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Motivation

Search for new physics via b→c τν transitions. Particularly interesting as both initial state and final 
state have third-generation fermions. 
!
Leptoquarks via tensor operators or charged Higgs boson in Minimal Supersymmetric Standard 
Model (MSSM) could show up in these transitions. (Tanaka et al., PRD 87:034028, 2013)

H-

Higgs, being a scalar, couples to select helicity states - this affects semileptonic decays into D 
and D* differently. 
!
In addition, study of τ polarizations in its hadronic decay modes can also be sensitive to New 
Physics (NP). (Fajfer et al., PRD 85:094025, 2012)  
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Experimental Technique: B Tagging
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Inclusive B Tag Counting Hadronic B Tagging

More Efficient; More Background Less Efficient; Less Background

Depending upon the τ decay mode, final state has 2 or 3 undetected neutrinos. 
At electron-positron B-factories, we have the advantage to exclusively produce BB. 
Missing mass reconstruction is possible using B tagging methods.  
This method cannot be applied by LHCb where missing mass is not accessible.

−
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Experimental Technique: Feasible Tagging Methods

Double Semileptonic Tagging Partial D* Tagging

Complementary to hadronic tagging

Xeν + Xµν Xτν DX D*X D**X

~20% ~3% ~13% ~30% ~7%

Approximate branching fractions of B meson

100% D reconstruction efficiency
using kinematic constraints
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Signal Extraction in Inclusive and Exclusive B Tagging

Inclusive B Tag Counting Hadronic B Tagging

The m2
miss distributions of signal and normalization are

very distinct due to the different number of neutrinos in the
final state. The m2

miss distributions of the backgrounds
resemble those of the signal, and therefore these contribu-

tions to the fit are either fixed or constrained by theDð"Þ!0‘
samples.

To validate the PDFs and the fit procedure, we divide the
large sample of simulated B !B events into two: sample A
with about 3:3$ 109 B !B events, and sample B with
9:4$ 108 B !B events. We determine the PDFs with sample
A, and create histograms by integrating the PDFs in bins of
their m2

miss and jp"
‘j projections. We compare the resulting

histograms with the events in sample A, and derive a "2

based on the statistical significance of the difference for
each bin. The distribution of the corresponding p values for
these PDFs is uniform, as expected for an unbiased
estimation. As another test, we extract the signal and
normalization yields from fits to the events of sample B,
using the PDFs obtained from sample A. Again, the results
are compatible with an unbiased fit. Furthermore, we

validate the fit procedure based on a large number of
pseudoexperiments generated from these PDFs. Fits to
these samples also show no bias in the extracted signal
and normalization yields.

C. Fit results

Figures 7 and 8 show them2
miss and jp"

‘j projections of the
fits to the Dð"Þ‘ samples. In Fig. 7, the jp"

‘j projections do
not include events with m2

miss > 1 GeV2, i.e., most of the
signal events. In Fig. 8, the vertical scale is enlarged and the
horizontal axis is extended for them2

miss projection to reveal
the signal and background contributions. The jp"

‘j projec-
tions emphasize the signal events by excluding events with
m2

miss < 1 GeV2. Both figures demonstrate that the fit
describes the data well and the observed differences are
consistent with the statistical and systematic uncertainties
on the PDFs and the background contributions.
Figure 9 shows the m2

miss and jp"
‘j projections of the fit

to the four Dð"Þ!0‘ samples. The narrow m2
miss peak is
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FIG. 8 (color online). Comparison of the m2
miss and jp"

‘j distributions of the Dð"Þ‘ samples (data points) with the projections of the
results of the isospin-unconstrained fit (stacked colored distributions). The region above the dashed line of the background component
corresponds to B !B background and the region below corresponds to continuum. The peak atm2

miss ¼ 0 in the background component is
due to charge cross-feed events. The jp"

‘j distributions show the signal-enriched region with m2
miss & 1 GeV2, thus excluding most of

the normalization events in these samples.

J. P. LEES et al. PHYSICAL REVIEW D 88, 072012 (2013)

072012-16

PRD	  88	  072012	  (2013)	  
PRL	  109	  101802	  (2012)

446þ58
"56 B

þ ! !D#0!þ"! events and 146þ42
"41 B

þ ! !D0!þ"!

events. The statistical significances, defined as " ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
"2 lnðL0=LmaxÞ

p
, correspond to 8.8 and 3.6 standard de-

viations (#), respectively. Here Lmax denotes the maxi-
mum likelihood value andL0 is the likelihood for the zero
signal hypothesis, when other signal components are al-
lowed to float. The fitted yields of combinatorial back-
ground in the individual submodes are consistent within
statistical uncertainties with the MC-based expectations.
The fit results are summarized in Table I. The fit projec-
tions in Mtag and PD0 are shown in Fig. 1.

As a cross-check, we extract the signal yields from
an extended unbinned maximum likelihood fit to one-
dimensional distributions in Mtag and obtain consistent
results with the two-dimensional fit. We also examine the
distributions of variables used in the signal selection,
applying all requirements except those that are related to
the considered variable. In all cases the distributions are
well reproduced by the sum of signal and background
components with normalizations fixed from the fit to the
ðMtag; PD0Þ distribution.

The systematic uncertainties in the branching fractions
are summarized in Table II. They include uncertainties in
the total number of B !B pairs, the effective efficienciesP

k$kBk, and the signal-yield extractions. The systematic
uncertainties associated with the effective efficiencies
include errors in determination of the efficiencies for Btag

reconstruction and ( !Dð#Þ0dþ! ) pair selection, coming from
efficiencies of tracking, neutral particle reconstruction,
particle identification, and from imperfect modeling of
real processes. The uncertainty in the Btag and part of the
Bsig reconstruction efficiency is evaluated from data con-
trol samples with Bþ ! !D#0%þ and Bþ ! !D0%þ decays
on the signal side. The absolute normalizations of the data
and MC control samples agree to within 13%. The differ-
ence, as well as uncertainties in the relative amounts of
D#0 "D0 cross feeds' 1% are included in the systematic
uncertainty of Btag and Bsig reconstruction. The latter are
evaluated from the sidebands of the #E distributions in the
Bþ ! !D#ð0Þ%þ control samples. The remaining uncertain-
ties in the lepton identification and signal selection are
estimated separately. The latter are determined by com-
paring MC and data distributions in the variables used
for signal selection. The uncertainties due to the partial
branching fractionsBk are taken from the errors quoted by
the PDG [6].
The systematic uncertainties in the signal yield originate

from the background evaluation and from the PDF parame-
trizations of the signal and background components. The
resulting error is evaluated from changes in the signal
yields obtained from fits where the PDF parameters and
the relative contributions of the background components
are varied by (1#.
All of the above sources of systematic uncertainties are

combined together taking into account correlations be-
tween different decay chains. The combined systematic
uncertainty is 13.9% for the Bþ ! !D#0!þ"! mode and
15.2% for Bþ ! !D0!þ"!.
We include the effect of systematic uncertainties in the

signal yields on the significances of the observed signals by
convolving the likelihood function from the fit with a
Gaussian systematic error distribution. The significances
of the observed signals after including systematic uncer-
tainties are 8:1# and 3:5# for the Bþ ! !D#0!þ"! and
Bþ ! !D0!þ"! modes, respectively.
In conclusion, in a sample of 657) 106 B !B pairs

we measure branching fractions BðBþ ! !D#0!þ"!Þ ¼
ð2:12þ0:28

"0:27ðstatÞ ( 0:29ðsystÞÞ%, and BðBþ ! !D0!þ"!Þ ¼
ð0:77( 0:22ðstatÞ ( 0:12ðsystÞÞ%, which are consistent
within experimental uncertainties with SM expectations
[4]. The result on Bþ ! !D0!þ"! is the first evidence for
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FIG. 1 (color online). The fit projections to Mtag, and PD0 for
Mtag > 5:26 GeV=c2 (a),(b) for !D#0!þ"!, (c),(d) for !D0!þ"!.

The black curves show the result of the fits. The solid dashed
curves represent the background and the dashed dotted ones
show the combinatorial component. The dot-long-dashed and
dot-short-dashed curves represent, respectively, the signal con-
tributions from Bþ ! !D#0!þ"! and Bþ ! !D0!þ"!. The histo-
grams represent the MC-predicted background.

TABLE II. Summary of the systematic uncertainties.

Source !D#0!þ"!
!D0!þ"!

NB !B (1:4% (1:4%
Reconstruction of Btag and Bsig (12:9% (12:8%
Lepton id and signal selection þ1:5

"1:6%
þ4:4
"4:5%

Shape of the signal PDFs (2:5% (6:0%
Comb. and peaking backgrounds (3:3% (2:7%
Fitting procedure (0:8% (1:5%

Total (13:9% (15:2%

OBSERVATION OF . . . PHYSICAL REVIEW D 82, 072005 (2010)

072005-5

PRD	  82	  072005	  (2010)

D*0τ ντ

D0τ ντ

All Bkg.
Combinatorial 
Bkg.

D*0τ ντ
D0τ ντ
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B → D(*) τ ντ  Branching Fraction Measurements

-

B+ →D*0τ+ ντ
—

B0 →D*-τ+ ντ

B+ →D0τ+ ντ
—

B0 →D-τ+ ντ

Branching Fraction [%]
1 2 3

2007

2010

2010

Belle measurement with  
~770 x 106 BB pairs is underway.

SM

BaBar (Hadronic Tag)

Belle (Hadronic Tag)

Belle (Inclusive B Tag)

PRD$85$094025$(2012)

PRD$88$072012$(2013) 471$x$106$BB$pairs-

hep:ex/0910.4301$(2009) 657$x$106$BB$pairs-

PRD$82$072005$(2010) 657$x$106$BB$pairs-

PRL$99$191807$(2007) 535$x$106$BB$pairs-
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Current Status of B → D(*) τ ντ measurements
1. Introduction 3/21

Existing measurements
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BaBar 2012

• Previous measurements from B factories in ⌧ ! `⌫⌫ channel
• Most recent measurement from BaBar claimed 3 � excess
over SM expectation

• BaBar have used their final dataset, corresponding Belle
measurement yet to come

• B factory measurements based on reconstructing missing mass
using full event reconstruction

• Not possible at LHCb

R(D) ⌘ B(B!D⌧�⌫̄⌧ )
B(B!Dl�⌫̄l)

R(D⇤) ⌘ B(B!D⇤⌧�⌫̄⌧ )
B(B!D⇤l�⌫̄l)

R(D⇤0) = R(D⇤+) = R(D⇤)

R(D0) = R(D+) = R(D)

R(D)SM(HQET ) = 0.305± 0.012, R(D⇤)SM(HQET ) = 0.252± 0.004

Lattice QCD has R(D) = 0.316 ± 0.012 ± 0.007

increases up to 8% for large values of tan!=mH! , and, as
we noted earlier, its uncertainty increases due to the larger
dispersion of the weights in the 2HDM reweighting.

The variation of the fitted signal yields as a function of
tan!=mH! is also shown in Fig. 19. The sharp drop in the
!B ! D"" !#" yield at tan!=mH! # 0:4 GeV"1 is due to
the large shift in the m2

miss distribution which occurs when

the Higgs contribution begins to dominate the total rate.
This shift is also reflected in the q2 distribution and, as we
will see in the next section, the data do not support it. The
change of the !B ! D$"" !#" yield, mostly caused by the
correlation with the !B ! D"" !#" sample, is much smaller.
Figure 20 compares the measured values of RðDÞ and

RðD$Þ in the context of the type II 2HDM to the theoretical
predictions as a function of tan!=mH! . The increase in the
uncertainty on the signal PDFs and the efficiency ratio as a
function of tan!=mH! are taken into account. Other sources
of systematic uncertainty are kept constant in relative terms.
The measured values of RðDÞ and RðD$Þ match the

predictions of this particular Higgs model for tan!=mH! ¼
0:44!0:02GeV"1 and tan!=mH! ¼ 0:75! 0:04 GeV"1,
respectively. However, the combination of RðDÞ and
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FIG. 16 (color online). mES distributions before (left) and after (center) subtraction of normalization of background events, and
lepton momentum distributions after this subtraction (right) for events with m2

miss > 1:5 GeV2 scaled to the results of the isospin-
constrained fit. The B0 and Bþ samples are combined. See Fig. 15 for a legend.
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FIG. 17 (color online). Representation of $2 [Eq. (33)] in the
RðDÞ-RðD$Þ plane. The white cross corresponds to the mea-
sured RðDð$ÞÞ, and the black cross to the SM predictions. The
shaded bands represent one standard deviation each.
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FIG. 18 (color online). m2
miss and jp$

‘j projections of the
D0"# ) D0‘ PDF for various values of tan!=mH! .
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FIG. 19 (color online). Left: Variation of the !B ! D"" !#"

(top) and !B ! D$"" !#" (bottom) efficiency in the 2HDM with
respect to the SM efficiency. The band indicates the increase on
statistical uncertainty with respect to the SM value. Right:
Variation of the fitted !B ! D"" !#" (top) and !B ! D$"" !#"

(bottom) yields as a function of tan!=mH! . The band indicates
the statistical uncertainty of the fit.

J. P. LEES et al. PHYSICAL REVIEW D 88, 072012 (2013)

072012-24

PRD	  88	  072012	  (2013)

Bailey	  et	  al.	  PRL	  109	  071802	  (2012)

PRD	  87	  034028	  (2013)



CKM Workshop Sep. 10, 2014 Vikas Bansal 8

Comparison with Two Higgs Doublet Model (2HDM)

RðD"Þ excludes the type II 2HDM charged Higgs boson at
99.8% confidence level for any value of tan!=mH$ , as
illustrated in Fig. 21. This calculation is only valid for
values of mH$ greater than 15 GeV [5,8]. The region for
mH$ % 15 GeV has already been excluded by B ! Xs"
measurements [23], and therefore, the type II 2HDM is
excluded in the full tan!-mH$ parameter space.

As we detailed in Sec. II B, the type II 2HDM is a subset
of more general 2HDMs that corresponds to values of
(SR & SL, SR þ SL) that lie in the line joining (&1, &1)
and (0, 0) with slope 1. Since the dependence of the
measured RðD"Þ on tan!=mH$ , or, equivalently, on
ReðSR & SLÞ, is smaller than the total uncertainties con-
sidered, we can extend the measurement of RðDð"ÞÞ to the
bottom half of the real (SR & SL, SR þ SL) plane by using
the values of RðDð"ÞÞ obtained with HsðSR $ SLÞ for
Hsð&SR ( SLÞ.

We also employ this extrapolation in the top half of the
(SR & SL, SR þ SL) plane, that is, for SR þ SL > 0. In this

case, the extrapolation is only a good approximation
when the decay amplitude is dominated either by SM
or NP contributions, that is, for small or large values of
jSR þ SLj. In the intermediate region, the q2 spectra first
shifts slightly to lower average values, and then moves
sharply in the opposite direction. This is reflected in the
measured value of RðDÞ, and corresponds to the small
rise up to tan!=mH$ ) 0:36 GeV&1 (SR þ SL )&0:97)
in Fig. 20, and the sharp drop in the 0:36< tan!=mH$ <
0:46 GeV&1 region (&0:97> SR þ SL >&1:58).
For positive values of SR þ SL the interference

between SM and 2HDM contributions is constructive,
so the q2 spectrum never shifts to lower values. By
matching the q2 spectra for positive and negative values
of SR þ SL, we can estimate that the drop in the value of
RðDÞ becomes much more gradual and occurs in the
0:15< SR þ SL < 6:05 region. Based on the extrapola-
tion described above, the measured and expected
values of RðDÞ match for SR þ SL ) 0:3. In this region,
the NP contributions are small and the approximation is
accurate to )5%.
Figure 22 shows that for real values of SR and SL, there

are four regions in the type III parameter space that can
explain the excess in both RðDÞ and RðD"Þ. This figure
does not include uncertainties due to the extrapolation of
the type II 2HDM measurements, which could somewhat
affect the top two solutions. In addition, a range of complex
values of the parameters are also compatible with this
measurement [21,45–47].

C. Study of the q2 spectra

As shown in Sec. II B, the q2 spectrum of !B ! D#& !$#

decays could be significantly impacted by charged Higgs
contributions. Figure 23 compares the q2 distribution of
background subtracted data, corrected for detector effi-
ciency, with the expectations of three different scenarios.
Due to the subtraction of the large !B ! D"#& !$# feed-
down in the D‘ samples, the measured q2 spectrum of
!B ! D#& !$# decays depends on the signal hypothesis.
This dependence is very small, however, because the q2
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FIG. 20 (color online). Comparison of the results of this
analysis (light band, blue) with predictions that include a
charged Higgs boson of type II 2HDM (dark band, red). The
widths of the two bands represent the uncertainties. The SM
corresponds to tan!=mH$ ¼ 0.
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FIG. 21 (color online). Level of disagreement between this
measurement of RðDð"ÞÞ and the type II 2HDM predictions for
all values in the tan!-mH$ parameter space.
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FIG. 22 (color online). Favored regions for real values of the
type III 2HDM parameters SR and SL given by the measured
values ofRðDð"ÞÞ. The bottom two solutions are excluded by the
measured q2 spectra.
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RðD"Þ excludes the type II 2HDM charged Higgs boson at
99.8% confidence level for any value of tan!=mH$ , as
illustrated in Fig. 21. This calculation is only valid for
values of mH$ greater than 15 GeV [5,8]. The region for
mH$ % 15 GeV has already been excluded by B ! Xs"
measurements [23], and therefore, the type II 2HDM is
excluded in the full tan!-mH$ parameter space.

As we detailed in Sec. II B, the type II 2HDM is a subset
of more general 2HDMs that corresponds to values of
(SR & SL, SR þ SL) that lie in the line joining (&1, &1)
and (0, 0) with slope 1. Since the dependence of the
measured RðD"Þ on tan!=mH$ , or, equivalently, on
ReðSR & SLÞ, is smaller than the total uncertainties con-
sidered, we can extend the measurement of RðDð"ÞÞ to the
bottom half of the real (SR & SL, SR þ SL) plane by using
the values of RðDð"ÞÞ obtained with HsðSR $ SLÞ for
Hsð&SR ( SLÞ.

We also employ this extrapolation in the top half of the
(SR & SL, SR þ SL) plane, that is, for SR þ SL > 0. In this

case, the extrapolation is only a good approximation
when the decay amplitude is dominated either by SM
or NP contributions, that is, for small or large values of
jSR þ SLj. In the intermediate region, the q2 spectra first
shifts slightly to lower average values, and then moves
sharply in the opposite direction. This is reflected in the
measured value of RðDÞ, and corresponds to the small
rise up to tan!=mH$ ) 0:36 GeV&1 (SR þ SL )&0:97)
in Fig. 20, and the sharp drop in the 0:36< tan!=mH$ <
0:46 GeV&1 region (&0:97> SR þ SL >&1:58).
For positive values of SR þ SL the interference

between SM and 2HDM contributions is constructive,
so the q2 spectrum never shifts to lower values. By
matching the q2 spectra for positive and negative values
of SR þ SL, we can estimate that the drop in the value of
RðDÞ becomes much more gradual and occurs in the
0:15< SR þ SL < 6:05 region. Based on the extrapola-
tion described above, the measured and expected
values of RðDÞ match for SR þ SL ) 0:3. In this region,
the NP contributions are small and the approximation is
accurate to )5%.
Figure 22 shows that for real values of SR and SL, there

are four regions in the type III parameter space that can
explain the excess in both RðDÞ and RðD"Þ. This figure
does not include uncertainties due to the extrapolation of
the type II 2HDM measurements, which could somewhat
affect the top two solutions. In addition, a range of complex
values of the parameters are also compatible with this
measurement [21,45–47].

C. Study of the q2 spectra

As shown in Sec. II B, the q2 spectrum of !B ! D#& !$#

decays could be significantly impacted by charged Higgs
contributions. Figure 23 compares the q2 distribution of
background subtracted data, corrected for detector effi-
ciency, with the expectations of three different scenarios.
Due to the subtraction of the large !B ! D"#& !$# feed-
down in the D‘ samples, the measured q2 spectrum of
!B ! D#& !$# decays depends on the signal hypothesis.
This dependence is very small, however, because the q2
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200 400 600 8000

50

100

σ 3
σ 4
σ 5

Excl. at

1000

FIG. 21 (color online). Level of disagreement between this
measurement of RðDð"ÞÞ and the type II 2HDM predictions for
all values in the tan!-mH$ parameter space.

-6 -4 -2 0 2

-2

0

2 σ1 σ2 σ3

Favored at

FIG. 22 (color online). Favored regions for real values of the
type III 2HDM parameters SR and SL given by the measured
values ofRðDð"ÞÞ. The bottom two solutions are excluded by the
measured q2 spectra.
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RðD"Þ excludes the type II 2HDM charged Higgs boson at
99.8% confidence level for any value of tan!=mH$ , as
illustrated in Fig. 21. This calculation is only valid for
values of mH$ greater than 15 GeV [5,8]. The region for
mH$ % 15 GeV has already been excluded by B ! Xs"
measurements [23], and therefore, the type II 2HDM is
excluded in the full tan!-mH$ parameter space.

As we detailed in Sec. II B, the type II 2HDM is a subset
of more general 2HDMs that corresponds to values of
(SR & SL, SR þ SL) that lie in the line joining (&1, &1)
and (0, 0) with slope 1. Since the dependence of the
measured RðD"Þ on tan!=mH$ , or, equivalently, on
ReðSR & SLÞ, is smaller than the total uncertainties con-
sidered, we can extend the measurement of RðDð"ÞÞ to the
bottom half of the real (SR & SL, SR þ SL) plane by using
the values of RðDð"ÞÞ obtained with HsðSR $ SLÞ for
Hsð&SR ( SLÞ.

We also employ this extrapolation in the top half of the
(SR & SL, SR þ SL) plane, that is, for SR þ SL > 0. In this

case, the extrapolation is only a good approximation
when the decay amplitude is dominated either by SM
or NP contributions, that is, for small or large values of
jSR þ SLj. In the intermediate region, the q2 spectra first
shifts slightly to lower average values, and then moves
sharply in the opposite direction. This is reflected in the
measured value of RðDÞ, and corresponds to the small
rise up to tan!=mH$ ) 0:36 GeV&1 (SR þ SL )&0:97)
in Fig. 20, and the sharp drop in the 0:36< tan!=mH$ <
0:46 GeV&1 region (&0:97> SR þ SL >&1:58).
For positive values of SR þ SL the interference

between SM and 2HDM contributions is constructive,
so the q2 spectrum never shifts to lower values. By
matching the q2 spectra for positive and negative values
of SR þ SL, we can estimate that the drop in the value of
RðDÞ becomes much more gradual and occurs in the
0:15< SR þ SL < 6:05 region. Based on the extrapola-
tion described above, the measured and expected
values of RðDÞ match for SR þ SL ) 0:3. In this region,
the NP contributions are small and the approximation is
accurate to )5%.
Figure 22 shows that for real values of SR and SL, there

are four regions in the type III parameter space that can
explain the excess in both RðDÞ and RðD"Þ. This figure
does not include uncertainties due to the extrapolation of
the type II 2HDM measurements, which could somewhat
affect the top two solutions. In addition, a range of complex
values of the parameters are also compatible with this
measurement [21,45–47].

C. Study of the q2 spectra

As shown in Sec. II B, the q2 spectrum of !B ! D#& !$#

decays could be significantly impacted by charged Higgs
contributions. Figure 23 compares the q2 distribution of
background subtracted data, corrected for detector effi-
ciency, with the expectations of three different scenarios.
Due to the subtraction of the large !B ! D"#& !$# feed-
down in the D‘ samples, the measured q2 spectrum of
!B ! D#& !$# decays depends on the signal hypothesis.
This dependence is very small, however, because the q2
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FIG. 20 (color online). Comparison of the results of this
analysis (light band, blue) with predictions that include a
charged Higgs boson of type II 2HDM (dark band, red). The
widths of the two bands represent the uncertainties. The SM
corresponds to tan!=mH$ ¼ 0.

200 400 600 8000

50

100

σ 3
σ 4
σ 5

Excl. at

1000

FIG. 21 (color online). Level of disagreement between this
measurement of RðDð"ÞÞ and the type II 2HDM predictions for
all values in the tan!-mH$ parameter space.
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FIG. 22 (color online). Favored regions for real values of the
type III 2HDM parameters SR and SL given by the measured
values ofRðDð"ÞÞ. The bottom two solutions are excluded by the
measured q2 spectra.
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mH+ ≤ 15 GeV is already excluded by B → Xs γ 

R(D(*)) in B → D* τ ντ and B → D τ ντ  suggests 
different values for tanβ / mH±. 

R(D) → 0.4 - 0.5 GeV-1 

R(D*) → 0.7 - 0.9 GeV-1 

BaBar’s latest result excludes 2HDM Type II 
charged Higgs at 99.8% confidence level for 
charged Higgs mass > 15 GeV. 
The result also has favored region for SR and SL 
parameters of 2HDM Type III.

PRD	  88	  072012	  (2013)

Misiak	  et	  al.,	  PRL	  98	  022002	  (2007)
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D** Background in b→c τν studies

B-Exclusive branching fractions do not sum up to the 
inclusive branching fraction. 

Inclusive B (B→Xc lν) = (10.9 ± 0.2) % 
B (B→D lν) = (2.3 ± 0.1) % 
B (B→D* lν) = (5.6 ± 0.2) % 
B (B→D**observed lν) = (1.7 ± 0.1) % 
Missing fraction from inclusive → (1.3 ± 0.3) %

The study of b→c τν  is sensitive to D** background 
modeling. 
Both Belle and BaBar measurements make an effort 
to account for it. 

BaBar explicitly considers four 1P excited states of 
charm mesons to model D**. 
Should 2S excited states                                          or 
multi-pion transitions of D** be modeled? 
Can “1/2 vs 3/2 Puzzle” in D** play some role? 
B →D** τν is estimated using available phase-
space with the largest ratio (with B →D** lν) 
from the four 1P excited charm states. Will matrix 
element based modeling help?

PRD	  88	  072012	  (2013)

PDG	  2010;	  HFAG

BaBar:	  PRD	  82	  111101	  (2010)

Bigi	  et	  al.,	  Eur.	  Phys.	  J	  C52,	  975	  (2007)
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Virtual Boson Mass: q2 distributions

APPENDIX: SYSTEMATIC UNCERTAINTIES
ON THE q2 SPECTRA

To assess the systematic uncertainty on the measured q2

distributions of !B ! Dð"Þ!$ !"! decays, we examine their
sensitivity to the estimated contributions from background
and normalization events. The q2 distributions of signal

and the various backgrounds are presented in Fig. 25 (left).
There is good agreement between the data and the
background contributions as derived from the isospin-
constrained fit. To further examine the shape of the fixed
contributions from B !B and continuum background, we
show two comparisons with data control samples: one for
medium values of Eextra in the mES peak regions without
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FIG. 25 (color online). Assessment of the uncertainties on the q2 distributions of background events with m2
miss > 1:5 GeV2. Left:

results of the isospin-constrained fit for the SM. Center: sample with 0:5<Eextra < 1:2 GeV and 5:27<mES < 5:29 GeV. Right:
sample satisfying the BDT requirements in the 5:20<mES < 5:26 GeV region. The data/MC plots show a fourth order polynomial fit
and the total systematic uncertainty considered. The simulation in the control samples is normalized to the number of events in data.
See Fig. 15 for a legend.
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spectrum of !B ! D!!" !"! decays is largely independent
of tan#=mH# .

The measured q2 spectra agree with the SM expecta-
tions within the statistical uncertainties. For !B ! D!" !"!

decays, there might be a small shift to lower values,
which is indicated by the increase in the p value for
tan#=mH# ¼ 0:30 GeV"1. As we showed in Sec. II B,
the average q2 for tan#=mH# ¼ 0:30 GeV"1 shifts to
lower values because the charged Higgs contribution to
!B ! D!" !"! decays, which always proceeds via an
S-wave, interferes destructively with the SM S-wave.
As a result, the decay proceeds via an almost pure
P-wave and is suppressed at large q2 by a factor of p2

D,
thus improving the agreement with data. The negative
interference suppresses the expected value of RðDÞ as
well, however, so the region with small tan#=mH# is
excluded by the measured RðDÞ.

The two favored regions in Fig. 22 with SR þ SL (
"1:5 correspond to tan#=mH# ¼ 0:45 GeV"1 for !B !
D!" !"! decays. However, as we saw in Fig. 3, the charged
Higgs contributions dominate !B ! D!" !"! decays for
values of tan#=mH# > 0:4 GeV"1 and the q2 spectrum
shifts significantly to larger values. The data do not
appear to support this expected shift to larger values
of q2.

To quantify the disagreement between the measured
and expected q2 spectra, we conservatively estimate the
systematic uncertainties that impact the distributions shown
in Fig. 23 (Appendix). Within these uncertainties, we find
the variation that minimizes the $2 value of those distribu-
tions. Table IX shows that, as expected, the conservative

uncertainties give rise to large p values in most cases.
However, the p value is only 0.4% for !B ! D!" !"! decays
and tan#=mH# ¼ 0:45 GeV"1. Given that this value of
tan#=mH# corresponds to SR þ SL ("1:5, we exclude
the two solutions at the bottom of Fig. 22 with a significance
of at least 2:9%.
The other two solutions corresponding to SR þ SL ( 0:4

do not impact the q2 distributions of !B ! D!" !"! to the
same large degree, and, thus, we cannot exclude them with
the current level of uncertainty. However, these solutions
also shift the q2 spectra to larger values due to the
S-wave contributions from the charged Higgs boson, so
the agreement with the measured spectra is worse than in
the case of the SM. This is also true for any other solutions
corresponding to complex values of SR and SL.
On the other hand, contributions to !B ! D!" !"! decays

proceeding via P-wave tend to shift the expected q2

spectra to lower values. Thus, NP processes with spin 1
could simultaneously explain the excess in RðDð!ÞÞ
[21,45] and improve the agreement with the measured q2

distributions.
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based on this uncertainty.

TABLE IX. Maximum p value for the q2 distributions in
Fig. 23 corresponding to the variations due to the systematic
uncertainties.

!B ! D!" !"!
!B ! D!!" !"!

SM 83.1% 98.8%
tan#=mH# ¼ 0:30 GeV"1 95.7% 98.9%
tan#=mH# ¼ 0:45 GeV"1 0.4% 97.9%

J. P. LEES et al. PHYSICAL REVIEW D 88, 072012 (2013)

072012-26

SM tanβ / mH± = 0.3 GeV-1 tanβ / mH± = 0.45 GeV-1

D: Pmax = 83.1% 
D*: Pmax = 98.8% 

D: Pmax = 95.7% 
D*: Pmax = 98.9% 

D: Pmax = 0.4% 
D*: Pmax = 97.9% 

Additional D** modeling and q2 distribution

PRD	  88	  072012	  (2013)
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Lepton and D meson momentum spectra

The m2
miss distributions of signal and normalization are

very distinct due to the different number of neutrinos in the
final state. The m2

miss distributions of the backgrounds
resemble those of the signal, and therefore these contribu-

tions to the fit are either fixed or constrained by theDð"Þ!0‘
samples.

To validate the PDFs and the fit procedure, we divide the
large sample of simulated B !B events into two: sample A
with about 3:3$ 109 B !B events, and sample B with
9:4$ 108 B !B events. We determine the PDFs with sample
A, and create histograms by integrating the PDFs in bins of
their m2

miss and jp"
‘j projections. We compare the resulting

histograms with the events in sample A, and derive a "2

based on the statistical significance of the difference for
each bin. The distribution of the corresponding p values for
these PDFs is uniform, as expected for an unbiased
estimation. As another test, we extract the signal and
normalization yields from fits to the events of sample B,
using the PDFs obtained from sample A. Again, the results
are compatible with an unbiased fit. Furthermore, we

validate the fit procedure based on a large number of
pseudoexperiments generated from these PDFs. Fits to
these samples also show no bias in the extracted signal
and normalization yields.

C. Fit results

Figures 7 and 8 show them2
miss and jp"

‘j projections of the
fits to the Dð"Þ‘ samples. In Fig. 7, the jp"

‘j projections do
not include events with m2

miss > 1 GeV2, i.e., most of the
signal events. In Fig. 8, the vertical scale is enlarged and the
horizontal axis is extended for them2

miss projection to reveal
the signal and background contributions. The jp"

‘j projec-
tions emphasize the signal events by excluding events with
m2

miss < 1 GeV2. Both figures demonstrate that the fit
describes the data well and the observed differences are
consistent with the statistical and systematic uncertainties
on the PDFs and the background contributions.
Figure 9 shows the m2

miss and jp"
‘j projections of the fit

to the four Dð"Þ!0‘ samples. The narrow m2
miss peak is
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FIG. 8 (color online). Comparison of the m2
miss and jp"

‘j distributions of the Dð"Þ‘ samples (data points) with the projections of the
results of the isospin-unconstrained fit (stacked colored distributions). The region above the dashed line of the background component
corresponds to B !B background and the region below corresponds to continuum. The peak atm2

miss ¼ 0 in the background component is
due to charge cross-feed events. The jp"

‘j distributions show the signal-enriched region with m2
miss & 1 GeV2, thus excluding most of

the normalization events in these samples.
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The m2
miss distributions of signal and normalization are

very distinct due to the different number of neutrinos in the
final state. The m2

miss distributions of the backgrounds
resemble those of the signal, and therefore these contribu-

tions to the fit are either fixed or constrained by theDð"Þ!0‘
samples.

To validate the PDFs and the fit procedure, we divide the
large sample of simulated B !B events into two: sample A
with about 3:3$ 109 B !B events, and sample B with
9:4$ 108 B !B events. We determine the PDFs with sample
A, and create histograms by integrating the PDFs in bins of
their m2

miss and jp"
‘j projections. We compare the resulting

histograms with the events in sample A, and derive a "2

based on the statistical significance of the difference for
each bin. The distribution of the corresponding p values for
these PDFs is uniform, as expected for an unbiased
estimation. As another test, we extract the signal and
normalization yields from fits to the events of sample B,
using the PDFs obtained from sample A. Again, the results
are compatible with an unbiased fit. Furthermore, we

validate the fit procedure based on a large number of
pseudoexperiments generated from these PDFs. Fits to
these samples also show no bias in the extracted signal
and normalization yields.

C. Fit results

Figures 7 and 8 show them2
miss and jp"

‘j projections of the
fits to the Dð"Þ‘ samples. In Fig. 7, the jp"

‘j projections do
not include events with m2

miss > 1 GeV2, i.e., most of the
signal events. In Fig. 8, the vertical scale is enlarged and the
horizontal axis is extended for them2

miss projection to reveal
the signal and background contributions. The jp"

‘j projec-
tions emphasize the signal events by excluding events with
m2

miss < 1 GeV2. Both figures demonstrate that the fit
describes the data well and the observed differences are
consistent with the statistical and systematic uncertainties
on the PDFs and the background contributions.
Figure 9 shows the m2

miss and jp"
‘j projections of the fit

to the four Dð"Þ!0‘ samples. The narrow m2
miss peak is
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FIG. 8 (color online). Comparison of the m2
miss and jp"

‘j distributions of the Dð"Þ‘ samples (data points) with the projections of the
results of the isospin-unconstrained fit (stacked colored distributions). The region above the dashed line of the background component
corresponds to B !B background and the region below corresponds to continuum. The peak atm2

miss ¼ 0 in the background component is
due to charge cross-feed events. The jp"

‘j distributions show the signal-enriched region with m2
miss & 1 GeV2, thus excluding most of

the normalization events in these samples.
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446þ58
"56 B

þ ! !D#0!þ"! events and 146þ42
"41 B

þ ! !D0!þ"!

events. The statistical significances, defined as " ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
"2 lnðL0=LmaxÞ

p
, correspond to 8.8 and 3.6 standard de-

viations (#), respectively. Here Lmax denotes the maxi-
mum likelihood value andL0 is the likelihood for the zero
signal hypothesis, when other signal components are al-
lowed to float. The fitted yields of combinatorial back-
ground in the individual submodes are consistent within
statistical uncertainties with the MC-based expectations.
The fit results are summarized in Table I. The fit projec-
tions in Mtag and PD0 are shown in Fig. 1.

As a cross-check, we extract the signal yields from
an extended unbinned maximum likelihood fit to one-
dimensional distributions in Mtag and obtain consistent
results with the two-dimensional fit. We also examine the
distributions of variables used in the signal selection,
applying all requirements except those that are related to
the considered variable. In all cases the distributions are
well reproduced by the sum of signal and background
components with normalizations fixed from the fit to the
ðMtag; PD0Þ distribution.

The systematic uncertainties in the branching fractions
are summarized in Table II. They include uncertainties in
the total number of B !B pairs, the effective efficienciesP

k$kBk, and the signal-yield extractions. The systematic
uncertainties associated with the effective efficiencies
include errors in determination of the efficiencies for Btag

reconstruction and ( !Dð#Þ0dþ! ) pair selection, coming from
efficiencies of tracking, neutral particle reconstruction,
particle identification, and from imperfect modeling of
real processes. The uncertainty in the Btag and part of the
Bsig reconstruction efficiency is evaluated from data con-
trol samples with Bþ ! !D#0%þ and Bþ ! !D0%þ decays
on the signal side. The absolute normalizations of the data
and MC control samples agree to within 13%. The differ-
ence, as well as uncertainties in the relative amounts of
D#0 "D0 cross feeds' 1% are included in the systematic
uncertainty of Btag and Bsig reconstruction. The latter are
evaluated from the sidebands of the #E distributions in the
Bþ ! !D#ð0Þ%þ control samples. The remaining uncertain-
ties in the lepton identification and signal selection are
estimated separately. The latter are determined by com-
paring MC and data distributions in the variables used
for signal selection. The uncertainties due to the partial
branching fractionsBk are taken from the errors quoted by
the PDG [6].
The systematic uncertainties in the signal yield originate

from the background evaluation and from the PDF parame-
trizations of the signal and background components. The
resulting error is evaluated from changes in the signal
yields obtained from fits where the PDF parameters and
the relative contributions of the background components
are varied by (1#.
All of the above sources of systematic uncertainties are

combined together taking into account correlations be-
tween different decay chains. The combined systematic
uncertainty is 13.9% for the Bþ ! !D#0!þ"! mode and
15.2% for Bþ ! !D0!þ"!.
We include the effect of systematic uncertainties in the

signal yields on the significances of the observed signals by
convolving the likelihood function from the fit with a
Gaussian systematic error distribution. The significances
of the observed signals after including systematic uncer-
tainties are 8:1# and 3:5# for the Bþ ! !D#0!þ"! and
Bþ ! !D0!þ"! modes, respectively.
In conclusion, in a sample of 657) 106 B !B pairs

we measure branching fractions BðBþ ! !D#0!þ"!Þ ¼
ð2:12þ0:28

"0:27ðstatÞ ( 0:29ðsystÞÞ%, and BðBþ ! !D0!þ"!Þ ¼
ð0:77( 0:22ðstatÞ ( 0:12ðsystÞÞ%, which are consistent
within experimental uncertainties with SM expectations
[4]. The result on Bþ ! !D0!þ"! is the first evidence for
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FIG. 1 (color online). The fit projections to Mtag, and PD0 for
Mtag > 5:26 GeV=c2 (a),(b) for !D#0!þ"!, (c),(d) for !D0!þ"!.

The black curves show the result of the fits. The solid dashed
curves represent the background and the dashed dotted ones
show the combinatorial component. The dot-long-dashed and
dot-short-dashed curves represent, respectively, the signal con-
tributions from Bþ ! !D#0!þ"! and Bþ ! !D0!þ"!. The histo-
grams represent the MC-predicted background.

TABLE II. Summary of the systematic uncertainties.

Source !D#0!þ"!
!D0!þ"!

NB !B (1:4% (1:4%
Reconstruction of Btag and Bsig (12:9% (12:8%
Lepton id and signal selection þ1:5

"1:6%
þ4:4
"4:5%

Shape of the signal PDFs (2:5% (6:0%
Comb. and peaking backgrounds (3:3% (2:7%
Fitting procedure (0:8% (1:5%

Total (13:9% (15:2%

OBSERVATION OF . . . PHYSICAL REVIEW D 82, 072005 (2010)

072005-5

D*0τ ντ

D0τ ντ

All Bkg.

Comb. 
Bkg.

D*0τ ντ
D0τ ντ

Large Pl* reweighting 

Both variables also  
used in signal extraction  

PRD	  88	  072012	  (2013)	  
PRL	  109	  101802	  (2012)

PRD	  82	  072005	  (2010)
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Form Factors sensitivity in b→c τν measurements

Measurement of ratio of b→c τν / b→c lν has the advantage of canceling uncertainty due to Vcb 
matrix element of CKM matrix and also due to Fermi coupling constant. 
!
The ratio also helps in reducing hadronic uncertainties associated with the respective form factors. 
!
Theoretical uncertainty on the ratio is 6% for R(D) and 2% for R(D*). 
!
BaBar’s latest analysis has signal Monte Carlo simulations reweighted event-by-event to 
incorporate HQET evaluated Form Factors (FF). 
!
Some FF are theory driven - R0(1).  
!
Measurement of various differential distributions is potentially dependent on the FF. 
!
This can be a cumbersome iterative process due to feedback from theory + experiment derived FF.  
!
Should irreducible background of D** in these measurements be also reweighted with latest FF?   

PRD	  85	  094025	  (2012)
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New Physics Models in b→c τν 

CV1, CV2, CS1, CS2, CT denotes Wilson coefficients 

– Ex) 2HDM Type2:  

M. Tanaka and R. Watanabe, 
 PhysRevD87, 034028 (2013) 
(hep-ph/1212.1878) 
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Æ Implement this model-independent calculation as 
the EvtGen decay model 

New Physics model with model-independent approach is 
available. 
τ angle is sensitive in distinguishing model parameters from 
the SM. 
Which few NP points to preferentially simulate to potentially 
scan all the parameter space by interpolation?

Tanaka	  and	  Watanabe,	  PRD	  87	  034028	  (2013)
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Summary

b→c τν is sensitive to New Physics.   
!
R(D*) and b→c τν branching fractions measurements show discrepancies from the Standard 
Model (especially for B → D* τ ντ). 
!
Current measurements inconsistent with 2HDM Type II charged Higgs. Other alternatives? 
!
Kinematic distributions - q2, differential distributions of lepton and D meson are accessible. 
!
b→c τν measurements are sensitive to D** modeling. 
!
Should hadronic form factors account for some discrepancy in the R(D*) measurement from the 
SM?
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