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Université Paris-Sud, Universidad Autonoma de Madrid
HASCO 2014

July 30, 2014

1 / 16



Introduction Theoretical aspects BABAR detector Analysis Method Results Conclusions

Outline

1. Introduction

2. Theoretical aspects

3. BABAR

4. Analysis Method

4.1. Event Selection
4.2. Fit
4.3. Uncertainties

5. Results

6. Conclusions

2 / 16



Introduction Theoretical aspects BABAR detector Analysis Method Results Conclusions

What are we talking about?
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Figure : Decay B̄ → D(∗)τ−ν̄τ

• Decays involving τ are sensitive to additional amplitudes e.g.
charged Higgs

• Measure ratio R(D(∗)) = B(B̄→D(∗)τ−ν̄τ )

B(B̄→D(∗)l−ν̄l )
l = e, µ

• Potential influence of type II and type III 2HDM
(Two-Higgs-Doublet-Model)

3 / 16



Introduction Theoretical aspects BABAR detector Analysis Method Results Conclusions

Standard Model calculation

M(q2, θτ ) =
GFVcb√

2

∑

λW =0,±,s
ηλW LλW (q2, θτ )HλW (q2)

ηλ±,0,s = {1, 1,−1}, θτ^τ,D∗

• The matrix element factorizes:
LλW

leptonic current, analytically solvable
HλW

hadronic current → form factors

• ratio independent of Vcb

Result of the SM calculation

R(D)SM = 0.297± 0.017

R(D∗)SM = 0.252± 0.003
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Two-Higgs-doublet models

• 8 dof → h,H,A,H± + 3 Goldstone bosons

• corrections to the Hamiltonian → R

• R(D(∗))2HDM = R(D(∗))SM + AD(∗)
tan2 β
m2

H±
+ BD(∗)

tan4 β
m4

H±

• bigger influence on decay to D → why?

• charged Higgs only contributes to scalar amplitude
• D∗ also has contributions H±

Dependence of R on tanβ
mH±

B̄ → Dτ−ν̄τ B̄ → D∗τ−ν̄τ
A
D(∗) (GeV 2) −3.25± 0.32 −0.230± 0.029

B
D(∗) (GeV 2) 16.9± 2.0 0.643± 0.085

9

TABLE I. Dependence of R(D(!)) on tan!/mH+ in the
2HDM according to Eq. 20 for B ! D""#! and B ! D!""#!

decays: the values of R(D(!)), the parameters A and B with
their uncertainties, and correlations C.

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

R(D(!))SM 0.297 ± 0.017 0.252 ± 0.003

AD(!) (GeV2) "3.25 ± 0.32 "0.230 ± 0.029

BD(!) (GeV4) 16.9 ± 2.0 0.643 ± 0.085

C(R(D(!))SM, AD(!)) "0.928 "0.946

C(R(D(!))SM, BD(!)) 0.789 0.904

C(AD(!) , BD(!)) "0.957 "0.985

the variable tan2!/m2
H+ ,

R(D(!))2HDM = R(D(!))SM+AD(!)

tan2!

m2
H+

+BD(!)

tan4!

m4
H+

,

(20)
Table I lists the values of AD(!) and BD(!) , which are
determined by averaging over B0 and B" decays. The
uncertainty estimation includes the uncertainties on the
mass ratio mc/mb and the FF parameters, as well as their
correlations.

Due to the destructive interference between the SM
and 2HDM amplitudes in Eq. 19, charged Higgs con-
tributions depress the ratios R(D(!)) for low values of
tan!/mH+ . For larger values of tan!/mH+ , the Higgs
contributions dominate and R(D) and R(D!) increase
rapidly. As the coe!cients of Table I show, the 2HDM
impact is expected to be larger for R(D) than for R(D!).
This is because charged Higgs contributions only a"ect
the scalar amplitude H2HDM

s , but B ! D!""#! decays
also receive contributions from H±, diluting the e"ect on
the total rate.

Figure 3 shows the impact of the 2HDM on the q2 spec-
trum. Given that the B and D mesons have spin J = 0,
the SM decays B ! DW ! ! D"# proceed via P -wave
for JW ! = 1, and via S-wave for JW ! = 0. For the P -
wave decay, which accounts for about 96% of the total
amplitude, the decay rate receives an additional factor
|p!

D|2, which suppresses the q2 spectrum at high values.
Since charged Higgs bosons have JH = 0, their contribu-
tions proceed via S-wave, and, thus, have a larger average
q2 than the SM contributions. As a result, for low values
of tan!/mH+ where the negative interference depresses
H2HDM

s , the q2 spectrum shifts to lower values. For large
values of tan!/mH+ , the Higgs contributions dominate
the decay rate and the average q2 significantly exceeds
that of the SM.

The situation is di"erent for B ! D!""#! decays be-
cause the D! meson has spin JD! = 1. The SM decays
can proceed via S, P , or D-waves, while the decay via
an intermediate Higgs boson must proceed via P -wave,
suppressing the rate at high q2.

When searching for charged Higgs contributions, it is
important to account for the changes in the q2 spectrum.
This distribution has a significant impact on the analysis
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FIG. 3. (Color online). Predicted q2 distributions for (a)
B ! D""#! and (b) B ! D!""#! decays for di!erent values
of tan!/mH+ . All curves are normalized to unit area.

due to the close relation between q2 and m2
miss, one of

the fit variables.
Charged Higgs contributions also a"ect the |p!

" | dis-
tribution. Given the spin 0 of the Higgs boson and the
positive helicity (right-handedness) of the anti-neutrino,
the decays H" ! ""#! always produce "" leptons with
positive helicities ($! = +). As a result, the fraction of
right-handed "" leptons produced in B ! D(!)""#! de-
cays changes from 30% in the SM, to close to 100% when
the 2HDM contributions dominate.

The lepton spectrum of polarized "± ! %±#"#! de-
cays is well known [23]. For "" leptons with $!" = ",
the %" is emitted preferentially in the "" direction, while
the opposite is true for positive helicities. In the B rest
frame, leptons of a certain momentum in the "" rest
frame have larger momentum if they are emitted in the
direction of the "" momentum than in the opposite di-
rection. As a result, the |p!

" | spectrum for SM decays is
harder than for Higgs dominated decays. For low val-
ues of tan!/mH+ for which the destructive interference
depresses the B ! D(!)""#! rate, the proportion of left-
handed "" leptons increases, and therefore, the |p!

" | spec-
trum is harder than in the SM.

,

III. DATA SAMPLE, DETECTOR AND
SIMULATION

A. Data Sample

This analysis is based on the full data sample recorded
with the BABAR detector [24] at the PEP-II energy-
asymmetric e+e" storage rings [25]. It operated at a
center-of-mass (c.m.) energy of 10.58 GeV, equal to the
mass of the & (4S) resonance. This resonance decays al-
most exclusively to BB pairs. The collected data sample
of 471 million & (4S) ! BB events (on-peak data), corre-
sponds to an integrated luminosity of 426 fb"1 [26]. To
study continuum background, an additional sample of
40 fb"1 (o"-peak data) was recorded approximately 40
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Event Selection

• Categories:
• Signal: B → D(∗)τντ (τ decay leptonically)
• Normalization: B → D(∗)lν (l = µ, e)
• Backgrounds:

- combinatorial background: BB̄ events
- continuum e+e− → qq̄(γ)
- B → D∗∗(τ/l)ν
- charge-crossfeed (wrong charge reconstruction)

• Control samples: B → D(∗)π0lν

- All events selected go one out of 4 samples: D(∗)0l and D(∗)+l
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Event selection

• Υ(4S) resonance decays to BB̄
• hadronic decay of Btag (1680 decay chains)
• use kinematic variables

• mES =
√
E 2
beam − p2

tag with Ebeam c.m. energy of a single

beam particle
• ∆E = Etag − Ebeam

• require mES > 5.27GeV and |∆E | < 0.072GeV

• semileptonic decay of second B meson
• further background reduction
→ mass reconstruction of decay products, vertex position,...
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Fit

• Maximum likelihood fit in m2
miss − |p∗l |

• 56 PDFs to fit with four samples of D(∗)l an of D(∗)π0l

• Constraints:
• free: signal and normalization
• fixed: BB̄ and continuum backgrounds
• to other samples: B → D∗∗(τ/l)ν background and feed

up/down
• updated by iteration: cross-feed background
• isospin: repeat fit using R(D(∗)0) = R(D(∗)+) = R(D(∗))

• Iteration: PDFs are updated with constraints of each iteration
till the fit does not change more than 0.01%

• PDFs: described by non-parametric kernel estimators,
smoothered by the width of Gaussian functions

• Result: R(D(∗)) =
Nsig

Nnorm

εnorm
εsig
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Fit Results
19
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FIG. 8. (Color online). Comparison of the m2
miss and |p!

! | distributions of the D(!)! 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 BB background and the region below corresponds to continuum. The peak at m2

miss = 0 in
the background component is due to charge cross-feed events. The |p!

! | distributions show the signal-enriched region with
m2

miss ! 1GeV2, thus excluding most of the normalization events in these samples.

B ! D!!(!"/"")# branching fractions: As noted
above, the sharp peak in the m2

miss distribution of the

D(!)$0" samples constrains contributions from B !
D(!)$"# decays. Events with additional unreconstructed
particles contribute to the tail of the m2

miss distribution
and, thus, are more di!cult to separate from other back-
grounds and signal events. This is the case for B !
D!!!"#! decays, which are combined with B ! D!!""#"

decays in the D!!("/!)# PDFs with the relative propor-
tion R(D!!)PS = 0.18. This value has been derived
from the ratio of the available phase space. The same
estimate applied to B ! D(!)""#" decays results in
R(D)PS = 0.279 and R(D!)PS = 0.251, values that are
58% and 32% smaller than the measured values. Tak-
ing this comparison as guidance for the error on R(D!!),
we increase R(D!!) by 50%, recalculate the D!!("/!)#
PDFs, and repeat the fit. As a result, the values of R(D)
and R(D!) decrease by 1.8% and 1.7%, respectively. The
impact is relatively small, because B ! D!!!"#! con-

tributions are small with respect to signal decays, which
have much higher reconstruction e!ciencies.

Unmeasured B ! D!!(! D(!)$$)"#" decays: To as-
sess the impact of other potential B ! D!!""#" contri-
butions, we modify the standard fit by adding an addi-
tional component. Out of the four contributions listed
in Table VI, the three-body decays of the D!! states
with L = 1 give the best agreement in the fits to the
D(!)$0" samples. For this decay chain, the m2

miss distri-
bution has a long tail due to an additional undetected
pion. This could account for some of the observed excess
at 1 < m2

miss < 2 GeV2 in Fig. 9. We assign the observed

change in R(D(!)) as a systematic uncertainty.

2. Cross-feed Constraints

MC statistics: Constraints on the e!ciency ratios
that link contributions from the same source are taken

Figure : PDFs after the fit.
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Uncertainties
Type Source R(D) (%) R(D∗) (%)

PDFs MC statistics 4.4 2.0

B̄ → D(∗)(τ−/l−)ν̄ FFs 0.2 0.2

Additive B → D∗∗(π0/pi±) 0.7 0.5

B.R.(B → D∗∗ l−ν̄l ) 0.8 0.3

B.R.(B → D∗∗τ−ν̄l ) 1.8 1.7

D∗∗ → D∗ππ 2.1 2.6

Cross-feed MC statistics 2.4 1.5

fD∗∗ 5.0 2.0

Feed-up/down 1.3 0.4

Isospin constraint 1.2 0.3

Fixed Background MC statistics 3.1 1.5

Fixed Background efficiency corrections 3.9 2.3

MC statistics 1.8 1.2

B̄ → D(∗)(τ−/l−)ν̄ FFs 1.6 0.4

Multiplicative Lepton PID 0.9 0.9

π0/π± from D∗ → Dπ 0.1 0.1

Detection/Recontruction 0.7 0.7

B.R.(τ− → l−ν̄lντ ) 1.8 1.7

Total Statistics 13.1 7.1

Total Systematics 9.6 5.6

Total 16.2 9.0
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Results: SM and Type II 2HDM

Result of the Fit

R(D)exp = 0.440± 0.072
R(D∗)exp = 0.332± 0.030

26
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FIG. 17. (Color online). Representation of !2 (Eq. 30) in
the R(D)–R(D!) plane. The white cross corresponds to the

measured R(D(!)), and the black cross to the SM predictions.
The shaded bands represent one standard deviation each.

distribution in the R(D)–R(D!) plane. The contours are
ellipses slightly rotated with respect to the R(D)–R(D!)
axes, due to the non-zero correlation.

For the assumption that R(D(!))th = R(D(!))SM, we
obtain !2 = 14.6, which corresponds to a probability
of 6.9 ! 10"4. This means that the possibility that the
measured R(D) and R(D!) both agree with the SM pre-
dictions is excluded at the 3.4" level [42]. Recent calcu-
lations [7, 8, 43, 44] have resulted in values of R(D)SM

that slightly exceed our estimate. For the largest of those
values, the significance of the observed excess decreases
to 3.2".

B. Search for a charged Higgs

To examine whether the excess in R(D(!)) can be ex-
plained by contributions from a charged Higgs boson in
the type II 2HDM, we study the dependence of the fit
results on tan#/mH+ .

For 20 values of tan#/mH+ , equally spaced in the
[0.05, 1.00] GeV"1 range, we recalculate the eight signal
PDFs, accounting for the charged Higgs contributions as
described in Sec. II. Figure 18 shows the m2

miss and |p!
! |

projections of the D0$% " D0& PDF for four values of
tan#/mH+ . The impact of charged Higgs contributions
on the m2

miss distribution mirrors those in the q2 distri-
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bution, see Fig. 3, because of the relation

m2
miss =

!
pe+e! # pBtag # pD(") # p!

"2
= (q # p!)

2
,

The changes in the |p!
! | distribution are due to the change

in the $ polarization.
We recalculate the value of the e!ciency ratio

'sig/'norm as a function of tan#/mH+ (see Fig. 19).
The e!ciency increases up to 8% for large values of
tan#/mH+ , and, as we noted earlier, its uncertainty in-
creases 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 R(D) and
R(D!) in the context of the type II 2HDM to the theoret-
ical predictions as a function of tan#/mH+ . The increase
in the uncertainty on the signal PDFs and the e!ciency
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 R(D) and R(D!) match
the predictions of this particular Higgs model for
tan#/mH+ = 0.44±0.02 GeV"1 and tan#/mH+ = 0.75±
0.04 GeV"1, respectively. However, the combination of
R(D) and R(D!) 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

• Top right figure shows 3.4σ deviation from SM predictions27

0 0.2 0.4 0.6 0.8 1

0.2

0.4

0.6

0.8

0 0.2 0.4 0.6 0.8 1

0.2

0.4

0.6

0.8

0 0.2 0.4 0.6 0.8 1
0.2

0.3

0.4

0 0.2 0.4 0.6 0.8 1
0.2

0.3

0.4

R
(D

)
R

(D
)

R
(D

! )
R

(D
! )

tan!/mH+ (GeV"1)tan!/mH+ (GeV"1)

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+ = 0.

200 400 600 8000

50

100

σ 3
σ 4
σ 5

Excl. at

1000
mH+ (GeV)

ta
n
!

FIG. 21. (Color online). Level of disagreement between this

measurement of R(D(!)) and the type II 2HDM predictions
for all values in the tan!–mH+ parameter space.

by B ! Xs! measurements [22], and therefore, the type
II 2HDM is excluded in the full tan"–mH+ parameter
space.

The excess in both R(D) and R(D!) can be explained
in more general charged Higgs models [44–47]. The ef-
fective Hamiltonian for a type III 2HDM is

He! =
4GF Vcb"

2

!
(c!µPLb) (#!µPL$! )

+ SL(cPLb) (#PL$! ) + SR(cPRb) (#PL$! )
"
, (31)

where SL and SR are independent complex parameters,
and PL,R # (1 $ !5)/2. This Hamiltonian describes the
most general type of 2HDM for which m2

H+ % q2.

In this context, the ratios R(D(!)) take the form

R(D) = R(D)SM + A
!
DRe(SR + SL) + B

!
D|SR + SL|2,

R(D!) = R(D!)SM + A
!
D"Re(SR & SL) + B

!
D" |SR & SL|2.

The sign di!erence arises because B ! D#"$! decays
probe scalar operators, while B ! D!#"$! decays are
sensitive to pseudo-scalar operators.
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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 of R(D(!)). The bottom two solutions are excluded by
the measured q2 spectra.

The type II 2HDM corresponds to the subset of
the type III 2HDM parameter space for which SR =
&mbm! tan2"/m2

H+ and SL = 0.

The R(D(!)) measurements in the type II 2HDM con-
text correspond to values of SR±SL in the range [&7.4, 0].
Given that the amplitude impacted by NP contributions
takes the form

|Hs(SR ± SL; q2)| ' |1 + (SR ± SL) ( F (q2)|, (32)

we can extend the type II results to the full type III
parameter space by using the values of R(D(!)) ob-
tained with Hs(SR ± SL) for Hs(&SR $ SL). Given the
small tan"/mH+ dependence of R(D!) (Fig. 20), this
is a good approximation for B ! D!#"$! decays. For
B ! D#"$! decays, this is also true when the decay am-
plitude is dominated either by SM or NP contributions,
that is, for small or large values of |SR +SL|. The shift in
the m2

miss and q2 spectra, which results in the 40% drop
on the value of R(D) shown in Fig. 20, occurs in the inter-
mediate region where SM and NP contributions are com-
parable. In this region, Hs(SR + SL) )= Hs(&SR & SL),
and, as a result, the large drop in R(D) is somewhat
shifted. However, given that the asymptotic values of
R(D) are correctly extrapolated, R(D) is monotonous,
and the measured value of R(D!) is fairly constant, the
overall picture is well described by the Hs(SR ± SL) *
Hs(&SR $ SL) extrapolation.

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 R(D) and R(D!).
In addition, a range of complex values of the parameters
are also compatible with this measurement.

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 e"-
ciency, with the expectations of three di!erent scenarios.
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by B ! Xs! measurements [22], and therefore, the type
II 2HDM is excluded in the full tan"–mH+ parameter
space.

The excess in both R(D) and R(D!) can be explained
in more general charged Higgs models [44–47]. The ef-
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and PL,R # (1 $ !5)/2. This Hamiltonian describes the
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In this context, the ratios R(D(!)) take the form
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!
D|SR + SL|2,

R(D!) = R(D!)SM + A
!
D"Re(SR & SL) + B

!
D" |SR & SL|2.

The sign di!erence arises because B ! D#"$! decays
probe scalar operators, while B ! D!#"$! decays are
sensitive to pseudo-scalar operators.

-6 -4 -2 0 2

-2

0

2 σ1 σ2 σ3
Favored at

S
R

+
S

L

SR ! SL

FIG. 22. (Color online). Favored regions for real values of the
type III 2HDM parameters SR and SL given by the measured
values of R(D(!)). The bottom two solutions are excluded by
the measured q2 spectra.

The type II 2HDM corresponds to the subset of
the type III 2HDM parameter space for which SR =
&mbm! tan2"/m2

H+ and SL = 0.

The R(D(!)) measurements in the type II 2HDM con-
text correspond to values of SR±SL in the range [&7.4, 0].
Given that the amplitude impacted by NP contributions
takes the form

|Hs(SR ± SL; q2)| ' |1 + (SR ± SL) ( F (q2)|, (32)

we can extend the type II results to the full type III
parameter space by using the values of R(D(!)) ob-
tained with Hs(SR ± SL) for Hs(&SR $ SL). Given the
small tan"/mH+ dependence of R(D!) (Fig. 20), this
is a good approximation for B ! D!#"$! decays. For
B ! D#"$! decays, this is also true when the decay am-
plitude is dominated either by SM or NP contributions,
that is, for small or large values of |SR +SL|. The shift in
the m2

miss and q2 spectra, which results in the 40% drop
on the value of R(D) shown in Fig. 20, occurs in the inter-
mediate region where SM and NP contributions are com-
parable. In this region, Hs(SR + SL) )= Hs(&SR & SL),
and, as a result, the large drop in R(D) is somewhat
shifted. However, given that the asymptotic values of
R(D) are correctly extrapolated, R(D) is monotonous,
and the measured value of R(D!) is fairly constant, the
overall picture is well described by the Hs(SR ± SL) *
Hs(&SR $ SL) extrapolation.

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 R(D) and R(D!).
In addition, a range of complex values of the parameters
are also compatible with this measurement.

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 e"-
ciency, with the expectations of three di!erent scenarios.

• As the R(D) and R(D∗) do not overlap, all type II 2HDM
phase space is excluded at more than 3σ

12 / 16



Introduction Theoretical aspects BABAR detector Analysis Method Results Conclusions

Results: Type III 2HDM

• Type III 2HDM including scalar and pseudoscalar
constributions modifies R(D(∗)):

- R(D) = R(D)SM + A′DRe(SR + SL) + B ′D |SR + SL|2
- R(D∗) = R(D∗)SM + A′D∗Re(SR − SL) + B ′D∗ |SR − SL|2

• As figure below shows 4 solutions, but the two lower are
excluded by q2 spectra
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Conclusions

• These results agree with
previous measurements from
BABAR and Belle, but
reduce the uncertainty by a
factor of 2

• The measured values of R(D(∗)) exceed SM predictions in
2.0σ and 2.7σ

• Combined significance of the disagreement of 3.4σ

• Type II 2HDM is also excluded in all phase space at more
than 3σ

• Type III 2HDM has 4 solutions, but 2 are excluded by q2

distributions
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Thank you for your attention.
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Back-up

• q2 distributions for the data and different values of tanβ
mH±

in

the type II 2HDM (Left: SM; Center: tanβ
mH±

= 0.30GeV−1;

Right: tanβ
mH±

= 0.45GeV−1)
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