4.5

ratio of the D0 mass sideband and signal region. This
yields a D0 mass combinatoric background estimate in
the D0 mass signal region for both data (Ndata

comb) and
MC (NMC

comb). The remaining component, in the MC, of
the background which contains real D0 mesons in the tag
is then computed,

NMC
peak = NMC

total " NMC
comb, (7)

and added to the combinatoric component (determined
from data) to obtain an e"ective estimate of the total
background,

Npredicted
total = NMC

peak + Ndata
comb. (8)

This is done for each reconstructed signal decay chan-
nel. The method assumes that the background in the
Eextra signal region can be modeled by the combinatoric
component of the D0 mass distribution, taken from data,
and the peaking component of the D0 mass distribution,
taken from MC simulations. Since it uses the D0 mass
sidebands, it is also statistically independent from the
Eextra sideband calculation.

We find very good agreement between the background
prediction using the D0 mass sidebands and that ob-
tained from the projection of the Eextra sideband. This
agreement is demonstrated in Table II and further vali-
dates our background estimation method.

D. Correction of tag B yield and Eextra simulation

The tag B yield and Eextra distribution in signal and
background MC simulation are validated using control
samples. These samples are further used to define cor-
rections to e!ciencies of selection criteria. “Double-
tagged” events, for which both of the B mesons are
reconstructed in tagging modes, B! # D0#!$̄!X vs.
B+ # D0#+$!X are used as the primary control sam-
ple. “Single-tagged” events are also used where one B
decays via B! # D0#!$̄!X and the other B decay is not
constrained. The double-tagged sample is almost entirely
free of continuum events.

We select double-tagged events by requiring that the
two semileptonic B candidates have opposite charge and
do not share any particles. We also require that there
are no additional tracks in the event. If there are more
than two such independent tag B candidates in the event
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B➝τν: Eextra  in Data and MC
semileptonic tag
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FIG. 5: Eextra distribution. All selection criteria have been
applied and all signal modes combined. Background MC
(solid histogram) has been normalized to the luminosity of the
on-resonance data (black dots), and then additionally scaled
according to the ratio of predicted background from data and
MC as presented in section III C. B+ ! !+" signal MC (dot-
ted histogram) is normalized to a branching fraction of 10!3

and shown for comparison.
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FIG. 6: Eextra distribution after all selection criteria for (a)
!+ ! e+"", (b) !+ ! µ+"", (c) !+ ! #+", and (d)
!+ ! #+#0". Background MC (solid histogram) has been
normalized to the luminosity of the on-resonance data (black
dots), and then additionally scaled according to the ratio of
predicted background from data and MC as presented in sec-
tion III C. B+ ! !+" signal MC (dotted histogram) is nor-
malized to a branching fraction of 10!3 and shown for com-
parison.

results from each of our four signal decay channels (nch)
are combined using the estimator Q = L(s + b)/L(b),
where L(s + b) and L(b) are the likelihood functions for
signal plus background and background-only hypotheses,
respectively:

L(s + b) !
nch!

i=1

e!(si+bi)(si + bi)ni

ni!
, L(b) !

nch!

i=1

e!bibni
i

ni!
.

(9)
We include the systematic uncertainties, including those
of a statistical nature, on the expected background (bi)
in the likelihood definition by convolving it with a Gaus-
sian function. The mean of the Gaussian is bi, and the
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FIG. 7: (a) Twice the negative natural logarithm of the likeli-
hood ratio as a function of signal branching fraction hypoth-
esis and (b) the upper limit as a function of signal branching
fraction hypothesis (where the horizontal and vertical inter-
secting lines indicate the 90% CL limit).

standard deviation (!bi) of the Gaussian is the error on
bi [16].

We calculate the branching fraction central value (in-
cluding statistical uncertainty and uncertainty from the
background) by scanning over signal branching frac-
tion hypotheses between 0.0 and 3.0 " 10!4 in steps of
0.025 " 10!4 and computing the value of L(s + b)/L(b)
for each hypothesis (Fig. 7a). The branching fraction
is the hypothesis which minimizes #2 log(L(s+ b)/L(b)),
and the statistical uncertainty is determined by finding
the points on the likelihood scan that occur at one unit
above the minimum. The systematic error is determined
as detailed in section IV and computed for the branching
fraction as a fraction of the central value.

The upper limit at the 90% CL, including both sta-
tistical and systematic uncertainties, is determined by
generating 5000 experiments for each of the aforemen-
tioned signal branching fraction hypotheses. Each gen-
erated experiment also includes the expected number of
background events, and varies the generated number of
background in each channel according to its uncertainty.
The total number of events is allowed to vary according
to Poisson statistics, and systematics are incorporated
in the e!ciency for each channel and the number of B
mesons originally produced by the collider. The number

electron
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FIG. 4: Eextra after the reconstruction of two non-overlapping
semileptonic B candidates. On-resonance data (black circles)
are overlaid on the combined BB (solid histogram) and con-
tinuum (gray histogram) MC samples normalized to the data
luminosity. B+ ! !+" signal MC (dashed-dotted line) is
shown for comparison, with arbitrary normalization.

TABLE IV: Contributions to the systematic uncertainty (in
percent) on the signal selection e!ciencies for di"erent selec-
tion modes. The total summed uncertainty is added linearly
with the systematic uncertainties from IFR K0

L reconstruction
and Eextra modeling. The result of this (“signal B”) is added
together in quadrature with the uncertainty on tag B recon-
struction and the number of BB pairs in the sample (NBB).
The “Correction Factor” is a multiplicative factor applied to
the e!ciency for each mode.

! decay mode e+"" µ+"" #+" #+#0"
Tracking 0.5 0.5 0.5 0.5
Particle Identification 2.5 3.1 0.8 1.5
#0 – – – 2.9
EMC K0

L – – 3.8 –
IFR K0

L 3.3
Eextra 3.4
signal B 5.5
tag B 3.6
NBB 1.1
Total 6.6

Correction Factor 0.951 0.868 0.964 0.939

include e!ects such as the tracking of charged particles,
particle identification, and the modeling of !0 mesons.

The systematic uncertainty on the signal e"ciency due
to the mis-modeling of the Eextra variable is extracted
using the double-tagged events. We extract the yield
of candidates satisfying Eextra < 0.5GeV. This yield is
then compared to the number of candidates in the full
sample. Comparing the ratio extracted from MC to that
extracted from data yields a correction factor, the error
of which is taken as the systematic uncertainty for Eextra.
The systematic uncertainty for Eextra is 3.4% with a cor-
rection of 0.99.

The systematic uncertainty on the modeling of K0
L can-

didates is extracted using the double-tagged events, sim-
ilar to the method used for the Eextra systematic evalua-
tion. We quantify the data/MC comparison by extract-
ing the yield with a cut demanding exactly zero (less than
two) reconstructed IFR (EMC) measured K0

L candidates
remaining, and extracting the yield with a sample where
any number of K0

L candidates remain, and take the ratio
of ratios from the MC and data. The systematic un-
certainty for vetoing IFR (EMC) K0

L candidates is 3.3%
(3.8%), with a correction factor on the e"ciency of 0.99
(0.97).

A breakdown of the contributions to the systematic un-
certainty for each signal mode is given in Table IV. We
find that the most significant individual e!ects on the sig-
nal e"ciency are from the modeling of the Eextra and the
K0

L vetos. The uncertainties on each mode are combined
by weighting them by the corrected e"ciency for a given
mode, using the e"ciencies from Table I multiplied by the
correction factors given in Table IV. The signal-mode-
specific systematic uncertainties are summed in quadra-
ture and then the sum is added linearly with the IFR K0

L

and Eextra uncertainties, which are correlated among the
modes. The resulting overall systematic uncertainty on
the signal e"ciency is then added in quadrature with the
uncertainties on the tag B reconstruction and the num-
ber of BB pairs in the sample to give a total uncertainty
of 6.6%.

V. RESULTS

After finalizing the signal selection criteria, we measure
the yield of events in each channel in the signal region of
the on-resonance data. Table V lists the number of ob-
served events in on-resonance data in the signal region,
together with the expected number of background events
in the signal region (taken from the Eextra sideband pre-
diction from Table II). Figure 5 shows the Eextra distri-
bution for all data and MC in the signal region, with sig-
nal MC shown for comparison. Figure 6 shows the Eextra

distribution separately for each of the signal modes.

TABLE V: Observed number of on-resonance data events in
the signal region are shown, together with number of expected
background events.

! Expected background Observed events
decay mode events in on-resonance data
!+ ! e+"" 44.3 ± 5.2 59
!+ ! µ+"" 39.8 ± 4.4 43
!+ ! #+" 120.3 ± 10.2 125
!+ ! #+#0" 17.3 ± 3.3 18
All modes 221.7 ± 12.7 245

We determine the B+ ! "+# branching fraction from
the number of signal candidates si in data for each "
decay mode, according to si = NBBB(B+ ! "+#)$tag$i,
where NBB is the total number of BB pairs in data. The

PRD 76, 052002 (2007)



Silke Nelson, SLAC                   Fermilab Wine&Cheese seminar:  B-decays with τ-leptons in the final state

B➝τν: Background Prediction
            Hadronic tag

use sidebands (SB) in data 

use mES fits in the Eextra SB and Eextra signal region 
at final selection stage

cross-check by also using mES fits in the Eextra SB 
at Preselection stage 

thus avoiding fits in the Eextra SR (low statistics!)

average predictions, use difference as systematic
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B➝τν: Eextra  in Data and MC
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TABLE I: Optimized selection criteria for each ! decay mode.

Variable e+ µ+ "+ "+"0

Eextra (GeV) < 0.160 < 0.100 < 0.230 < 0.290
"0 multiplicity 0 0 ! 2 –
Track multiplicity 1 1 ! 2 1
| cos #!

TB | ! 0.9 ! 0.9 ! 0.7 ! 0.7
p!
trk(GeV/c) < 1.25 < 1.85 > 1.5 –

cos #!
miss < 0.9 – < 0.5 < 0.55

p!
!+!0(GeV/c) – – – > 1.5

x" – – – < 2.0
E!0 (GeV) – – – > 0.250

The total e!ciency for each selection is given by:

!i =
ndec!

j=1

!j
ifj , (2)

where !j
i is the e!ciency of the selection i for the " decay

mode j, ndec = 7 is the number of " decay modes that
can contribute to the reconstructed modes and fj are
the fractions of the " decay mode as estimated from the
signal MC sample with a reconstructed tag B. Table II
shows the estimated e!ciencies.

TABLE II: E!ciency (in percent) of the most relevant ! decay
modes (rows) to be selected in one of the four modes consid-
ered in this analysis (column). The All decay row shows the
selection e!ciency of each reconstruction mode, adding the
contribution from the previous rows, weighted by the decay
abundance at the tag selection level fj . The last row shows
the total signal selection e!ciency. The uncertainties are sta-
tistical only.

Mode e+ µ+ "+ "+"0

e+ 19.3 ± 1.1 0 0.4 ± 0.2 0
µ+ 0 10.8 ± 0.9 1.3 ± 0.3 0
"+ 0 0.1 ± 0.1 19.7 ± 1.3 0.5 ± 0.2
"+"0 0 0 1.5 ± 0.2 7.0 ± 0.5
"+"+"" 0 0 0 0
"+"0"0 0 0 0.2 ± 0.1 1.8 ± 0.4
Other 0 0 0.3 ± 0.2 0.1 ± 0.1

All dec. $i: 3.1±0.2 1.7±0.1 2.9±0.2 2.2±0.2
Total: 9.8 ± 0.3

To determine the expected number of background
events in the data, we use the final selected data sam-
ples with Eextra between 0 and 2.4 GeV. We first
perform an extended unbinned maximum likelihood fit
to the mES distribution in the Eextra sideband region
0.4GeV < Eextra < 2.4GeV of the final sample. For the
peaking component of the background we use a probabil-
ity density function (PDF) which is a Gaussian function
joined to an exponential tail (Crystal Ball function) [14].

TABLE III: Observed number of on-resonance data events
in the signal region compared with the number of expected
background events.

! decay mode Expected background Observed

!+ " e+%% 1.47 ± 1.37 4
!+ " µ+%% 1.78 ± 0.97 5
!+ " "+% 6.79 ± 2.11 10
!+ " "+"0% 4.23 ± 1.39 5
All modes 14.27 ± 3.03 24

As a PDF for the non-peaking component, we use a
phase space motivated threshold function (ARGUS func-
tion) [15]. From this fit, we determine a peaking yield
N side,data

pk and signal shape parameters, to be used in later
fits. We apply the same procedure to B+B! MC events
which pass the final selection and determine the peaking
yield N side,MC

pk . To determine the MC peaking yield in
the Eextra signal region N sig,MC

pk , we fit mES in the Eextra

signal region of the B+B! MC sample with the Crys-
tal Ball parameters fixed to the values determined in the
Eextra sideband fits described above. Analogously, we fit
the mES distribution of data in the Eextra signal region
to extract the combinatorial background ncomb, evalu-
ated as the integral of the ARGUS shaped component
in the mES > 5.27GeV/c2 region. We estimate the total
expected background in the signal region as:

b =
N sig,MC

pk

N side,MC
pk

! N side,data
pk + ncomb. (3)

After finalizing the signal selection criteria, we measure
the yield of events in each decay mode in on-resonance
data. Table III reports the number of observed events to-
gether with the expected number of background events,
for each " decay mode. Figure 2 shows the Eextra distri-
bution for data and expected background at the end of
the selection. The signal MC, normalized to a branching
fraction of 3 ! 10!3 for illustrative purposes, is overlaid
for comparison. The Eextra distribution is also plotted
separately for each " decay mode.

We combine the results on the observed number of
events ni and on the expected background bi from each
of the four signal decay modes (nch) using the esti-
mator Q = L(s + b)/L(b), where L(s + b) and L(b) are
the likelihood functions for signal plus background and
background-only hypotheses, respectively:

L(s + b) "
nch"

i=1

e!(si+bi)(si + bi)ni

ni!
, L(b) "

nch"

i=1

e!bibni
i

ni!
.

(4)
The estimated number of signal candidates si in data, for
each decay mode, is related to the B+ # "+# branching
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B➝τν: Systematics
tagging efficiency (correction)

Eextra modeling 

KL0 veto efficiency: use double tag sample

tracking Efficiency

use ττ-events of a 1-3 topology

Particle Identification

correction as functions of particle momentum 
and angle, determined in clean samples

π0 efficiency

use τ-decays: compare rates of π± to π±π0 decays
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FIG. 4: Eextra after the reconstruction of two non-overlapping
semileptonic B candidates. On-resonance data (black circles)
are overlaid on the combined BB (solid histogram) and con-
tinuum (gray histogram) MC samples normalized to the data
luminosity. B+ → τ+ν signal MC (dashed-dotted line) is
shown for comparison, with arbitrary normalization.

TABLE IV: Contributions to the systematic uncertainty (in
percent) on the signal selection efficiencies for different selec-
tion modes. The total summed uncertainty is added linearly
with the systematic uncertainties from IFR K0

L reconstruction
and Eextra modeling. The result of this (“signal B”) is added
together in quadrature with the uncertainty on tag B recon-
struction and the number of BB pairs in the sample (NBB).
The “Correction Factor” is a multiplicative factor applied to
the efficiency for each mode.

τ decay mode e+νν µ+νν π+ν π+π0ν
Tracking 0.5 0.5 0.5 0.5
Particle Identification 2.5 3.1 0.8 1.5
π0 – – – 2.9
EMC K0

L – – 3.8 –
IFR K0

L 3.3
Eextra 3.4
signal B 5.5
tag B 3.6
NBB 1.1
Total 6.6

Correction Factor 0.951 0.868 0.964 0.939

include effects such as the tracking of charged particles,
particle identification, and the modeling of !0 mesons.

The systematic uncertainty on the signal efficiency due
to the mis-modeling of the Eextra variable is extracted
using the double-tagged events. We extract the yield
of candidates satisfying Eextra < 0.5GeV. This yield is
then compared to the number of candidates in the full
sample. Comparing the ratio extracted from MC to that
extracted from data yields a correction factor, the error
of which is taken as the systematic uncertainty for Eextra.
The systematic uncertainty for Eextra is 3.4% with a cor-
rection of 0.99.

The systematic uncertainty on the modeling of K0
L can-

didates is extracted using the double-tagged events, sim-
ilar to the method used for the Eextra systematic evalua-
tion. We quantify the data/MC comparison by extract-
ing the yield with a cut demanding exactly zero (less than
two) reconstructed IFR (EMC) measured K0

L candidates
remaining, and extracting the yield with a sample where
any number of K0

L candidates remain, and take the ratio
of ratios from the MC and data. The systematic un-
certainty for vetoing IFR (EMC) K0

L candidates is 3.3%
(3.8%), with a correction factor on the efficiency of 0.99
(0.97).

A breakdown of the contributions to the systematic un-
certainty for each signal mode is given in Table IV. We
find that the most significant individual effects on the sig-
nal efficiency are from the modeling of the Eextra and the
K0

L vetos. The uncertainties on each mode are combined
by weighting them by the corrected efficiency for a given
mode, using the efficiencies from Table I multiplied by the
correction factors given in Table IV. The signal-mode-
specific systematic uncertainties are summed in quadra-
ture and then the sum is added linearly with the IFR K0

L

and Eextra uncertainties, which are correlated among the
modes. The resulting overall systematic uncertainty on
the signal efficiency is then added in quadrature with the
uncertainties on the tag B reconstruction and the num-
ber of BB pairs in the sample to give a total uncertainty
of 6.6%.

V. RESULTS

After finalizing the signal selection criteria, we measure
the yield of events in each channel in the signal region of
the on-resonance data. Table V lists the number of ob-
served events in on-resonance data in the signal region,
together with the expected number of background events
in the signal region (taken from the Eextra sideband pre-
diction from Table II). Figure 5 shows the Eextra distri-
bution for all data and MC in the signal region, with sig-
nal MC shown for comparison. Figure 6 shows the Eextra

distribution separately for each of the signal modes.

TABLE V: Observed number of on-resonance data events in
the signal region are shown, together with number of expected
background events.

τ Expected background Observed events
decay mode events in on-resonance data
τ+ → e+νν 44.3 ± 5.2 59
τ+ → µ+νν 39.8 ± 4.4 43
τ+ → π+ν 120.3 ± 10.2 125
τ+ → π+π0ν 17.3 ± 3.3 18
All modes 221.7 ± 12.7 245

We determine the B+ → "+# branching fraction from
the number of signal candidates si in data for each "
decay mode, according to si = NBBB(B+ → "+#)$tag$i,
where NBB is the total number of BB pairs in data. The

8

TABLE IV: Contributions (in percent) to the systematic un-
certainty on the branching fraction due to signal selection
e!ciency for di"erent selection modes.

Source of systematics e+ µ+ !+ !+!0 Total
MC statistics 3.1 0.6 1.5 2.6 4.3
Particle Identification 1.5 1.3 0.2 0.2 2.0
!0 – – – 1.4 1.4
Tracking 3.7 0.4 0.1 1.6 5.8
Eextra 4.7 0.6 0.9 2.6 8.8
Signal B 11.6
Tag B 3
Total 12

branching fraction.
In summary, we measure the branching fraction

B(B+ → τ+ν) = (1.8+0.9
!0.8 ± 0.4 ± 0.2) × 10!4, (6)

where the first error is statistical, the second is due to the
background uncertainty, and the third is due to other sys-
tematic sources. Taking into account the uncertainty on
the expected background, as described above, we obtain
a significance of 2.2 σ.

Using Eq. 1, we calculate the product of

the B meson decay constant fB and |Vub| to be
fB · |Vub| = (10.1+2.3

!2.5(stat.)+1.2
!1.5(syst.)) × 10!4 GeV. We

also measure the 90% C.L. upper limit using the CLs

method [17] to be B(B+ → τ+ν) < 3.4 × 10!4.
The combination of this measurement with the BABAR

result obtained using semileptonic tags, based on a sta-
tistically independent data sample, and reported in [9],
yields:

B(B+ → τ+ν) = (1.2±0.4stat.±0.3bkg.±0.2syst.)×10!4.

(7)
The significance of the combined result is 2.6 σ including
the uncertainty on the expected background (3.2 σ if this
uncertainty is not included).
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for the substantial dedicated e!ort from the computing
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kind hospitality. This work is supported by DOE and
NSF (USA), NSERC (Canada), CEA and CNRS-IN2P3
(France), BMBF and DFG (Germany), INFN (Italy),
FOM (The Netherlands), NFR (Norway), MIST (Rus-
sia), MEC (Spain), and STFC (United Kingdom). Indi-
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B➝τν: Experimental Status
BaBar

semileptonic tag, 383 M BB, PRD-RC 77, 011107 (2008):

hadronic tag, 383 M BB, PRD 76, 05200 (2007):

combined

Belle

hadronic tag, 447 M BB, PRL 97, 251802 (2006):

World Average (HFAG, August 2007)
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(1.79+0.56+0.46
!0.49!0.51)! 10!4

(1.8+1.0
!0.9 ± 0.3)! 10!4

(0.9± 0.6± 0.1)! 10!4

(1.41+0.43
!0.42)! 10!4
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B➝D(*)τν: Motivation

from B➝τν to B➝D(*)τν

go from annihilation to exchange diagram (charged + neutral channels)

go from Vub to Vcb

25

+ +H+

!"#$%&"'(() '*&+,$-&.&%/"01"!2!3"245!"5

!"#$%&#$"'

! !"#$%&'()"*+%",%(-../((%0%1")&%
)&/"*/)'.23%2#4%/56/*'7/#)23%0%,"*%
(/7'3/6)"#'.%!%6&+('.(

" 8/.2+(%4/(.*'1/4%1+%&24*"#'.%,"*7%
,2.)"*(9%.23.-3213/%'#%:;<=

! <56/*'7/#)233+9%237"()%#")&'#$%'(%>#"?#%21"-)%7"4/(%?')&%!

" !%4/.2+(%237"()%'77/4'2)/3+%@?')&%A%"*%B%"C9%72>'#$%2#23+('(%D/*+%&2*4

! E*2#.&'#$%,*2.)'"#(%.2#%1/%.23.-32)/4%6*/.'(/3+F

! =&/(/%EGH(%2*/%EIJK

" L#"?%MN
.1
M9%,"*7%,2.)"*(%,*"7%()-4+'#$%

3'$&)%3/6)"#(

67"68&%"+%9"67":&%;<"8&=>=8?(@(AB@@
C7"D+EF"&/"+E7<"GHI"J'@"BK!"2BLLK5

!"#$%&"'(() *+&,-$.&/&%0"12"!3!4"356!"6

!""#$%&'("')'*(*+*#,-.,./-#'!'0)&&

! !"#$%&$'#(%&)%*+(%*&,-)-.&!/01""

! 2**3.345#6&74)8&7#(.4)&(45.)39+.%$

" :&;;<$&35&!!"=&>&35&!0!"

" ?@A&)%6#.%$&."%&B5%,C&;;<$&.4&."%&B46*C&
45%$---&$4&."%&#6D%9)#&3$&84)%&
(48'63(#.%*=&9+.&."%&."%4)%.3(#6&'3(.+)%&
3$&$.366&(6%#)

! !4$$39363.E&.4&$%%&5%,&'"E$3($&#.&.)%%&6%F%6&35&!/01!"

" ?3DD$&(4+'6%$&.4&6%'.45&8#$$=&$4&."%&G!&(4+6*&$.366&)%8#35&"3**%5&35&!/01""

" H"%4)%.3(#6&')%*3(.345$&35&."%&AI&#)%&')%(3$%&#5*&+5#893D+4+$

" H"%$%&("#55%6$&#)%&#&(6%#5&,#E&.4&$%#)("&74)&G!J



B➝D(*)τν: Motivation

add a spectator quark

complicates theoretical prediction

but can look at ratio B➝D(*)τν/B➝D(*)lν (l=e,μ)
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B➝D(*)τν: Motivation (II)
ratio B➝D(*)τν/B➝D(*)lν

phase space reduced

additional helicity for W

two form factors for D, four for D*

HQET relates these extra FF to “light 
lepton” FF’s

spin 0 Higgs does not couple to all helicity 
states

effect on D and D* different
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B➝D(*)τν: Motivation (III)

presence of Higgs changes branching fraction

here shown for 2HDM

other models show similar behavior
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plots from Tanaka,
Z Phys C67 321 (1995)
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type II-2HDM
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B➝D(*)τν: Analysis Outline
use a hadronic Tag-B

reconstruct a D(*) l candidate from recoil particles

l = e or μ, lepton could be primary or from τ-decay 

event selection

require pMiss > 200 MeV and q2 > 4 GeV2, all tracks belong to either Tag or 
Signal B

m2Miss is zero for primary decays, signal events form tail out to 8 (GeV/c2)2

lepton momentum of primary leptons is higher

do a combined fit of mMiss and the lepton momentum
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B➝D(*)τν: Cross-feeds and
                 Backgrounds

30
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PRL 100, 021801 (2008)

m2Miss~0: normalization region

- charm resonances heavier 
than D*(2010)
- non-resonant D*nπ (n≥1)

D* events can feed down to D events if 
soft γ or π0 is not reconstructed (well)

true for both background and signal 
modes

smaller feed-up components are 
present

other backgrounds

D**, D(*) Ds(*), charge cross-feed

construct D** control sample by 
requiring an extra π0
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B➝D(*)τν
fit all 4 channels simultaneously

use 7 components (dashed line indicates 
charge cross-feed)

parameters of most important feed-down 
component is floated in the fit

fit includes D** samples

less sensitivity to details of prod. and decay

perform two fits, one with the ratios R(D+) = 
R(D0) and R(D*+) = R(D*0) 

latter fit is shown on left

5

construct D(!) candidates in the modes D0 ! K"!+,
K"!+!0, K"!+!+!", K0

S!+!"; D+ ! K"!+!+,
K"!+!+!0, K0

S!+, K"K+!+; D!0 ! D0!0, D0";
and D!+ ! D0!+, D+!0. D (D!) candidates are se-
lected within 4# of the D mass (D! " D mass di!er-
ence), with # typically 5–10 MeV/c2 (1–2 MeV/c2). Elec-
tron candidates must have lab-frame momentum |pe| >
300 MeV/c; muon candidates must have an appropriate
signature in the muon detector system, e!ectively requir-
ing |pµ| ! 600 MeV/c. The energy of electron candidates
is corrected for bremsstrahlung energy loss if photons are
found close to the electron direction.

We require that all charged tracks be associated with
either the Btag, D(!), or $ candidate. We compute Eextra,
the sum of the energies of all photon candidates not as-
sociated with the Btag +D(!)$ candidate system, and we
require Eextra < 150–300 MeV, depending on the D(!)

channel. We suppress hadronic events and combinato-
rial backgrounds by requiring |pmiss| > 200 MeV/c and
q2 > 4 (GeV/c2)2. If multiple candidate systems pass
this selection, we select the one with the lowest value of
Eextra. To improve the m2

miss resolution, we perform a
kinematic fit to the event, constraining particle masses
to known values and requiring tracks from B, D, and
K0

S mesons to originate from appropriate common ver-
tices. All event selection requirements and fit procedures
have been defined using simulated events or using control
samples in data that exclude the signal region.

Figure 1 shows the distributions of m2
miss for the four

D(!)$ channels, along with the projections of the max-
imum likelihood fit discussed below. We observe large
peaks at m2

miss # 0 as well as events in the signal region at
large m2

miss. The peaks are mainly due to B ! D(!)$"%!,
which serve as normalization modes. The structure of
this background is shown in the inset figures, which ex-
pand the region "0.4 < m2

miss < 1.4 (GeV/c2)2. B !
D!$"%! background is the dominant feature in the two
D!$ channels (Figs. 1a, c); the two D$ channels (Figs. 1b,
d) are dominated by B ! D$"%! decays but also include
substantial contributions from true D! mesons where the
low-momentum !0 or photon from D! ! D!0 or D" is
not reconstructed. Similarly, B ! D!&"%" events can
feed down to the D$ channels. The fit therefore includes
feed-down components for both the signal and normal-
ization modes, as well as smaller feed-up contributions
from B ! D($"/&")% into the D!$ channels. Other
sources of background include B ! D!!($"/&")% events
(here D!! represents charm resonances heavier than the
D!(2010), as well as non-resonant D(!)n! systems with
n $ 1); charge-crossfeed (B ! D(!)$"%! events recon-
structed with the wrong charge for the Btag and D(!) me-
son, typically because a low-momentum !± is swapped
between them); and combinatorial background. This last
background is dominated by hadronic B decays, such as
B ! D(!)D(!)

s , that produce a secondary lepton, includ-
ing & leptons from Ds decay.
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FIG. 1: (Color online) Distributions of events and fit projec-
tions in m2

miss for the four final states: D!0!", D0!", D!+!",
and D+!". The normalization region m2

miss ! 0 is shown with
finer binning in the insets. The fit components are combina-
torial background (white, below dashed line), charge cross-
feed background (white, above dashed line), the B " D!""!

normalization mode (// hatching, yellow), the B " D!!""!

normalization mode (\\ hatching, light blue), B " D!!!""!

background (dark, or blue), the B " D#""" signal (light
grey, green), and the B " D!#""" signal (medium grey, ma-
genta). The fit shown incorporates the B"–B0 constraints.

To constrain B ! D!!($"/&")% background, we select
four control samples, identical to the signal channels but
in which an extra !0 meson is observed. Most of the D!!

background in the signal channels occurs when the !0

from D!! ! D(!)!0 is not reconstructed, so these con-
trol samples provide a normalization of the background
source. D!! decays in which a !± is lost do not have the
correct charge correlation between the Btag and D(!),

PRL 100, 021801 (2008)
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B➝D(*)τν
left: Normalization Region

low missing invariant 
mass squared

right: Signal Region

high missing invariant 
mass squared
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D(*)!" – fit results 

Signal region
(high invariant 
mass squared)

Normalization
region
(low invariant 
mass squared)
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B➝D(*)τν: Systematics and
                 Final Result

many systematics (tracking, particle 
identification) mostly cancel in ratio

uncertainties on fit estimated by 
ensembles of fits

PDF parametrization (2-12%)

composition of combinatoric 
background (2-11%)

D** composition (0.3-6%)

π0 efficiency (effect on feed-down)

B D(*) form factors         (<2%)

mMiss resolution
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TABLE I: Results from fits to data: the signal yield (Nsig), the yield of normalization B ! D(!)!""! events (Nnorm), the
ratio of signal and normalization mode e!ciencies (#sig/#norm), the relative systematic error due to the fit yields (("R/R)fit),
the relative systematic error due to the e!ciency ratios (("R/R)"), the branching fraction relative to the normalization mode
(R), the absolute branching fraction (B), and the total and statistical signal significances ($tot and $stat). The first two errors
on R and B are statistical and systematic, respectively; the third error on B represents the uncertainty on the normalization
mode [20]. The last two rows show the results of the fit with the B"–B0 constraint applied, where B is expressed for the B0.
The statistical correlation between R(D) and R(D!) in this fit is "0.51.

Mode Nsig Nnorm #sig/#norm ("R/R)fit ("R/R)" R B $tot

[%] [%] [%] [%] ($stat)
B" ! D0%""# 35.6±19.4 347.9±23.1 1.85 15.5 1.6 31.4±17.0±4.9 0.67±0.37±0.11±0.07 1.8 (1.8)
B" ! D!0%""# 92.2±19.6 1629.9±63.6 0.99 9.7 1.5 34.6± 7.3±3.4 2.25±0.48±0.22±0.17 5.3 (5.8)
B0 ! D+%""# 23.3±7.8 150.2±13.3 1.83 13.9 1.8 48.9±16.5±6.9 1.04±0.35±0.15±0.10 3.3 (3.6)
B0 ! D!+%""# 15.5±7.2 482.3±25.5 0.91 3.6 1.4 20.7± 9.5±0.8 1.11±0.51±0.04±0.04 2.7 (2.7)
B ! D%""# 66.9±18.9 497.8±26.4 — 12.4 1.4 41.6±11.7±5.2 0.86±0.24±0.11±0.06 3.6 (4.0)
B ! D!%""# 101.4±19.1 2111.5±68.1 — 5.8 1.3 29.7± 5.6±1.8 1.62±0.31±0.10±0.05 6.2 (6.5)

!! Also with Universitat de Barcelona, Facultat de Fisica,
Departament ECM, E-08028 Barcelona, Spain
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We report an observation of the decay B0
! D!"!+"! in a data sample containing 535 " 106

BB̄ pairs collected with the Belle detector at the KEKB asymmetric-energy e+e" collider. We
find a signal with a significance of 5.2 standard deviations and measure the branching fraction
B(B0

! D!"!+"! ) = (2.02+0.40
"0.37(stat) ± 0.37(syst))%. This is the first observation of an exclusive

B decay with a b ! c!"! transition.

PACS numbers: 13.20.He, 14.40.Nd

B meson decays with b ! c!"! transitions can pro-
vide important constraints on the Standard Model (SM)
and its extensions. Due to the large mass of the lep-
ton in the final state these decays are sensitive probes of
models with extended Higgs sectors [1] and provide ob-
servables sensitive to new physics, such as polarizations,
which cannot be accessed in other semileptonic decays.

Multiple neutrinos in the final states make the search
for semi-tauonic B decays very challenging and hence
there is little experimental information about these pro-
cesses. So far, results are limited to inclusive and
semi-inclusive measurements by LEP experiments [2]
which measure an average branching fraction of B(b !
!"!X) = (2.48 ± 0.26)% [3]. SM calculations predict
branching fractions for B ! D̄!!+"! around 1.4% with
uncertainties arising mainly from assumptions about
form-factors [4].

In this paper we present the first observation of
B0 ! D!"!+"! [5] decay using a data sample contain-
ing 535"106 BB̄ pairs that were collected with the Belle
detector at the KEKB asymmetric-energy e+e" (3.5 on
8 GeV) collider [6] operating at the !(4S) resonance
(
#

s = 10.58 GeV). The Belle detector is a large-solid-
angle magnetic spectrometer consisting of a silicon ver-
tex detector, a 50-layer central drift chamber, a system
of aerogel Cherenkov counters, time-of-flight scintillation
counters and an electromagnetic calorimeter (ECL) com-
prised of CsI(Tl) crystals located inside a superconduct-
ing solenoid coil that provides a 1.5 T magnetic field. An
iron flux-return located outside the coil is instrumented
to identify K0

L mesons and muons. A detailed descrip-
tion of the detector can be found in Ref. [7]. We use
Monte Carlo (MC) simulations to estimate signal e"-
ciencies and background contributions. Large samples
of the signal B0 ! D!"!+"! decays are generated with
the EvtGen package [8] using the ISGW2 model [9]. Ra-

diative e#ects are modeled by the PHOTOS code [10].
MC samples equivalent to about twice the accumulated
data are used to evaluate the background from BB̄ and
continuum qq̄ (q = u, d, s, c) events.

B decays to multi-neutrino final states can be observed
at B-factories via the recoil of the accompanying B me-
son (Btag) [11]. Reconstruction of the Btag strongly sup-
presses the combinatorial and continuum backgrounds
and provides kinematical constraints on the signal me-
son (Bsig). In this study we take advantage of the clean
signature provided by the D! meson occurring on the
signal side and reconstruct the Btag “inclusively” from
all the particles that remain after selecting candidates
for Bsig daughters. We apply the analysis to Bsig de-
cay chains that combine a high reconstruction e"ciency
with a low background level. The D!" mesons are re-
constructed in the D!" ! D̄0#" decay channel. The
D̄0’s are reconstructed in the K+#" and K+#"#0 final
states. The !+ ! e+"e"̄! and !+ ! #+"̄! modes are
used to reconstruct ! lepton candidates. We do not in-
clude the !+ ! µ+"µ"̄! mode because in the relevant
momentum range the muon identification is ine"cient.
The !+ ! #+"̄! channel has higher combinatorial back-
ground than the purely leptonic mode, but the single neu-
trino in ! decay provides better kinematical constraints.
For this mode we analyze only the D̄0 ! K+#" decay.

We select charged tracks with impact parameters that
are consistent with an origin at the beam spot, and hav-
ing momenta above 50 MeV/c in the laboratory frame.
Muons, electrons, charged pions, kaons and (anti)protons
are identified using information from particle identifica-
tion subsystems. The electrons from signal decays are se-
lected with an e"ciency greater than 90% and a misiden-
tification rate below 0.2%. The momenta of particles
identified as electrons are corrected for bremsstrahlung
by adding photons within a 50 mrad cone along the

Belle (535 M BB):
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(a) (b)

(c)

Figure 2: Feynman diagrams for the signal process via (a) Higgs mediated decay and (b) neutrino
oscillation. (c) represents one of the lepton flavor violating processes present in the Seesaw models.

1.3 Reconstruction Method

Over 95% of the time the ! (4S) resonance decays into a pair of B mesons. A collection of the
tracks and clusters, recorded by the detector, are combined in order to fully reconstruct one of
the B mesons (only fully hadronic modes involving D or D! are considered). The combination of
particles with an energy closest to the nominal B energy, resulting from the given beam energy, is
chosen as the Btag candidate. The B selection criteria is detailed further in section 2.1.

Since the BB̄ pair’s center of mass is known from the beam energy measurements, the re-
construction of the Btag fully determines the signal B 4-vector. In particular, since the lepton is
monoenergetic and is at the kinematic endpoint of the signal decay, we are provided with a dis-
tinctive signature. Figure 3 illustrates this process and figure 4 shows a comparison of the lepton
momentum distributions in the signal B (Bsignal) rest frame and the ! (4S) CM frame.

As shown in previous analyses utilizing the same technique (BAD#1303), the semiexclusive
reconstruction method is expected to give lower signal e!ciencies than inclusive studies. While
this yields statistically-limited results, the high purity of the resulting sample and a strong signa-
ture for the signal would yield a high significance result if signal candidates were to be observed.
Furthermore, with the reconstruction we are better suited for dealing with the many decay modes
of the " involving one or more neutrinos.

2 Data and Monte Carlo samples

Monte Carlo (MC) simulated samples are produced for both signal and background events. Addi-
tional cocktail samples, in which one B is required to decay in certain hadronic modes, are generated
to o"er better statistics. The sample sizes, cross sections and corresponding luminosities for each
MC sample are shown in table 1.

2.1 Event Reconstruction

The events are analyzed using the BRecoilUser package of Analysis-32 (release 18.6.xx) in its
default configuration. The tags used with the BRecoilUser package are listed in table 2. The
BRecoilUser is a package configured for analyses with a reconstructed B, and retrieves required
event information from the BSemiExcl Skim in the Event Store. In R18b BSemiExcl skimmed

5

B90%C.L.(B ! e/µ !) < 11/3.8" 10!5
(10 fb!1)

lepton number violating decay

in Standard Model only allowed via neutrino oscillations

in SUSY, the LFV could be in the slepton sector

other LFV decays suppressed by m2l/m2τ (for B0➝eμ factor is ~ 0.0036)

theoretical prediction in flavor-universal MSSM ~2 x 10-10

previous best limits set by CLEO:



Silke Nelson, SLAC                   Fermilab Wine&Cheese seminar:  B-decays with τ-leptons in the final state

B0➝e/μ τ: Measurement

35

6

signal lepton. If this track satisfies electron or muon
PID, the event is considered to be a leptonic ! decay.
Otherwise, the track is assumed to be a pion and the
quantity !E! is calculated for the hadronic decay modes
listed in Table I. !E! =

!
E"!,"0 + p# ! m! , where

m! = 1.777GeV/c2, the sum is over the ! daughter candi-
dates, the momentum of the neutrino is p# = |

!
"p"!,"0 |,

and all quantities are measured in the !! rest frame. We
assign the decay mode for which |!E! | is smallest, requir-
ing additional conditions for the decay modes that pro-
ceed through the intermediate resonances #! " $!$0,
a1

! " $!$0$0 and a1
! " $!$!$+. We calculate

the quantity cos %!!$ = (2E!E$ ! m2
! ! m2

$)/(2| "p! || "p$|),
where (E! , "p! ) and (E$, "p$) are the four-momenta in the
Bsignal frame, and m! and m$ are the masses of the
! and #. For a correctly reconstructed #, this quan-
tity peaks near unity. If the candidate does not satisfy
cos %!!$ > 0.70 the mode with the next smallest |!E! | (if
one is present) is selected instead. Analogous quantities
are calculated for the !! " $! $0 $0 &! and !! " $!

$! $+ &! modes, but with an a±
1 instead of a #±. The

requirements of cos %!!a1 > 0.45 and cos %!!a1 > 0.35
are used for the two cases, respectively. There are no
additional requirements on the # or a1.

TABLE I: The ! decays considered are listed with their
branching fractions, in percent [18].

! decay mode Branching Fraction
e!"e"! 17.84±0.05
µ!"µ"! 17.36±0.05
#! "! 10.90±0.07

#! #0 "! 25.50±0.10
#! #0 #0 "! 9.25±0.12
#! #! #+ "! 9.33±0.08

Additional background, for both B+ " '+& and B0 "
'+!! decays, can arise from a variety of sources, includ-
ing beam backgrounds, unassociated hadronic shower
fragments, reconstruction artifacts, bremsstrahlung and
photon conversions. We demand that events have no
more than two extra charged tracks and six extra neu-
tral clusters, allowing the presence of low energy particles
not necessarily associated with the decay of the ( (4S).
Requirements on the missing momentum and extra en-
ergy in the event are utilized to ensure that such particles
are unimportant for the analysis. Since many of the fol-
lowing requirements are optimized for each signal mode
individually, we quote the approximate values.

The extra momentum in the event is represented by
!Pmiss = |"pmiss +

!
"p%,"|, where p%," are the momenta of

the lepton or pion candidate(s) assumed to be recoiling
against the neutrinos. The missing momentum is calcu-
lated according to "pmiss = "p& (4S) ! "pBtag ! "pall, where
"pall is the momentum of all tracks and clusters left after
the Btag reconstruction. !Pmiss is calculated in the rest

frame of the parent of the neutrino(s), so that the miss-
ing momentum balances the sum of other signal particles’
momenta. The signal events are selected by requiring
!Pmiss to be less than 0.5GeV/c.

For B+ " '+& modes we also consider the direc-
tion of the missing momentum cos %pmiss = pzmiss/pmiss,
where the subscript z indicates the component of the
momentum in the direction parallel to the beam pipe,
as measured in the ( (4S) CM frame. The requirement
!0.76 < cos %pmiss < 0.92 is determined by the geometry
of the detector; events where pmiss points outside of the
detector acceptance in the forward or backward direction
are excluded.

The quantity Eextra =
!

Etrack +
!

Ecluster ! E%+ !!
E%!,"!,"0 describes the amount of energy recorded by

the detector that is not accounted for by the high mo-
mentum lepton and !! daughters (in the case of B0 "
'+ !!). The clusters and tracks associated with the re-
construction of Btag are excluded from the sums, and
only clusters with energy more than 50MeV in the CM
frame are considered. We require Eextra to be less than
1.0GeV in the CM frame. The signal and background
distributions for Eextra are shown in Fig. 1.
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FIG. 1: Eextra distributions for the background simulation
and data (left) and the signal (right) after most of the se-
lection criteria have been applied. The upper plots are for
B+ ! $+" modes and the lower plots are for B0 ! $+

!! modes. The background distributions show electron and
muon modes together, as they are nearly identical. The back-
ground is almost completely dominated by BB events. The
signal modes are shown with a branching fraction of 10!5.

The signal yields are extracted from unbinned maxi-
mum likelihood fits to the signal lepton momentum distri-
butions, as measured in the Bsignal frame. The signal and
background MC distributions are fitted by phenomeno-
logical probability density functions (PDF). The signal
distributions are modeled with Crystal Ball functions [21]
to account for the energy loss due to unreconstructed
bremsstrahlung photons. The B+ " '+& background is

arXiv:0801.0697
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Figure 4: The distribution of the lepton candidate momentum in the Bsignal frame and in the
! (4S) CM frame for a) B+ ! "+ #! and b) B0 ! "+ $!. The resolution gain provided by the B
reconstruction is evident, as a tighter cut around the peak is possible. In these plots, the branching
fractions of "+ =e+ and "+ =µ+ modes are considered equal.

7

work in the recoil of a (neutral) hadronic Tag-B

in this sample, the signal-B rest frame is fully 
determined

lepton momentum (of e/μ) peaks in signal-B rest frame 
(2-body decay)

use presence of lepton +                                          
τ-daughters and nothing                                        
else in the recoil to select                                    
event

fit the lepton momentum

CM

signal-B
rest frame
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unbinned maximum likelihood fit to the lepton momentum in the Bsignal frame

signal modeled by Crystal Ball function to account for energy loss due to 
bremsstrahlung, background modeled by double gaussian

limit is extracted from events in the signal region 2.2GeV/c < p*< 2.42 GeV/c

                                                                     , (CLEO:                               )
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modeled with an exponential decay and a Gaussian dis-
tribution, while the B0 ! !+ "! background is modeled
with a double Gaussian distribution. The PDF param-
eters are determined from simulated events. The fit is
performed using the following likelihood function:

L(ns, nb) =
e!(ns+nb)

N !

N!

i=1

[nsfs(i) + nbfb(i)], (2)

where N is the total number of events in the fit region,
fs(i) and fb(i) are the PDFs for the signal and back-
ground, and nb and ns are the number of background
and signal events. All parameters of the signal and back-
ground PDFs remain fixed, while ns and nb are allowed
to float. The fits are restricted to the ranges in p" shown
in Fig.2.

The 90% confidence level (C.L.) upper limit on the
branching fraction B is determined by solving for B90%

in 0.90 =
" B90%

0 L(B)dB/
" #
0 L(B)dB for events lying

in the signal regions of 2.40GeV/c < p" < 2.75GeV/c
for B+ ! !+# and 2.20GeV/c < p" < 2.42GeV/c for
B0 ! !+"!. B is related to the signal yield n"

s through
a substitution n"

s = $tot " 2"NBB " B, where $tot is the
total signal selection e!ciency and NBB is the number
of B+B! or B0B0 pairs in the data sample. The sig-
nal selection e!ciencies, expected number of background
events and fit results are given in Table II. The num-
ber of signal events given by the fits is consistent with
zero for all decay modes. The uncertainties in Table II
are statistical except for those shown for B which are the
statistical and systematic uncertainties added in quadra-
ture.
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FIG. 2: The unbinned maximum likelihood fits on the lepton
momentum. The dashed line, representing the signal PDF
with an arbitrary scaling, indicates where the signal is ex-
pected.

The systematic uncertainties arising from the fitting
procedure are studied by repeating the procedure on ad-
ditional simulated samples, generated according to the

TABLE II: Signal selection e!ciency !tot determined from
MC, the fitted numbers of signal and background events in the
signal regions n!

s and n!
b , and the branching fractions B. The

uncertainties for B include statistical and systematic terms.
The uncertainties for the other quantities are statistical only.

Signal Mode
e+" µ+" e+#" µ+#"

!tot ! 105 135 ± 4 120 ± 4 32 ± 2 27 ± 2
n!

b MC 2.66 ± 0.13 5.74 ± 0.25 8.69 ± 0.27 12.14 ± 0.45
n!

b 2.67 ± 0.19 5.67 ± 0.34 9.35 ± 0.35 13.03 ± 0.31
n!

s "0.07 ± 0.03 "0.11 ± 0.05 0.02 ± 0.01 0.01 ± 0.01
B ! 10"6 "0.1+2.6

"1.7 "0.2+2.7
"1.8 0+15

"10 0+11
"7

B90% C.L. 5.2 ! 10"6 5.6 ! 10"6 2.8 ! 10"5 2.2 ! 10"5

PDFs, with varying number of signal events. System-
atic e"ects are studied by repeating the procedure with
PDF parameters varied by their uncertainties. For the
case of zero signal events, we find negligible e"ects on the
branching fraction values, and take the standard devia-
tion of ns and nb from their expected values in the fits
as systematic uncertainties. We find the fits to be well
behaved and having no significant sources of bias, intro-
ducing no additional uncertainties. Total uncertainties
associated with the fitting procedure are listed in Table
III for each decay mode.

The discrepancies between simulation and data are
treated as detailed in the following paragraphs. The
number of correctly reconstructed Btag events in the mES

signal region is compared between simulation and data.
The mES distributions for simulation and data are fit-
ted with a combination of ARGUS [22] and Crystal Ball
functions, allowing the number of mES peaking events to
be estimated by integrating the peaking component be-
tween 5.270GeV/c2 and 5.288GeV/c2. We find the sim-
ulation to underestimate the number of events with a
good Btag and scale the signal selection e!ciency by a
factor of 1.11±0.06 (1.05±0.06) for events with a neutral
(charged) Btag.

In addition, the PID e!ciencies in simulation are cor-
rected for the 2-5% lower e!ciencies in data. We assign
associated uncertainties of about 2% for high momentum
particles (signal lepton), and about 5% for tau daughters.
The misidentification rate of leptons and pions is found
to be negligible in the simulated samples, after all selec-
tion criteria are applied. An uncertainty in the track-
ing algorithm introduces an additional 0.8% systematic
uncertainty for each charged track present in any given
signal mode (e.g. 1.6% for B0 ! !+ "!, "! ! %! #! ).
The uncertainties for B0 ! !+ "! modes are calculated
as weighted averages of all "! decay modes.

Table III lists the sources and the magnitudes of the
uncertainties with their e"ect on B. The uncertainties are
incorporated into the final results by varying the branch-

8

ing fraction assumption by its uncertainty when integrat-
ing L for the 90% C.L. upper limit.

TABLE III: The sources and magnitudes of systematic uncer-
tainties, in percent.

Signal Mode
Uncertainty source e+ !! µ+ !! e+" µ+"

Signal Fit 5.6 10.6 4.3 8.2
Background Fit 3.9 3.1 5.1 7.8
Btag e!ciency 6.4 6.4 5.8 5.8
PID e!ciency 5.3 5.8 1.0 2.0
MC Statistics 8.6 7.4 3.0 2.8

Tracking e!ciency 1.7 1.7 0.8 0.8
NBB 1.1 1.1 1.1 1.1

We have presented searches for the rare leptonic decays
B+ ! !+" and B0 ! !±#!, where ! = e, µ, using a
novel hadronic tag reconstruction technique. We find no
evidence of signal in any of the decay modes in a data
sample of approximately 378 million BB pairs (342 fb"1),
and set the branching fraction upper limits at B(B+ !
e+") < 5.2"10"6, B(B+ ! µ+") < 5.6"10"6, B(B0 !
e+#") < 2.8 " 10"5 and B(B0 ! µ+#") < 2.2 " 10"5,
at 90% confidence level. While these upper limits on
B(B+ ! e+") and B(B+ ! µ+") complement the more
stringent limits available from inclusive studies [12, 14],
the B0 ! e+#" and B0 ! µ+#" results are the most
stringent published upper limits available.
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B➝Kμτ: Motivation
GUT introduces FCNC at tree level

natural value of Yukawa couplings 

quark and lepton couplings equal at GUT scale

B➝Kμτ                 

Kll analysis set limit on Keμ

experimentally easier, but suppressed by

Bs➝μμ competitive                , suppressed only by 

Tevatron limit very low, but tests different couplings and “naturalness” might not 
be exact in nature

2 Introduction

b s

ū ū

!

µ"

Figure 1: A Feynman diagram illustrating the decayB! ! K!!µ mediated by a scalar particle
" from an additional Higgs doublet.

Flavor changing neutral currents (FCNC’s) are forbidden at the tree level in the Standard

Model (SM). However, New Physics (NP) models with an extended Higgs sector may introduce

tree-level FCNC’s mediated by new scalar particles. Sher and Yuan have analyzed rare B and

! decays in the context of grand unified theories (GUTs) and found the decay B± ! K±!µ to
be particularly interesting [1]. We will outline their arguments in the following discussion.

2.1 Physics motivation

In an extension of the standard model with additional scalar interactions (from an additional

Higgs doublet, for example) one may expect the Yukawa couplings to depend on the quark

and/or lepton masses. Using the notation of [1], the “most natural” values of the Yukawa cou-

plings will be proportional to the dimensionless parameter

#quark
ij =

"
mimj/mb , #lepton

ij =
"

mimj/m! , (1)

where mi and mj are the quark (or lepton) masses of generations i and j. Thus, #ij is propor-

tional to the Yukawa coupling of the new scalar for FCNC’s involving generations i and j. One
may also expect, in GUTs, that the quarks and leptons are in the same representation and that

their couplings are equal at the GUT scale, which leads to the expectation of

#quark
ij = #lepton

ij . (2)

Figure 1 shows a Feynman diagram for B! ! K!!µ mediated by a scalar particle " from
an additional Higgs doublet. For this decay, the branching fraction would be proportional to

#2
sb#

2
µ! = #4

µ! .

The B! ! K!!µ branching fraction has a couple of distinct advantages in terms of NP
sensitivity in this model. Both stem from the fact that it is proportional to the largest Yukawa

coupling (or #µ! ) to the fourth power. For example, the B ! K$$ analysis [2] has set the limit
B(B+ ! K+eµ) < 9# 10!8. In the Sher & Yuan model, the branching fraction for this would

be smaller by a factor of (#eµ/#µ! )2 $ (me/m! ) $ 1/3500, so a branching fraction limit on

7

! !2
µ! " !2

µ!

! !2
µ! " !2

µµ

37

! (me/m! )

! (mµ/m! )

!ij = !mimj/m(!/b)

Sher/Yuan PRD44, 1461 (1991) 
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B➝Kμτ: Measurement
work in the recoil of a hadronic Tag-B

kinematics of the Signal-B are determined

calculate τ-kinematics from Tag-B, K and μ

                           peaks at τ-mass in signal 
events

require 3 tracks in the recoil,

one passing K and another μ PID criteria

the tau daughter track can be either an 
electron, μ or π

control sample from                        with

38

m! =
!

E2
! ! p2

!

B ! D(!)0µ!µ D0 ! K+!!
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PRL 99, 201801 (2007)

!EDµ! = EK + Eµ + E" + p! ! Ebeam = p! ! Emiss

D0

D!0
unbinned likelihood fit

for yields
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B➝Kμτ: Result
reject events from                    with                    by cut on      

Charmonium veto in μ and π channel

Likelihood-variable to reject continuum background using Eextra, lepton-ID 
and cos Θ*T  (                                         ) 

estimate background from sidebands in 

signal branching fraction

many systematics cancel in ratio
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6

of the secondary lepton identification (for electron and
muon channel candidates). We require a minimum Ecal

energy of 50 MeV (100 MeV) for clusters in the barrel
(forward endcap) to be included in

!

Ecal.
The | cos !thr| distribution is flat for signal and peaks

near one for continuum. The
!

Ecal distribution peaks
at zero for signal, while the background distribution is
broad, peaking at around 1.5 GeV. The lepton quality
is divided into four hierarchical, mutually-exclusive cate-
gories with fake rates decreasing with increasing quality
rank. For the highest-quality muon candidate rank, the
fake rates from pions and kaons are less than 2%. The
highest-quality electron candidate rank has a fake rate of
less than 0.1% for pions, as high as 3% for low-momentum
kaons, and below 0.4% for kaons above 0.8 GeV/c. We
fit signal and background Monte Carlo histograms of
| cos !thr| and

!

Ecal to define Ps(xi) and Pb(xi) for those
variables. We use the relative fractions in the four lep-
ton quality categories in the Monte Carlo for Ps(xi) and
Pb(xi) for the primary and secondary lepton variables.

We make a minimum LR requirement for each of the
three signal categories (electron, muon, and pion) which
has been optimized to give the lowest signal branching
fraction limit under the assumption of no signal in the
data. The signal region in m! is defined to be [1.65,
1.90] GeV/c2, which contains 90% of the signal. The
signal selection e!ciency ("i), including the LR require-
ments, in the m! signal region is 3.17%, 2.04%, and
2.13% for the electron, muon, and pion channels respec-
tively. The denominator of these "i is the same for all
three and includes all tau decays. We have used a simple
3-body phase space decay model to generate our signal
Monte Carlo. The systematic uncertainty on "i is deter-
mined by varying the signal and background PDFs for
each LR. Because the signal branching fraction is de-
termined from the ratio of the signal and Dµ# yields in
the data, many systematic uncertainties associated with
tracking, particle identification, and the Btag reconstruc-
tion cancel. The amount of background, bi, in the m! sig-
nal region is estimated from the number of events outside
the m! signal region (the m! sidebands) in the ranges [0,
1.65] and [1.9, 3.5] GeV/c2 and the signal-to-sideband
ratio from the background Monte Carlo.

The signal branching fraction for each channel (Bi) is
estimated using the relation

Bi = (ni ! bi)/("iS0), (3)

where ni is the observed number of events in the m!

signal region, bi is the expected background, "i is the
signal e!ciency, and S0 is a common sensitivity factor
given by

S0 =
NDµ"

BDµ"

"

1

"Dµ"

#

$

"K!µ
tag

"Dµ"
tag

%

, (4)

where NDµ" , BDµ" , and "Dµ" are the fitted yield, total
branching fraction, and selection e!ciency for the Dµ#
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FIG. 2: Distributions of m! after all selection criteria have
been applied for the data (points with error bars), background
Monte Carlo (main histogram), and signal Monte Carlo (inset
histogram). The dotted vertical lines show the m! signal
region [1.65, 1.90] GeV/c2.

control sample and "K!µ
tag and "Dµ"

tag are the Btag e!cien-
cies for the signal and Dµ# samples respectively. The last
factor ("K!µ

tag /"Dµ"
tag ) is determined from the Monte Carlo

and close to one (0.922 ± 0.052) since the topology of
the events in the signal and Dµ# samples is very similar.
We find NDµ" = 867 ± 52 with "Dµ" = 0.345 ± 0.008
and BDµ" = (3.29 ± 0.22) " 10!3 [12], which gives
S0 = (7.0 ± 0.7) " 105.

The m! signal region in the data was kept blind during
the development of the analysis, to avoid experimenter’s
bias. After all analysis decisions were made, we “opened
the box” and found 1, 0, and 2 events in the m! signal
region for the electron, muon, and pion channels respec-
tively. These totals are consistent with our expectations
from background only, which are given in Table I. Distri-
butions of m! for the data and for signal Monte Carlo are
shown in Figure 2. The numbers of background events
in the m! sidebands are consistent with our expectations
from the Monte Carlo.

The central value for the signal branching fraction is
B = (0.8 +3.5

!2.3) " 10!5, where the uncertainties include
both statistical and systematic sources. The three chan-
nels were combined by maximizing the likelihood, which
is defined as the product of three Poisson probabilities in
ni, where the mean is given by Equation 3. Uncertain-
ties on the bi, "i, and S0 parameters, which determine the
Poisson mean for each channel, were included by convolv-
ing the Poisson PDFs with Gaussians in bi, "i, and S0.
The uncertainties on B correspond to the points where
the log likelihood drops by 0.5 with respect to the maxi-
mum log likelihood value. We have verified, with a Monte
Carlo study, that this maximum likelihood technique is
unbiased and that the uncertainties are a reasonable es-
timate of one standard deviation. We find a 90% confi-
dence level upper limit on the signal branching fraction
of B < 7.7" 10!5 using the prescription of Feldman and
Cousins [13] for defining the confidence belt. The central
value and upper limit on the signal branching fraction

B90%C.L.(B ! Kµ!) < 7.7" 10!5

B ! D(!)0µ!µ D0 ! K+!!

PRL 99, 201801 (2007)m!

Bi = (ni ! bi)/(!iS0)

S0 =
NDµ!

BDµ!
(

1
!Dµ!

)(
!Kµ!
tag

!Dµ!
tag

) control 
sample

m(K!)

cos !(ThrustTagB ,ThrustROE)
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B➝μτ, B➝Kμτ
motivated by neutrino oscillations, a model-independent framework for lepton 
flavor changing neutral current has been proposed in

expresses connection of BF and the  energy scale of new physics operators Λij

B0➝e/μτ limits most stringent to date (~ 2.8/2.2 x 10-5)

moves limit for Λ>8.2 TeV to Λ>11.6 TeV for the Λbd operator

still orders of magnitude away from theoretical predictions (MSSM: O 10-10)

in currently considered models.....

(first) B+➝Kμτ limit

moves limit for from Λ>2.6 TeV to Λ>13 TeV for the Λbs operator

41

B90%C.L.(B ! Kµ!) < 7.7" 10!5

Black, Han, He and Sher, 
PRD66, 052003 (2002)
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B➝τν and Lattice 
QCD

42
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use the measured branching fraction and the UTfit 
angle fit into a prediction of fB

fB = 0.24±0.044 GeV

Lattice QCD

fB = 0.216±0.022 GeV

fB = 0.189±0.027 GeV
Phys.Rev.Lett.95:212001,’05. (HPQCD)

Int.J.Mod.Phys. A20:(5133-5144),’05. Pr
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B➝τν and Higgs
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BaBar

semileptonic + hadronic tag combined:

add b➝sγ information

excluded

(1.2± 0.4stat ± 0.3bkg ± 0.2syst)! 10!4

BFNP

BFSM
=
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Why b➝sγ ?

flagship of FCNC: in SM only allowed at loop-level

no GIM suppression in top-loop

experimentally accessible

with additional non-SM particles, many more loops possible

strong limit, model dependent

best current (BaBar) measurements use 88M BB events
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BF(B ! Xs!)[E! > 1.9 GeV ] = 3.67± (0.29± 0.34± 0.29)" 10!4

(stat) (sys) (model) (incl.)
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B➝τν and b➝sγ in the 2HDM

Current 2HDM Constraints

Gambino+Misiak, Nucl.Phys. B611, 338, 2001 
Barberio et al, HFAG, 

hep-ex/0603003
BF(B ! Xs!) =
(3.55± 0.24+0.09

!0.1 ± 0.02)
!10!4

BF(B ! Xs!) =
(3.31± 0.16± 0.37± 0.01)

Belle (prelim, 
Mor EW 08)

!10!4

courtesy of S. Sekula

Theoretical prediction, 
Becher and Neubert, PRL 98, 022003 (2007)
BF(B ! Xs!) = (2.98± 0.26)! 10!4

exclusions
@ 95% CL
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B➝τν, b➝sγ and 
model-dependence

predictions for the B➝τν and b➝sγ BF as functions of the Higgs mass ma 
and tanβ

here for the 2HDM

P. Bechtle w. 
SPheno

MSSMModel Predictions: B ! !"

ta
n
!

Am

2HDM

ta
n
!

Am

MSSM: constrained mh-max

B(B ! !") is very similar in 2HDM and MSSM

Philip Bechtle, 1 ab
!1

Workshop, 07.12.2006 – p.7

1
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MSSMModel Predictions: b ! s!

ta
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sqrt(m
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2
+ m )2

+
W

2HDM
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Am

MSSM: constrained mh-max

B(b ! s!), due to more graphs and interference, is very different between

2HDM and MSSM

Philip Bechtle, 1 ab
!1

Workshop, 07.12.2006 – p.9

10-4

3.55
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B➝τν, b➝sγ and 
model-dependence

these 
measurements 
combined 
teach us 
about the 
nature of the 
NP sector

MSSMModel Predictions: b ! s!
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MSSM: constrained mh-max

B(b ! s!), due to more graphs and interference, is very different between

2HDM and MSSM

Philip Bechtle, 1 ab
!1

Workshop, 07.12.2006 – p.9
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B➝D(*)τν: Interpretation

blue bands in theory prediction dominated by form factors

to be improved new measurements
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Conclusions
knowledge about B-decays with τ-leptons has increased recently

for both “measurement” and “search” channels

no deviation from the Standard Model has been found

leading to improvements of limits on new physics in lepton flavor violating 
decays 

results in “measurement” channels can be translated in constraints on the 
charged Higgs

will help to interpret signs of “new physics” together with other measurements 
such as b➝sγ
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Outlook - BaBar...
expect updates using the final data sample for B➝τν and B➝Dτν

add electron channel to B➝K”μ”τ

improvements in charged particle identification

in particular low momentum muons

higher hadronic tag efficiency

study of multivariate methods

look forward to significant signal in B➝τν...

50



Silke Nelson, SLAC                   Fermilab Wine&Cheese seminar:  B-decays with τ-leptons in the final state

Outlook - ... and Beyond
Belle will continue to take data

KEK plans: upgrade from second half of 
2008-2012 to SuperKEKB

SuperB factory (INFN Frascati)

if NP is seen directly, SuperFlavorFactory (SFF) 
can help to understand detailed structure of 
underlying model

sensitive to multi-TeV NP even in absence of 
direct observations

51

Fig. 5: Exclusion regions at 95% probability in the MH±–tan! plane for the 2HDM-II (left) and the MSSM

(right) obtained assuming the Standard Model value of B(B ! "#) measured with 2 ab!1 (dark (red) area) and

75 ab!1 (dark (red) + light (green) area). In the MSSM case, we have used $0 " 10!2 [17].

Fig. 6: Exclusion region in theMH±–tan ! plane assuming the SM value of B(B ! D"#)measured with 5 ab!1

and with 50 ab!1.

processes to NP is strong enough to allow for the study of the flavour-violating couplings of new particles

with masses up to 600 GeV. This conversion to a NP scale in the MFV case deserves further explanation.
Consider that the SM reference scale corresponds to virtual W -exchange in the loops. As MFV has

the same flavour violating couplings as the SM, the MFV-NP scale is simply translated to a new virtual

particle mass as %/%0 # MW . It must be noted, however, that as soon as one considers large tan !, or
relaxes the MFV assumption in this kind of analysis, the NP scale is raised by at least a factor of three,

covering the whole range of masses accessible at the LHC. In fact the RGE-enhanced contribution of the

scalar operators (absent or subleading in the small tan ! MFV case) typically sets bounds an order of

12

– Future metrology of the CKM matrix:

There are several measurements that are unaffected by NP in many likely scenarios, and which

allow the extraction of the CKM parameters even in the presence of such NP effects. Among

these, the angle ! can be measured with a precision of 1–2!, where the precision is limited only
by statistics, not by systematics or by theoretical errors. By contrast, the determination of the

elements |Vub| and |Vcb| will be limited by theory, but the large data sample of a SFF will allow
many of the theoretical errors to be much improved. With anticipated improvements in lattice

QCD calculations, the precision on |Vub| and |Vcb| can be driven down to the percent level. These
measurements could allow tests of the consistency of the Standard Model at a few per mille level

and provide the NP phenomenological analyses with a determination of the CKM matrix at the

percent level.

In Table 1 we give indicative estimates of the precision on some of the most important observables

that can be achieved by a SFF with integrated luminosity of 50–75 ab"1. Here we have not attempted to

comment on the whole range of measurements that can be performed by such a machine, but instead focus

on channels with the greatest phenomenological impact. For more details, including a wide range of

additional measurements, we guide the reader to the reports [1,2,4–6], where also all original references

are given.

Table 1: Expected sensitivity that can be achieved on some of the most important observables, by a SFF with

integrated luminosity of 50–75 ab!1. The range of values given allow for possible variation in the total integrated

luminosity, in the accelerator and detector design, and in limiting systematic effects. For further details, refer

to [2, 6].

Observable Super Flavour Factory sensitivity

sin(2") (J/# K0) 0.005–0.012

! (B ! D(#)K(#)) 1–2!

$ (B ! %%, &&, &%) 1–2!

|Vub| (exclusive) 3–5%
|Vub| (inclusive) 2–6%
&̄ 1.7–3.4%
'̄ 0.7–1.7%
S((K0) 0.02–0.03

S('$K0) 0.01–0.02

S(K0
S
K0

S
K0

S
) 0.02–0.04

(D 1–3!

B(B ! )*) 3–4%
B(B ! µ*) 5–6%
B(B ! D)*) 2–2.5%
B(B ! &!)/B(B ! K#!) 3–4%
ACP (b ! s!) 0.004–0.005
ACP (b ! (s + d)!) 0.01
S(K0

S
%0!) 0.02–0.03

S(&0!) 0.08–0.12
AFB(B ! Xs+++") s0 4–6%
B(B ! K**̄) 16–20%
B() ! µ!) 2–8 " 10"9

B() ! µµµ) 0.2–1 " 10"9

B() ! µ') 0.4–4 " 10"9
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2 Higgs Doublet Model
Straight forward extension to SM

Model I: Fermions couple to only one of the doublets

interesting region excluded by b➝s γ

Model II: One doublet gives mass to down-type quarks, second to top-type 
quarks

v2 = v12 + v22  and tan β = v2/v1

 coupling to taus enhanced for large tan β

building block for MSSM

5 physical states: CP-even H0 and h0, CP-odd A and charged H±

53



Silke Nelson, SLAC                   Fermilab Wine&Cheese seminar:  B-decays with τ-leptons in the final state

Motivation - 
Why Taus?

54

+ helicity suppression in leptonic decays 
relieved for more massive τ - relatively 
large BF

+ stronger coupling to Higgs-like 
particles

look at type II 2HDM: simplest model 
with extended Higgs sector

similar to Higgs sector in MSSM

+

+H+

W.-S. Hou, Phys. Rev. D. 
Brief Report 48 (1993) 

2342

+

+

gS = gP =
m2

B

m2
H+

tan2β

(1 + ε̃0tanβ)(1 + ε! tanβ)

Nierste (et al), hep-ph
arXiv:0801.4938 MSSM w. MFV
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b➝sγ in the 2HDM

Current 2HDM Constraints

Barberio et al, HFAG, 
hep-ex/0603003

BF(B ! Xs!) =
(3.55± 0.24+0.09

!0.1 ± 0.02)
!10!4

BF(B ! Xs!) =
(3.31± 0.16± 0.37± 0.01)

Belle (prelim, 
Mor EW 08)

!10!4

measurements will easily be read out from the plot, so long
as no progress on the theoretical side is made. Of course,
the derived bounds should be considered illustrative only
because they depend very much on the theory uncertainties
that have no statistical interpretation.

To conclude, we have provided the first estimate of
B! !B ! Xs!" at O!"2

s". The inclusion of the NNLO QCD
corrections leads to a significant suppression of the branch-
ing ratio renormalization scale dependence that has been
the main source of uncertainty at the NLO. The central
value is shifted downward with respect to all the previously
published NLO results. It is now about 1# lower than the
experimental average (1). The dominant theoretical uncer-
tainty is currently due to the unknown O!"s"=mb" non-
perturbative effects. In the two-Higgs-doublet model II, the
experimental results favor a charged Higgs boson mass of
around 650 GeV. The 95% C.L. bound for this mass
amounts to around 295 GeV if all the uncertainties are
treated as Gaussian.

We acknowledge support from the DFG through SFB/
TR 9 and a Heisenberg contract, MIUR under Contract
No. 2004021808-009, the Swiss National Foundation and
RTN, BBW-Contract No. 01.0357, EU-Contracts
No. HPRN-CT-2002-00311 and No. MTRN-CT-2006-
035482, Polish KBN Grant No. 2 P03B 078 26, the
ANSEF N 05-PS-hepth-0825-338 program, Science and
Engineering Research Canada, and support from the Sofia
Kovalevskaja Program of the Alexander von Humboldt
Foundation.

Note added.—Recently, our results from Eqs. (2) and (4)
were combined in Ref. [21] with perturbative cutoff-
related corrections that go beyond a fixed-order calculation
[21,22]. Because these corrections for E0 # 1:6 GeV do
not exceed our higher-order uncertainty of $3%, we post-

pone their consideration to a future upgrade of the phe-
nomenological analysis, where other contributions of
potentially the same size are going to be included, too
(see Sec. 1 of Ref. [23]).
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B➝τν, B➝D(*)τν and b➝sγ

Moriond EW ’08, Haisch
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B➝τν: Eextra  in Data and MC
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FIG. 5: Eextra distribution. All selection criteria have been
applied and all signal modes combined. Background MC
(solid histogram) has been normalized to the luminosity of the
on-resonance data (black dots), and then additionally scaled
according to the ratio of predicted background from data and
MC as presented in section III C. B+ ! !+" signal MC (dot-
ted histogram) is normalized to a branching fraction of 10!3

and shown for comparison.
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FIG. 6: Eextra distribution after all selection criteria for (a)
!+ ! e+"", (b) !+ ! µ+"", (c) !+ ! #+", and (d)
!+ ! #+#0". Background MC (solid histogram) has been
normalized to the luminosity of the on-resonance data (black
dots), and then additionally scaled according to the ratio of
predicted background from data and MC as presented in sec-
tion III C. B+ ! !+" signal MC (dotted histogram) is nor-
malized to a branching fraction of 10!3 and shown for com-
parison.

results from each of our four signal decay channels (nch)
are combined using the estimator Q = L(s + b)/L(b),
where L(s + b) and L(b) are the likelihood functions for
signal plus background and background-only hypotheses,
respectively:

L(s + b) !
nch!

i=1

e!(si+bi)(si + bi)ni

ni!
, L(b) !

nch!

i=1

e!bibni
i

ni!
.

(9)
We include the systematic uncertainties, including those
of a statistical nature, on the expected background (bi)
in the likelihood definition by convolving it with a Gaus-
sian function. The mean of the Gaussian is bi, and the
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FIG. 7: (a) Twice the negative natural logarithm of the likeli-
hood ratio as a function of signal branching fraction hypoth-
esis and (b) the upper limit as a function of signal branching
fraction hypothesis (where the horizontal and vertical inter-
secting lines indicate the 90% CL limit).

standard deviation (!bi) of the Gaussian is the error on
bi [16].

We calculate the branching fraction central value (in-
cluding statistical uncertainty and uncertainty from the
background) by scanning over signal branching frac-
tion hypotheses between 0.0 and 3.0 " 10!4 in steps of
0.025 " 10!4 and computing the value of L(s + b)/L(b)
for each hypothesis (Fig. 7a). The branching fraction
is the hypothesis which minimizes #2 log(L(s+ b)/L(b)),
and the statistical uncertainty is determined by finding
the points on the likelihood scan that occur at one unit
above the minimum. The systematic error is determined
as detailed in section IV and computed for the branching
fraction as a fraction of the central value.

The upper limit at the 90% CL, including both sta-
tistical and systematic uncertainties, is determined by
generating 5000 experiments for each of the aforemen-
tioned signal branching fraction hypotheses. Each gen-
erated experiment also includes the expected number of
background events, and varies the generated number of
background in each channel according to its uncertainty.
The total number of events is allowed to vary according
to Poisson statistics, and systematics are incorporated
in the e!ciency for each channel and the number of B
mesons originally produced by the collider. The number

hadronic tag
PRD-RC 77, 011107(2008)

semileptonic tag
PRD 76, 052002 (2007)
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B➝τν: Selection (Tables)
SL Tag Had Tag

58

7

the best signal significance, assuming the branching frac-
tion is 1 ! 10!4 and was blinded for Eextra < 0.5GeV in
on-resonance data until the selection was finalized.

The signal selection e!ciencies for the ! decay modes
are determined from signal MC simulation and summa-
rized in Table I. The signal e!ciencies correspond to
the fraction of events selected in a specific signal decay
mode, given that a tag B has been reconstructed. Signal
selection e!ciencies are further corrected by applying the
factors provided in Table IV which are explained in later
sections.

TABLE I: Selection criteria optimized for each signal ! decay
mode. Additional selection criteria are described in the text.
The signal e!ciencies, multiplied by branching fraction, are
given for each ! decay mode, relative to the number of tags.
Values given in the squared brackets represent lower and up-
per selection criteria imposed on the respective quantity.

mode e+ µ+ "+ "+"0

Mmiss(GeV/c2) [4.6, 6.7] [3.2, 6.1] ! 1.6 " 4.6
p!
signal(GeV/c) " 1.5 – ! 1.6 ! 1.7

Rcont [2.78, 4.0] > 2.74 > 2.84 > 2.94
Eextra(GeV) < 0.31 < 0.26 < 0.48 < 0.25
E!ciency (%) 4.2 ± 0.1 2.4 ± 0.1 4.9 ± 0.1 1.2 ± 0.1

C. Background Estimation from Eextra Sidebands

We estimate our background from the data by study-
ing events in a sideband region of Eextra. We define the
sideband (sb) region as Eextra > 0.5GeV, and also define
signal regions (sig) in Eextra using the appropriate sig-
nal mode-dependent selection. After applying all other
selection criteria, we compute from the background MC
simulation the ratio of events in the sideband (NMC,sb)
and signal (NMC,sig) regions,

RMC =
NMC,sig

NMC,sb
. (5)

Using the number of data events in the sideband
(Ndata,sb) and the ratio RMC, the number of expected
background events in the signal region in data (Nexp,sig)
is estimated,

Nexp,sig = Ndata,sb · RMC. (6)

The sideband background projection (Table II) is taken
as the number of expected background events.

The background estimate is validated by performing
a similar test using sidebands in the D0 mass distribu-
tion. We select events using D0 mass sidebands between
4" and 9" above and below the nominal D0 mass, with
all other signal selection criteria applied. Candidates in
these regions of the D0 mass distribution are random
combinations of kaons and pions, and represent a pure
combinatoric background. We average the yields from
the upper and lower sidebands and scale this using the

TABLE II: Comparison of the expected total background,
computed from data and MC in the D0 mass sideband and
signal regions, to that computed by projecting the Eextra side-
band into the Eextra signal region.

Background Prediction
signal mode e+ µ+ "+ "+"0

Eextra sideband 44.3±5.2 39.8±4.4 120.3±10.2 17.3±3.3
D0 sideband 44.2±6.4 42.8±6.0 113.4±11.6 16.3±4.5

ratio of the D0 mass sideband and signal region. This
yields a D0 mass combinatoric background estimate in
the D0 mass signal region for both data (Ndata

comb) and
MC (NMC

comb). The remaining component, in the MC, of
the background which contains real D0 mesons in the tag
is then computed,

NMC
peak = NMC

total " NMC
comb, (7)

and added to the combinatoric component (determined
from data) to obtain an e"ective estimate of the total
background,

Npredicted
total = NMC

peak + Ndata
comb. (8)

This is done for each reconstructed signal decay chan-
nel. The method assumes that the background in the
Eextra signal region can be modeled by the combinatoric
component of the D0 mass distribution, taken from data,
and the peaking component of the D0 mass distribution,
taken from MC simulations. Since it uses the D0 mass
sidebands, it is also statistically independent from the
Eextra sideband calculation.

We find very good agreement between the background
prediction using the D0 mass sidebands and that ob-
tained from the projection of the Eextra sideband. This
agreement is demonstrated in Table II and further vali-
dates our background estimation method.

D. Correction of tag B yield and Eextra simulation

The tag B yield and Eextra distribution in signal and
background MC simulation are validated using control
samples. These samples are further used to define cor-
rections to e!ciencies of selection criteria. “Double-
tagged” events, for which both of the B mesons are
reconstructed in tagging modes, B! # D0#!$̄!X vs.
B+ # D0#+$!X are used as the primary control sam-
ple. “Single-tagged” events are also used where one B
decays via B! # D0#!$̄!X and the other B decay is not
constrained. The double-tagged sample is almost entirely
free of continuum events.

We select double-tagged events by requiring that the
two semileptonic B candidates have opposite charge and
do not share any particles. We also require that there
are no additional tracks in the event. If there are more
than two such independent tag B candidates in the event
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modes. The optimization is performed by maximizing the
signal significance, s/

!
s + b, for each channel using the

signal (s) and background (b) MC and assuming a total
branching fraction for B+ " !+" of 1.0 # 10!4, using
the PRIM algorithm [14]. This algorithm simultaneously
optimizes selection criteria over a number of variables by
relaxing and tightening the constraints on all variables
until a maximal significance is achieved, allowing only
up to a fixed percentage of signal and background to be
removed or restored with each iteration of the selection
criteria.

All signal modes contain one charged particle that
is identified as either an electron, muon, or pion us-
ing standard particle identification techniques. Both the
!+ " #+" and the !+ " #+#0" modes contain a pion
signal track and are characterized by the number of sig-
nal #0 mesons. The signal track is required to have at
least 12 hits in the DCH; its momentum transverse to the
beam axis, pT, is required to be greater than 0.1GeV/c,
and its point of closest approach to the interaction point
must be less than 10.0 cm along the beam axis and less
than 1.5 cm transverse to it. We demand the invariant
mass of the signal #0 be between 0.115 and 0.150GeV/c2.
The daughter photon candidates must have a minimum
energy of 50MeV, and their shower shapes are required
to be consistent with electromagnetic showers.

Background consists primarily of B+B! events in
which the tag B meson has been correctly reconstructed
and the recoil contains one track and additional particles
which are not reconstructed by the tracking detectors or
calorimeter. These events typically contain one or more
K0

L mesons, neutrinos and particles that pass outside of
the detector acceptance. B0B0 and continuum events
contribute background to hadronic ! decay modes. In
addition, some excess events in data, most likely from
higher-order QED processes (such as two-photon fusion)
that are not modeled in our MC simulation, are observed.

Backgrounds are suppressed relative to signal by im-
posing constraints on the kinematic and shape properties
of the events. The missing mass is calculated as:

Mmiss =
!

(E! (4S) $ Evis)2 $ ($p! (4S) $ $pvis)2. (3)

Here (E! (4S), $p! (4S)) is the four-momentum of the
% (4S), known from the beam energies. The quantities
Evis and $pvis are the total visible energy and momen-
tum of the event, which are calculated by adding the en-
ergy and momenta, respectively, of all the reconstructed
tracks and photons in the event. Continuum background
is suppressed with two variables: the cosine of the an-
gle between the signal candidate and the tag candidate
thrust vectors (in the CM frame), cos &"T , and the mini-
mum invariant mass constructible from any three tracks
in an event, Mmin

3 . For the background, the cosine of the
thrust angle peaks at ±1, while the minimum invariant
mass peaks strongly below 1.5GeV/c2, as can be seen in
Fig. 2, where the signal and !+!! background MC are
shown. We project this 2-d plane into a single variable

for use in the selection optimization algorithm. The pro-
jection uses the following empirically derived equation:

Rcont %
!

(3.7 $ | cos &"T |)2 + (Mmin
3 /(GeV/c2) $ 0.75)2.

(4)
Applying selection criteria to Rcont primarily removes
background from e+e! " !+!!, but also suppresses
other continuum backgrounds. Since the !+ " #+#0"
decay proceeds via an intermediate resonance ('+ "
#+#0), further background rejection can be achieved by
applying requirements on the intermediate meson can-
didate. In events with more than one recoil #0, the
candidate with invariant mass closest to the nominal #0

mass [7] is chosen. The invariant mass of the recon-
structed #+#0 signal candidates are required to lie be-
tween 0.64 and 0.86GeV/c2. A quantity analogous to
cos &B!D0#, as defined in section IIIA, can be calculated
for !+ " #+#0" by replacing the B with a ! and the D0(
with #+#0 in Eq. 2. The analogous quantities of |$p$ | and
E$ are calculated assuming the ! is from the B+ " !+"
decay and that the B+ is almost at rest in the CM frame.
We require cos &$!%+%0 < 0.87.
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FIG. 2: (a) Minimum invariant mass of any three tracks and
(b) | cos !!T | for B+ ! "+# signal MC (solid histogram) and
e+e! ! "+"! MC (gray histogram). All distributions are
normalized to unit area.

We demand that there are no K0
L candidates recon-

structed in the IFR. For the !+ " #+" channel, we de-
mand that there are fewer than two candidate clusters
in the EMC consistent with being deposited by a K0

L.
In the leptonic final states we demand that there are
two or fewer #0 candidates. For the !+ " e+"" mode,
we reject events where a photon conversion creates the
electron by requiring that the invariant mass of the sig-
nal and tag B lepton pair be greater than 0.1GeV/c2.
We impose mode-dependent selection criteria on the to-
tal momentum (p"signal) of the visible decay products of
the ! candidate.

We further separate signal and background by exploit-
ing the remaining energy (Eextra), calculated by summing
the CM energy of the neutral clusters (with a minimum
of 20MeV in the laboratory frame) and tracks that are
not associated with either the tag B or the signal. Signal
events tend to peak at low Eextra values whereas back-
ground events, which tend to contain additional sources
of neutral clusters, are distributed toward higher Eextra

values. The selection applied to Eextra is optimized for
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modes. The optimization is performed by maximizing the
signal significance, s/

!
s + b, for each channel using the

signal (s) and background (b) MC and assuming a total
branching fraction for B+ " !+" of 1.0 # 10!4, using
the PRIM algorithm [14]. This algorithm simultaneously
optimizes selection criteria over a number of variables by
relaxing and tightening the constraints on all variables
until a maximal significance is achieved, allowing only
up to a fixed percentage of signal and background to be
removed or restored with each iteration of the selection
criteria.

All signal modes contain one charged particle that
is identified as either an electron, muon, or pion us-
ing standard particle identification techniques. Both the
!+ " #+" and the !+ " #+#0" modes contain a pion
signal track and are characterized by the number of sig-
nal #0 mesons. The signal track is required to have at
least 12 hits in the DCH; its momentum transverse to the
beam axis, pT, is required to be greater than 0.1GeV/c,
and its point of closest approach to the interaction point
must be less than 10.0 cm along the beam axis and less
than 1.5 cm transverse to it. We demand the invariant
mass of the signal #0 be between 0.115 and 0.150GeV/c2.
The daughter photon candidates must have a minimum
energy of 50MeV, and their shower shapes are required
to be consistent with electromagnetic showers.

Background consists primarily of B+B! events in
which the tag B meson has been correctly reconstructed
and the recoil contains one track and additional particles
which are not reconstructed by the tracking detectors or
calorimeter. These events typically contain one or more
K0

L mesons, neutrinos and particles that pass outside of
the detector acceptance. B0B0 and continuum events
contribute background to hadronic ! decay modes. In
addition, some excess events in data, most likely from
higher-order QED processes (such as two-photon fusion)
that are not modeled in our MC simulation, are observed.

Backgrounds are suppressed relative to signal by im-
posing constraints on the kinematic and shape properties
of the events. The missing mass is calculated as:

Mmiss =
!

(E! (4S) $ Evis)2 $ ($p! (4S) $ $pvis)2. (3)

Here (E! (4S), $p! (4S)) is the four-momentum of the
% (4S), known from the beam energies. The quantities
Evis and $pvis are the total visible energy and momen-
tum of the event, which are calculated by adding the en-
ergy and momenta, respectively, of all the reconstructed
tracks and photons in the event. Continuum background
is suppressed with two variables: the cosine of the an-
gle between the signal candidate and the tag candidate
thrust vectors (in the CM frame), cos &"T , and the mini-
mum invariant mass constructible from any three tracks
in an event, Mmin

3 . For the background, the cosine of the
thrust angle peaks at ±1, while the minimum invariant
mass peaks strongly below 1.5GeV/c2, as can be seen in
Fig. 2, where the signal and !+!! background MC are
shown. We project this 2-d plane into a single variable

for use in the selection optimization algorithm. The pro-
jection uses the following empirically derived equation:

Rcont %
!

(3.7 $ | cos &"T |)2 + (Mmin
3 /(GeV/c2) $ 0.75)2.

(4)
Applying selection criteria to Rcont primarily removes
background from e+e! " !+!!, but also suppresses
other continuum backgrounds. Since the !+ " #+#0"
decay proceeds via an intermediate resonance ('+ "
#+#0), further background rejection can be achieved by
applying requirements on the intermediate meson can-
didate. In events with more than one recoil #0, the
candidate with invariant mass closest to the nominal #0

mass [7] is chosen. The invariant mass of the recon-
structed #+#0 signal candidates are required to lie be-
tween 0.64 and 0.86GeV/c2. A quantity analogous to
cos &B!D0#, as defined in section IIIA, can be calculated
for !+ " #+#0" by replacing the B with a ! and the D0(
with #+#0 in Eq. 2. The analogous quantities of |$p$ | and
E$ are calculated assuming the ! is from the B+ " !+"
decay and that the B+ is almost at rest in the CM frame.
We require cos &$!%+%0 < 0.87.
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FIG. 2: (a) Minimum invariant mass of any three tracks and
(b) | cos !!T | for B+ ! "+# signal MC (solid histogram) and
e+e! ! "+"! MC (gray histogram). All distributions are
normalized to unit area.

We demand that there are no K0
L candidates recon-

structed in the IFR. For the !+ " #+" channel, we de-
mand that there are fewer than two candidate clusters
in the EMC consistent with being deposited by a K0

L.
In the leptonic final states we demand that there are
two or fewer #0 candidates. For the !+ " e+"" mode,
we reject events where a photon conversion creates the
electron by requiring that the invariant mass of the sig-
nal and tag B lepton pair be greater than 0.1GeV/c2.
We impose mode-dependent selection criteria on the to-
tal momentum (p"signal) of the visible decay products of
the ! candidate.

We further separate signal and background by exploit-
ing the remaining energy (Eextra), calculated by summing
the CM energy of the neutral clusters (with a minimum
of 20MeV in the laboratory frame) and tracks that are
not associated with either the tag B or the signal. Signal
events tend to peak at low Eextra values whereas back-
ground events, which tend to contain additional sources
of neutral clusters, are distributed toward higher Eextra

values. The selection applied to Eextra is optimized for

6

TABLE I: Optimized selection criteria for each ! decay mode.

Variable e+ µ+ "+ "+"0

Eextra (GeV) < 0.160 < 0.100 < 0.230 < 0.290
"0 multiplicity 0 0 ! 2 –
Track multiplicity 1 1 ! 2 1
| cos #!

TB | ! 0.9 ! 0.9 ! 0.7 ! 0.7
p!
trk(GeV/c) < 1.25 < 1.85 > 1.5 –

cos #!
miss < 0.9 – < 0.5 < 0.55

p!
!+!0(GeV/c) – – – > 1.5

x" – – – < 2.0
E!0 (GeV) – – – > 0.250

The total e!ciency for each selection is given by:

!i =
ndec!

j=1

!j
ifj , (2)

where !j
i is the e!ciency of the selection i for the " decay

mode j, ndec = 7 is the number of " decay modes that
can contribute to the reconstructed modes and fj are
the fractions of the " decay mode as estimated from the
signal MC sample with a reconstructed tag B. Table II
shows the estimated e!ciencies.

TABLE II: E!ciency (in percent) of the most relevant ! decay
modes (rows) to be selected in one of the four modes consid-
ered in this analysis (column). The All decay row shows the
selection e!ciency of each reconstruction mode, adding the
contribution from the previous rows, weighted by the decay
abundance at the tag selection level fj . The last row shows
the total signal selection e!ciency. The uncertainties are sta-
tistical only.

Mode e+ µ+ "+ "+"0

e+ 19.3 ± 1.1 0 0.4 ± 0.2 0
µ+ 0 10.8 ± 0.9 1.3 ± 0.3 0
"+ 0 0.1 ± 0.1 19.7 ± 1.3 0.5 ± 0.2
"+"0 0 0 1.5 ± 0.2 7.0 ± 0.5
"+"+"" 0 0 0 0
"+"0"0 0 0 0.2 ± 0.1 1.8 ± 0.4
Other 0 0 0.3 ± 0.2 0.1 ± 0.1

All dec. $i: 3.1±0.2 1.7±0.1 2.9±0.2 2.2±0.2
Total: 9.8 ± 0.3

To determine the expected number of background
events in the data, we use the final selected data sam-
ples with Eextra between 0 and 2.4 GeV. We first
perform an extended unbinned maximum likelihood fit
to the mES distribution in the Eextra sideband region
0.4GeV < Eextra < 2.4GeV of the final sample. For the
peaking component of the background we use a probabil-
ity density function (PDF) which is a Gaussian function
joined to an exponential tail (Crystal Ball function) [14].

TABLE III: Observed number of on-resonance data events
in the signal region compared with the number of expected
background events.

! decay mode Expected background Observed

!+ " e+%% 1.47 ± 1.37 4
!+ " µ+%% 1.78 ± 0.97 5
!+ " "+% 6.79 ± 2.11 10
!+ " "+"0% 4.23 ± 1.39 5
All modes 14.27 ± 3.03 24

As a PDF for the non-peaking component, we use a
phase space motivated threshold function (ARGUS func-
tion) [15]. From this fit, we determine a peaking yield
N side,data

pk and signal shape parameters, to be used in later
fits. We apply the same procedure to B+B! MC events
which pass the final selection and determine the peaking
yield N side,MC

pk . To determine the MC peaking yield in
the Eextra signal region N sig,MC

pk , we fit mES in the Eextra

signal region of the B+B! MC sample with the Crys-
tal Ball parameters fixed to the values determined in the
Eextra sideband fits described above. Analogously, we fit
the mES distribution of data in the Eextra signal region
to extract the combinatorial background ncomb, evalu-
ated as the integral of the ARGUS shaped component
in the mES > 5.27GeV/c2 region. We estimate the total
expected background in the signal region as:

b =
N sig,MC

pk

N side,MC
pk

! N side,data
pk + ncomb. (3)

After finalizing the signal selection criteria, we measure
the yield of events in each decay mode in on-resonance
data. Table III reports the number of observed events to-
gether with the expected number of background events,
for each " decay mode. Figure 2 shows the Eextra distri-
bution for data and expected background at the end of
the selection. The signal MC, normalized to a branching
fraction of 3 ! 10!3 for illustrative purposes, is overlaid
for comparison. The Eextra distribution is also plotted
separately for each " decay mode.

We combine the results on the observed number of
events ni and on the expected background bi from each
of the four signal decay modes (nch) using the esti-
mator Q = L(s + b)/L(b), where L(s + b) and L(b) are
the likelihood functions for signal plus background and
background-only hypotheses, respectively:

L(s + b) "
nch"

i=1

e!(si+bi)(si + bi)ni

ni!
, L(b) "

nch"

i=1

e!bibni
i

ni!
.

(4)
The estimated number of signal candidates si in data, for
each decay mode, is related to the B+ # "+# branching
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the best signal significance, assuming the branching frac-
tion is 1 ! 10!4 and was blinded for Eextra < 0.5GeV in
on-resonance data until the selection was finalized.

The signal selection e!ciencies for the ! decay modes
are determined from signal MC simulation and summa-
rized in Table I. The signal e!ciencies correspond to
the fraction of events selected in a specific signal decay
mode, given that a tag B has been reconstructed. Signal
selection e!ciencies are further corrected by applying the
factors provided in Table IV which are explained in later
sections.

TABLE I: Selection criteria optimized for each signal ! decay
mode. Additional selection criteria are described in the text.
The signal e!ciencies, multiplied by branching fraction, are
given for each ! decay mode, relative to the number of tags.
Values given in the squared brackets represent lower and up-
per selection criteria imposed on the respective quantity.

mode e+ µ+ "+ "+"0

Mmiss(GeV/c2) [4.6, 6.7] [3.2, 6.1] ! 1.6 " 4.6
p!
signal(GeV/c) " 1.5 – ! 1.6 ! 1.7

Rcont [2.78, 4.0] > 2.74 > 2.84 > 2.94
Eextra(GeV) < 0.31 < 0.26 < 0.48 < 0.25
E!ciency (%) 4.2 ± 0.1 2.4 ± 0.1 4.9 ± 0.1 1.2 ± 0.1

C. Background Estimation from Eextra Sidebands

We estimate our background from the data by study-
ing events in a sideband region of Eextra. We define the
sideband (sb) region as Eextra > 0.5GeV, and also define
signal regions (sig) in Eextra using the appropriate sig-
nal mode-dependent selection. After applying all other
selection criteria, we compute from the background MC
simulation the ratio of events in the sideband (NMC,sb)
and signal (NMC,sig) regions,

RMC =
NMC,sig

NMC,sb
. (5)

Using the number of data events in the sideband
(Ndata,sb) and the ratio RMC, the number of expected
background events in the signal region in data (Nexp,sig)
is estimated,

Nexp,sig = Ndata,sb · RMC. (6)

The sideband background projection (Table II) is taken
as the number of expected background events.

The background estimate is validated by performing
a similar test using sidebands in the D0 mass distribu-
tion. We select events using D0 mass sidebands between
4" and 9" above and below the nominal D0 mass, with
all other signal selection criteria applied. Candidates in
these regions of the D0 mass distribution are random
combinations of kaons and pions, and represent a pure
combinatoric background. We average the yields from
the upper and lower sidebands and scale this using the

TABLE II: Comparison of the expected total background,
computed from data and MC in the D0 mass sideband and
signal regions, to that computed by projecting the Eextra side-
band into the Eextra signal region.

Background Prediction
signal mode e+ µ+ "+ "+"0

Eextra sideband 44.3±5.2 39.8±4.4 120.3±10.2 17.3±3.3
D0 sideband 44.2±6.4 42.8±6.0 113.4±11.6 16.3±4.5

ratio of the D0 mass sideband and signal region. This
yields a D0 mass combinatoric background estimate in
the D0 mass signal region for both data (Ndata

comb) and
MC (NMC

comb). The remaining component, in the MC, of
the background which contains real D0 mesons in the tag
is then computed,

NMC
peak = NMC

total " NMC
comb, (7)

and added to the combinatoric component (determined
from data) to obtain an e"ective estimate of the total
background,

Npredicted
total = NMC

peak + Ndata
comb. (8)

This is done for each reconstructed signal decay chan-
nel. The method assumes that the background in the
Eextra signal region can be modeled by the combinatoric
component of the D0 mass distribution, taken from data,
and the peaking component of the D0 mass distribution,
taken from MC simulations. Since it uses the D0 mass
sidebands, it is also statistically independent from the
Eextra sideband calculation.

We find very good agreement between the background
prediction using the D0 mass sidebands and that ob-
tained from the projection of the Eextra sideband. This
agreement is demonstrated in Table II and further vali-
dates our background estimation method.

D. Correction of tag B yield and Eextra simulation

The tag B yield and Eextra distribution in signal and
background MC simulation are validated using control
samples. These samples are further used to define cor-
rections to e!ciencies of selection criteria. “Double-
tagged” events, for which both of the B mesons are
reconstructed in tagging modes, B! # D0#!$̄!X vs.
B+ # D0#+$!X are used as the primary control sam-
ple. “Single-tagged” events are also used where one B
decays via B! # D0#!$̄!X and the other B decay is not
constrained. The double-tagged sample is almost entirely
free of continuum events.

We select double-tagged events by requiring that the
two semileptonic B candidates have opposite charge and
do not share any particles. We also require that there
are no additional tracks in the event. If there are more
than two such independent tag B candidates in the event
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TABLE I: Optimized selection criteria for each ! decay mode.

Variable e+ µ+ "+ "+"0

Eextra (GeV) < 0.160 < 0.100 < 0.230 < 0.290
"0 multiplicity 0 0 ! 2 –
Track multiplicity 1 1 ! 2 1
| cos #!

TB | ! 0.9 ! 0.9 ! 0.7 ! 0.7
p!
trk(GeV/c) < 1.25 < 1.85 > 1.5 –

cos #!
miss < 0.9 – < 0.5 < 0.55

p!
!+!0(GeV/c) – – – > 1.5

x" – – – < 2.0
E!0 (GeV) – – – > 0.250

The total e!ciency for each selection is given by:

!i =
ndec!

j=1

!j
ifj , (2)

where !j
i is the e!ciency of the selection i for the " decay

mode j, ndec = 7 is the number of " decay modes that
can contribute to the reconstructed modes and fj are
the fractions of the " decay mode as estimated from the
signal MC sample with a reconstructed tag B. Table II
shows the estimated e!ciencies.

TABLE II: E!ciency (in percent) of the most relevant ! decay
modes (rows) to be selected in one of the four modes consid-
ered in this analysis (column). The All decay row shows the
selection e!ciency of each reconstruction mode, adding the
contribution from the previous rows, weighted by the decay
abundance at the tag selection level fj . The last row shows
the total signal selection e!ciency. The uncertainties are sta-
tistical only.

Mode e+ µ+ "+ "+"0

e+ 19.3 ± 1.1 0 0.4 ± 0.2 0
µ+ 0 10.8 ± 0.9 1.3 ± 0.3 0
"+ 0 0.1 ± 0.1 19.7 ± 1.3 0.5 ± 0.2
"+"0 0 0 1.5 ± 0.2 7.0 ± 0.5
"+"+"" 0 0 0 0
"+"0"0 0 0 0.2 ± 0.1 1.8 ± 0.4
Other 0 0 0.3 ± 0.2 0.1 ± 0.1

All dec. $i: 3.1±0.2 1.7±0.1 2.9±0.2 2.2±0.2
Total: 9.8 ± 0.3

To determine the expected number of background
events in the data, we use the final selected data sam-
ples with Eextra between 0 and 2.4 GeV. We first
perform an extended unbinned maximum likelihood fit
to the mES distribution in the Eextra sideband region
0.4GeV < Eextra < 2.4GeV of the final sample. For the
peaking component of the background we use a probabil-
ity density function (PDF) which is a Gaussian function
joined to an exponential tail (Crystal Ball function) [14].

TABLE III: Observed number of on-resonance data events
in the signal region compared with the number of expected
background events.

! decay mode Expected background Observed

!+ " e+%% 1.47 ± 1.37 4
!+ " µ+%% 1.78 ± 0.97 5
!+ " "+% 6.79 ± 2.11 10
!+ " "+"0% 4.23 ± 1.39 5
All modes 14.27 ± 3.03 24

As a PDF for the non-peaking component, we use a
phase space motivated threshold function (ARGUS func-
tion) [15]. From this fit, we determine a peaking yield
N side,data

pk and signal shape parameters, to be used in later
fits. We apply the same procedure to B+B! MC events
which pass the final selection and determine the peaking
yield N side,MC

pk . To determine the MC peaking yield in
the Eextra signal region N sig,MC

pk , we fit mES in the Eextra

signal region of the B+B! MC sample with the Crys-
tal Ball parameters fixed to the values determined in the
Eextra sideband fits described above. Analogously, we fit
the mES distribution of data in the Eextra signal region
to extract the combinatorial background ncomb, evalu-
ated as the integral of the ARGUS shaped component
in the mES > 5.27GeV/c2 region. We estimate the total
expected background in the signal region as:

b =
N sig,MC

pk

N side,MC
pk

! N side,data
pk + ncomb. (3)

After finalizing the signal selection criteria, we measure
the yield of events in each decay mode in on-resonance
data. Table III reports the number of observed events to-
gether with the expected number of background events,
for each " decay mode. Figure 2 shows the Eextra distri-
bution for data and expected background at the end of
the selection. The signal MC, normalized to a branching
fraction of 3 ! 10!3 for illustrative purposes, is overlaid
for comparison. The Eextra distribution is also plotted
separately for each " decay mode.

We combine the results on the observed number of
events ni and on the expected background bi from each
of the four signal decay modes (nch) using the esti-
mator Q = L(s + b)/L(b), where L(s + b) and L(b) are
the likelihood functions for signal plus background and
background-only hypotheses, respectively:

L(s + b) "
nch"

i=1

e!(si+bi)(si + bi)ni

ni!
, L(b) "

nch"

i=1

e!bibni
i

ni!
.

(4)
The estimated number of signal candidates si in data, for
each decay mode, is related to the B+ # "+# branching
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FIG. 4: Eextra after the reconstruction of two non-overlapping
semileptonic B candidates. On-resonance data (black circles)
are overlaid on the combined BB (solid histogram) and con-
tinuum (gray histogram) MC samples normalized to the data
luminosity. B+ ! !+" signal MC (dashed-dotted line) is
shown for comparison, with arbitrary normalization.

TABLE IV: Contributions to the systematic uncertainty (in
percent) on the signal selection e!ciencies for di"erent selec-
tion modes. The total summed uncertainty is added linearly
with the systematic uncertainties from IFR K0

L reconstruction
and Eextra modeling. The result of this (“signal B”) is added
together in quadrature with the uncertainty on tag B recon-
struction and the number of BB pairs in the sample (NBB).
The “Correction Factor” is a multiplicative factor applied to
the e!ciency for each mode.

! decay mode e+"" µ+"" #+" #+#0"
Tracking 0.5 0.5 0.5 0.5
Particle Identification 2.5 3.1 0.8 1.5
#0 – – – 2.9
EMC K0

L – – 3.8 –
IFR K0

L 3.3
Eextra 3.4
signal B 5.5
tag B 3.6
NBB 1.1
Total 6.6

Correction Factor 0.951 0.868 0.964 0.939

include e!ects such as the tracking of charged particles,
particle identification, and the modeling of !0 mesons.

The systematic uncertainty on the signal e"ciency due
to the mis-modeling of the Eextra variable is extracted
using the double-tagged events. We extract the yield
of candidates satisfying Eextra < 0.5GeV. This yield is
then compared to the number of candidates in the full
sample. Comparing the ratio extracted from MC to that
extracted from data yields a correction factor, the error
of which is taken as the systematic uncertainty for Eextra.
The systematic uncertainty for Eextra is 3.4% with a cor-
rection of 0.99.

The systematic uncertainty on the modeling of K0
L can-

didates is extracted using the double-tagged events, sim-
ilar to the method used for the Eextra systematic evalua-
tion. We quantify the data/MC comparison by extract-
ing the yield with a cut demanding exactly zero (less than
two) reconstructed IFR (EMC) measured K0

L candidates
remaining, and extracting the yield with a sample where
any number of K0

L candidates remain, and take the ratio
of ratios from the MC and data. The systematic un-
certainty for vetoing IFR (EMC) K0

L candidates is 3.3%
(3.8%), with a correction factor on the e"ciency of 0.99
(0.97).

A breakdown of the contributions to the systematic un-
certainty for each signal mode is given in Table IV. We
find that the most significant individual e!ects on the sig-
nal e"ciency are from the modeling of the Eextra and the
K0

L vetos. The uncertainties on each mode are combined
by weighting them by the corrected e"ciency for a given
mode, using the e"ciencies from Table I multiplied by the
correction factors given in Table IV. The signal-mode-
specific systematic uncertainties are summed in quadra-
ture and then the sum is added linearly with the IFR K0

L

and Eextra uncertainties, which are correlated among the
modes. The resulting overall systematic uncertainty on
the signal e"ciency is then added in quadrature with the
uncertainties on the tag B reconstruction and the num-
ber of BB pairs in the sample to give a total uncertainty
of 6.6%.

V. RESULTS

After finalizing the signal selection criteria, we measure
the yield of events in each channel in the signal region of
the on-resonance data. Table V lists the number of ob-
served events in on-resonance data in the signal region,
together with the expected number of background events
in the signal region (taken from the Eextra sideband pre-
diction from Table II). Figure 5 shows the Eextra distri-
bution for all data and MC in the signal region, with sig-
nal MC shown for comparison. Figure 6 shows the Eextra

distribution separately for each of the signal modes.

TABLE V: Observed number of on-resonance data events in
the signal region are shown, together with number of expected
background events.

! Expected background Observed events
decay mode events in on-resonance data
!+ ! e+"" 44.3 ± 5.2 59
!+ ! µ+"" 39.8 ± 4.4 43
!+ ! #+" 120.3 ± 10.2 125
!+ ! #+#0" 17.3 ± 3.3 18
All modes 221.7 ± 12.7 245

We determine the B+ ! "+# branching fraction from
the number of signal candidates si in data for each "
decay mode, according to si = NBBB(B+ ! "+#)$tag$i,
where NBB is the total number of BB pairs in data. The


