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Exclusive |Vcb|
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|Vcb| from B→ D(*)lν

form factor

B→ Dlν
decay rate:

w ≡ vB · vD =
M2

B + M2
D − q2

2MBMD

Define kinematics in terms of w, rather than q2:

q2 = (PB − PD)2 = (Pl + Pν )2

q2 = 0 →  wmax = 1.6
q2

max   →  w = 1 

Caprini, Lelouch, 
Neubert:

B→ D*lν
decay rate:

form factors

dΓ

dw
=

G2
F

48π3
M 3

D∗(MB−mD∗)2|Vcb|2η2
EW

√
w2 − 1(w + 1)2 ×

h2
A1

(w)

⎧
⎨

⎩2

⎡

⎣
1 − 2wr + r2

(1 − r)2

⎤

⎦
[
1 + R2

1(w)(w − 1)
]
+

[

1 + (1 − R2(w))
w − 1

1 − r

]2⎫
⎬

⎭

hA1
(w) = hA1

(1)
[
1 − 8ρ2z + (53ρ2 − 15)z2 − (231ρ2 − 91)z3]

R1(w) = R1(1) − 0.12(w − 1) + 0.05(w − 1)2

R2(w) = R2(1) − 0.11(w − 1) + 0.06(w − 1)2

dΓ

dw
=

G2
F

48π3m3
D(MB + mD)2(w2 − 1)3/2|Vcb|2η2

EW G2(w)

G(w→z) = G(1)
[
1 − 8ρ2z + (51ρ2 − 10)z2 − (252ρ2 − 84)z3

]
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|Vcb| from B→ Dlν

B→Dℓν Reconstruction:
Divide event into 2 hemispheres: “signal” side and 
“flavor tag” side. Tag side is fully reconstructed (using 
neural net)

711 fb-1

charged tags neutral tags charged signals neutral signals

Note: over 1000 decay topologies considered.
[This is straightforward at an e+e- machine but very difficult 
at a hadron machine]

B−→D∗0π−

B−→D∗0π−π0

B−→D∗0π−π+π−

B−→D∗0π−π+π−π0

B−→D0π−

B−→D0π−π0

B−→D0π−π+π−

B−→D∗0D∗−
s

B−→D∗0D−
s

B−→D0D∗−
s

B−→D0D−
s

B−→J/ψK−

B−→J/ψK−π+π−

B−→J/ψK−π0

B−→J/ψKSπ
−

B−→D0K−

B−→D+π−π−

B0 →D∗+π−

B0 →D∗+π−π0

B0 →D∗+π−π+π−

B0 →D∗+π−π+π−π0

B0 →D+π−

B0 →D+π−π0

B0 →D+π−π+π−

B0 →D∗+D∗−
s

B0 →D∗+D−
s

B0 →D+D∗−
s

B0 →D+D−
s

B0 →J/ψKS

B0 →J/ψK−π+

B0 →J/ψKSπ
+π−

B0 →D0π0

D+ →K−π+π+

D+ →K−π+π+π0

D+ →K−π+π+π+π−

D+ →K−K+π+

D+ →KS π+

D+ →KS π+π0

D+ →KS π+π+π−

D+ →KS K+

D+ →π+π0

D+ →π+π+π−

D0 →K−π+

D0 →K−π+π0

D0 →K−π+π+π−

D0 →K−π+π+π−π0

D0 →KS π+π−

D0 →KS π+π−π0

D0 →KS π0

D0 →K−K+

D0 →π+π−

D0 →KSKS

D0 →π0π0

D0 →KS π0π0

D0 →π+π+π0

Glattauer at al. (Belle), 
PRD 93, 032006 (2016)

Hadronic B meson tagging

Analysis performed with hadronic tagging (fully reconstructed Btag ):

! reduce non-B background

! know kinematics of signal B

S. Hirose

Btag reconstructed in
1104 di↵erent
hadronic decay modes

E�ciency: ⇠ 10�3

Performed using neural network

E�ciency correction in MC using reference channel

Saskia Falke (Semi)leptonic B decays with Belle 06.07.17 7 / 28

e+

e−
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|Vcb| from B→ Dlν

B→Dℓν Reconstruction:

After tag side reconstructed, tracks are “removed” and signal side D reconstructed. After D 
reconstructed, e or µ is added to decay and missing mass calculated:

Missing mass spectrum (in bins of w) is fit for signal yield; from signal
yield one calculates ΔΓ/Δw. 

M2
miss =

(
Pbeam − PD − Pℓ

)2

B0→ D+e- ν

1.00 < w <1.06 1.36 < w <1.42 1.54 < w <1.60

711 fb-1 Glattauer at al. (Belle), 
PRD 93, 032006 (2016)
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|Vcb| from B→ Dlν

Using G(1) = 1.0541 ± 0.0083  [MILC, PRD 92, 034506, (2015)]
ηEW = 1.0066 ± 0.0050  [Sirlin, Nucl. Phy. B196, 83 (1982)]
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Results:
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Belle
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MILC
Fit

CLN (2 params, heavy quark symmetry)

MILC data from PRD 92, 034506, (2015)
HPQCD data from PRD 92, 054510, (2015) 

BGL (more params, less constraints) 
3 lattice QCD calculated points are also fitted:

711 fb-1 Glattauer at al. (Belle), 
PRD 93, 032006 (2016)

2ρ
0.9 0.95 1 1.05 1.1 1.15 1.2 1.25 1.3

η
| G

(1
) 

cb
|V
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eν+e
0

D→+B

µν+µ
0

D→+B

eν+e
-D→0B

µν+µ
-D→0B

lνDl→B |Vcb| ηEW = (41.10 ±1.14) x 10−3

|Vcb| ηEW = (40.12 ±1.34) x 10−3

B(B0 →D−ℓ+ν) = (2.35 ± 0.04 ± 0.11)%

B(B+ →D 0ℓ+ν) = (2.67 ± 0.04 ± 0.12)%

B(B →Dℓ+ν) = (2.43 ± 0.03 ± 0.10)%
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|Vcb| from B→ Dlν

⇒

Heavy Flavor Averaging Group (HFLAV)
arXiv: 1612.07233 (to appear in EPJC)

2ρ

0 1 2

]
-3

| [
10

cb
 G

(1
) |

V
EWη

20

30

40

50

HFLAV
Summer 2016ALEPH

CLEO

BELLE
BABAR global fit

BABAR taggedAVERAGE

 = 12χ ∆

/dof = 4.7/ 82χ

]-3|  [10
cb

 G(1) |V
EW
η

10 20 30 40 50
]-3|  [10

cb
 G(1) |V

EW
η

10 20 30 40 50

ALEPH 
 7.33± 10.05 ±36.67 

CLEO 
 3.47± 5.70 ±44.18 

BELLE 
 1.21± 0.60 ±41.94 

BABAR global fit
 2.14± 0.74 ±42.23 

BABAR tagged 
 1.26± 1.71 ±42.60 

Average 
 0.89± 0.45 ±41.57 

HFLAV
Summer 2016
/dof = 4.7/ 8 (CL = 79.30 %)2χ

Using G(1) = 1.0541 ± 0.0083  [MILC, PRD 92, 034506, (2015)]
ηEW = 1.0066 ± 0.0050  [Sirlin, Nucl. Phy. B196, 83 (1982)]

|Vcb| = (39.18 ± 0.94exp ± 0.36th) x 10−3
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|Vcb| from B→ D*lν

⇒

Heavy Flavor Averaging Group (HFLAV)
arXiv: 1612.07233 (to appear in EPJC)

Using ηEW F(1) = 0.912 ± 0.014  [FNAL-MILC, PRD 89, 114504, (2014)]

|Vcb| = (39.05 ± 0.47exp± 0.58th) x 10−3

2ρ

0 0.5 1 1.5 2

]
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) |
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EWη
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Summer 2016

ALEPH

CLEO

OPAL(part. reco.)

OPAL(excl.)

DELPHI
(part. reco.)

DELPHI (excl.)

BELLE
BABAR (excl.)
BABAR (D*0)
BABAR (Global Fit)

AVERAGE

 = 12χ ∆

/dof = 30.2/232χ

]-3|  [10
cb

 F(1) |V
EW
η

25 30 35 40
]-3|  [10

cb
 F(1) |V

EW
η

25 30 35 40

ALEPH
  1.3±  1.8 ±31.0 

CLEO
  1.6±  1.2 ±39.7 

OPAL excl
  1.6±  1.6 ±35.8 

OPAL partial reco
  2.3±  1.2 ±37.0 

DELPHI partial reco
  2.3±  1.4 ±35.2 

DELPHI excl
  2.0±  1.7 ±35.8 

BELLE
  1.0±  0.2 ±34.4 

BABAR excl
  1.0±  0.3 ±33.6 

BABAR D*0
  1.3±  0.6 ±35.0 

BABAR global fit
  1.1±  0.2 ±35.5 

Average
  0.4±  0.1 ±35.6 

HFLAV
Summer 2016

/dof = 30.2/23 (CL = 14.40 %)2χ
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Inclusive |Vcb|
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|Vcb| from inclusive B→ Xc lν HFLAV arXiv: 1612.07233 
(to appear in EPJC)

Kinetic scheme: Gambino, JHEP 09, 055, (2011);  Alberti, Gambino, Healey, and Nandi, 
PRL 114, 061802, (2015)

1S scheme: Bauer, Ligeti, Luke, Manohar, and Trott, PRD 70, 094017, (2004); Belle, PRD 
78, 032016, (2008)

Use OPE to describe b→ c transitions. Two renormalization schemes used to describe non-perturbative
parameters: “kinetic scheme” and “1S” scheme. Observables fit are recoil mass moments ‹MX

n› (n=2,4,6) 
and charged lepton moments ‹El 

n› (n=0,1,2,3). Moments are calculated + fit for different El 
min values:
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Summer 2016
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3
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Global
fit:

|Vcb|  = (42.19 ± 0.78) x 10−3

|Vcb|  = (41.98 ± 0.45) x 10−3
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Exclusive |Vub|
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|Vub| via exclusive B→ π lν

]2  [GeV2q
0 5 10 15 20 25

]
-2

 G
eV

6
 [1

0
2

)/d
q

lν +  l- π 
→0

(B
Bd

0

2

4

6

8

10

12  Belle untagged , Phys. Rev. D83, 071101 (2011) 0 B   
 Belle had. tag, Phys. Rev. D88, 032005 (2013) 0 B   
 Belle had. Tag, Phys. Rev. D88, 032005 (2013) + B   

 BaBar untagged, Phys. Rev. D86, 092004 (2012) +& B0 B   
 BaBar untagged, Phys. Rev. D83, 032007 (2011) +& B0 B   

Input Measurements: 

      Likelihood fit average

HFLAV
Summer 2016

(1) five B(+0)→π(0+) lν analyses: hadronic tagged, 
untagged. Fit for averaged q2 spectrum

]2 [GeV2q
0 5 10 15 20 25

]
-2

 G
eV

6
 [1

0
2

)/d
q

lν +  l- π 
→0

(B
Bd

0

2

4

6

8

10 Average Belle + BaBar
LCSR (Bharucha)
 BCL fit (3 + 1 parameter)    
 Data & LQCD (FLAG) & LCSR    

-3 0.12 (theo) ] x 10± 0.09 (exp) ±|= [ 3.67 
ub

 |V   

 Fit prob.:   47%   

HFLAV
Summer 2016

(2) Use BCL parametrization of form factor, fit
averaged q2 spectrum for BCL parameters and |Vub|
[Bourrely, Caprini, Lellouch, PRD 79, 013008 (2009)]

χ2 =
(
B⃗ − ∆Γ⃗ τ

)T
C−1

(
B⃗ − ∆Γ⃗ τ

)
+ χ2

LQCD + χ2
LCSR

χ2
LQCD =

(
b⃗ − b⃗LQCD

)T
C−1

LQCD

(
b⃗ − b⃗LQCD

)

χ2
LCSR =

(
fLCSR

+ − f+(q2 = 0; b⃗)
)2

/σ2
fLCSR
+

Lattice: Aoki et al., (FLAG), EPJC 77, 112, (2017)
LCSR: Bharucha, JHEP 05, 092, (2012) 

HFLAV arXiv: 1612.07233 
(to appear in EPJC)

|Vub| = (3.67 ± 0.09exp± 0.12th) x 10−3
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Inclusive |Vub|
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|Vub| via inclusive B→ Xu lν

To reduce large backgrounds from B→ Xclν , one must make cuts that severely restrict the acceptance. 
To extrapolate partial rates for measured regions into unmeasured regions requires “shape functions” 
calculated from theory. Five theory models are used.

BLNP: Bosch, Lange, Neubert, Paz, Nucl. Phys. B699, 335, (2004) 
DGE: Andersen, Gardi, JHEP 0601:097 (2006)
GGOU: Gambino, Giordano, Ossola, Uraltsev, JHEP 0710:058 (2007)
ADFR: Aglietti, Di Lodovico, Ferrera , Ricciardi, EPJC 59, 831 (2009)
BLL: Bauer, Ligeti Luke, PRD 64:113004 (2001)

HFLAV arXiv: 1612.07233 
(to appear in EPJC)

]-3 10×|  [
ub

|V
2 4 6

) eCLEO (E
 0.49 + 0.29 - 0.34±4.22 

) 2, q
X

BELLE sim. ann. (m
 0.47 + 0.27 - 0.29±4.51 

) eBELLE (E
 0.46 + 0.26 - 0.29±4.93 

) eBABAR (E
 0.26 + 0.26 - 0.30±4.52 

) max
h, seBABAR (E

 0.32 + 0.33 - 0.38±4.71 
BELLE multivariate (p*) 

 0.27 + 0.20 - 0.22±4.50 
<1.55) XBABAR (m

 0.25± 0.19 ±4.24 
<1.7) XBABAR (m

 0.22± 0.22 ±4.03 
>8) 2<1.7, qXBABAR (m

 0.23 + 0.26 - 0.28±4.32 
<0.66) +BABAR (P
 0.25± 0.25 ±4.09 

BABAR (p*>1GeV) 
 0.24 + 0.19 - 0.21±4.33 

BABAR (p*>1.3GeV) 
 0.27 + 0.20 - 0.21±4.34 

Average +/- exp + th. - th.
 0.15 + 0.21 - 0.22±4.44 

HFLAV
Summer2016

Bosch, Lange, Neubert and Paz (BLNP)
Phys.Rev.D72:073006,2005

/dof = 10.5/11 (CL = 48.80 %)2χ

]-3 10×|  [
ub

|V
2 4 6

) eCLEO (E
 0.17± 0.40 ±3.42 

) 2, q
X

BELLE sim. ann. (m
 0.41 + 0.18 - 0.17±3.93 

) eBELLE (E
 0.20± 0.42 ±4.48 
) eBABAR (E

 0.20± 0.22 ±3.93 
) max

h, seBABAR (E
 0.19 + 0.19 - 0.18±3.81 

BELLE multivariate (p*)  
 0.20± 0.30 ±4.50 

<1.55) XBABAR (m
 0.18 + 0.20 - 0.19±3.83 

<1.7) XBABAR (m
 0.18± 0.21 ±3.75 

>8) 2<1.7,qXBABAR (m
 0.17± 0.20 ±3.75 
<0.66) +BABAR (P

 0.22 + 0.19 - 0.18±3.57 
) fit, p*>1) 2-q

X
BABAR ((m

 0.19± 0.24 ±4.33 
BABAR (p*>1.3) 

 0.19± 0.27 ±4.28 
Average +/- exp + theory - theory

 0.13 + 0.18 - 0.12±4.08 

HFLAV
Summer2016

U.Aglietti, F.Di Lodovico, G.Ferrera , G.Ricciardi (ADFR)
Eur.Phys.J.C59:831,2009 and references therein

/dof = 28.4/11 (CL = 0.30 %)2χ

BLNP ADFR
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|Vub| via B→ Xu lν: final BaBar result
Lees et al., PRD 95, 072001 (2017)425 fb-1

χ2c ¼
X

pi>0.8 GeV=c

ðfð~a; piÞ − rLniÞ2

r2Lni

þ
X

pj>2.8 GeV=c

ðfð~a; pjÞ − NjÞ2

Nj
þ ðrL − rð0ÞL Þ2

σ2rL
: ð8Þ

Here ni and Nj refer to the number of selected events in
the off- and on-resonance samples for momentum bins i
and j, respectively, ~a represents the set of free parameters of
the fit, and σrL is the uncertainty on rð0ÞL . To fit the
momentum spectrum, we have chosen an exponential
expression of the form,

fð~a; pÞ ¼ a0ðexpða1pþ a2p2 þ a3p3Þ
þ expða4pþ a5p2ÞÞ: ð9Þ

We perform three different fits and they all describe the
data well, see Table II. The results of the fit to both on- and
off-resonance data are shown in Fig. 7. In the fit to the full
on-resonance data spectrum, the constraint on the ratio
rL=r

ð0Þ
L ¼ 1.0000% 0.0007 is applied.

In Fig. 8(a) the data and the result of this fit to the non-
BB̄ background are compared to the full spectrum of the
highest momentum electron in selected events observed in
the on-resonance data sample. By subtracting the fitted
non-BB̄ background we obtain the inclusive electron
spectrum from ϒð4SÞ decays, shown in Fig. 8(b). Above

2.3 GeV=c, an excess of events corresponding to the
expected signal B → Xueν decays is observed above the
BB̄ background.

2. BB̄ Background and fit to the electron spectrum

The BB̄ background spectrum is composed of several
contributions, dominated by primary electrons from
various semileptonic B decays, and secondary electrons
from decays of D, Ds, and J=ψ mesons or photon

Electron Momentum (GeV/c)
0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8

E
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nc
y

0.4

0.45

0.5

0.55

0.6

FIG. 6. Selection efficiency for BB̄ events with a B → Xueν
decay as a function of the MC-generated electron momentum.
The error bars represent the statistical uncertainties only.

TABLE II. Results of the fit to the non-BB̄ background.

Data χ2=Nd:o:f: rL=r
ð0Þ
L

Off-resonance only 65.0=48
Off- and on-resonance 70.6=61 1.007% 0.004
Off- and on-resonance
with rL=r

ð0Þ
L constrained

73.0=62 1.0002% 0.0007
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FIG. 7. The combined fit to off-resonance data in the momentum
interval of 0.8 to 3.5 GeV=c and to on-resonance data in the
momentum interval of 2.8 to 3.5 GeV=c, with the constraint on
rL=r

ð0Þ
L ; (a) comparison of off-resonance data (solid squares), on-

resonance data (open circles) and fitted function; (b) ðData FitÞ=σ:
off-resonance data (solid histogram), on-resonance data (dotted
histogram)
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FIG. 8. Electron momentum spectra in the ϒð4SÞ rest frame:
(a) on-resonance data (solid squares), scaled off-resonance
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The MC-generated electron momentum distributions for
B → Xueν decays are shown in Fig. 1 for individual decay
modes and for their sum. Here and throughout the paper,
the electron momentum and all other kinematic variables
are measured in the ϒð4SÞ rest frame, unless stated
otherwise. Above 2 GeV=c, the significant signal contri-
butions are from decays involving the light mesons π, ρ, ω,
η, and η0, in addition to some lower mass nonresonant
states Xnr

u .
The simulation of the dominant B → Xceν decays is

based on a variety of theoretical prescriptions. For B →
Deν and B → D#eν decays we use form factor para-
metrizations [22–24], based on heavy quark effective
theory. Decays to pseudoscalar mesons are described in
terms of one form factor, with a single parameter ρ2D. The
differential decay rate for B → D#eν is described by three
amplitudes, with decay rates depending on three parame-
ters: ρ2D# , R1, and R2. These parameters have been measured
by many experiments; we use the average values presented
in Table I.
For the simulation of decays to higher-mass L ¼ 1

resonances, D##, i.e., two wide states D#
0ð2400Þ,

D0
1ð2430Þ, and two narrow states D1ð2420Þ, D#

2ð2460Þ,
we have adopted the parametrizations by Leibovich et al.
[25] and the HFAG averages [3] for the BFs. For decays to
nonresonant charm states B → Dð#Þπeν, we rely on the
prescription by Goity and Roberts [26] and the BABAR and
Belle measurements of the BFs [3]. The simulations of
these decays include the full angular dependence of
the rate.
The shapes of the MC-generated electron spectra for

individual B → Xceν decays are shown in Fig. 2. Above

2 GeV=c the dominant contributions are from semileptonic
decays involving the lower-mass charm mesons,D and D#.
Higher-mass and nonresonant charm states are expected to
contribute at lower electron momenta. The relative con-
tributions of the individual B → Xceν decay modes have
been adjusted to the results of the fit to the observed
spectrum (see Sec. VI B 2).
The difference between the measured exclusive decays

B → ðDð#Þ; D##; Dð#ÞπÞlν and the inclusive rate for semi-
leptonic B decays to charm final states is ð1.40% 0.28Þ%
[27]. The decay rate for B̄ → Dð#Þπþπ−l−ν̄ was measured
by BABAR [28]. Based on these results it was estimated that
B̄ → Dð#Þππl−ν̄ decays account for up to half the differ-
ence between measured inclusive and the sum of previously
measured exclusive branching fractions. Beyond these
observed decays, there are missing decay modes, such as
B → D0ð2550Þeν and B → D0#ð2600Þeν. Candidates for
the 2S radial excitations were first observed by BABAR [29]
and recently confirmed by LHCb [30]. We have adopted the
masses and widths (130%18MeV=c2 and 93%14MeV=c2)
measured by BABAR [29], and have simulated these decays
using the form factor predictions [27]. Both D## and D0ð#Þ

may contribute by their decays toDð#Þππ to B̄→Dð#Þππl−ν̄
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FIG. 1. MC-generated electron momentum spectra in the
ϒð4SÞ rest frame for charmless semileptonic B decays. The full
spectrum (solid line) is normalized to 1.0. The largest contribu-
tion is from decays involving higher-mass resonances and
nonresonant states (Xnr

u ) (dash-three-dotted). The exclusive de-
cays (scaled by a factor of 5) are B → πeν (dash-dotted), B →
ρeν (dashed), B → ωeν (dotted), B → ηeν (long-dashed), B →
η0eν (long-dash-dotted).
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FIG. 2. MC-generated electron momentum spectra for semi-
leptonic decays to charm mesons, B → Xceν with the total rate
(solid line) normalized to 1.0. The individual components are:
B → Deν (dash-dotted), B → D#eν (dashed), B → D##eνþ
B → Dð#Þπeν (dotted). The highly suppressed B → Xueν signal
spectrum (long dashed) is shown for comparison.

TABLE I. Average measured values [3] of the form factor
parameters for B → Deν and B → D#eν decays, as defined by
Caprini, Lellouch, and Neubert [23].

B → Deν B → D#eν

ρ2D 1.185% 0.054
ρ2D# 1.207% 0.026
R1 1.406% 0.033
R2 0.853% 0.020

MEASUREMENT OF THE INCLUSIVE ELECTRON … PHYSICAL REVIEW D 95, 072001 (2017)

072001-5

The MC-generated electron momentum distributions for
B → Xueν decays are shown in Fig. 1 for individual decay
modes and for their sum. Here and throughout the paper,
the electron momentum and all other kinematic variables
are measured in the ϒð4SÞ rest frame, unless stated
otherwise. Above 2 GeV=c, the significant signal contri-
butions are from decays involving the light mesons π, ρ, ω,
η, and η0, in addition to some lower mass nonresonant
states Xnr
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The simulation of the dominant B → Xceν decays is

based on a variety of theoretical prescriptions. For B →
Deν and B → D#eν decays we use form factor para-
metrizations [22–24], based on heavy quark effective
theory. Decays to pseudoscalar mesons are described in
terms of one form factor, with a single parameter ρ2D. The
differential decay rate for B → D#eν is described by three
amplitudes, with decay rates depending on three parame-
ters: ρ2D# , R1, and R2. These parameters have been measured
by many experiments; we use the average values presented
in Table I.
For the simulation of decays to higher-mass L ¼ 1

resonances, D##, i.e., two wide states D#
0ð2400Þ,

D0
1ð2430Þ, and two narrow states D1ð2420Þ, D#

2ð2460Þ,
we have adopted the parametrizations by Leibovich et al.
[25] and the HFAG averages [3] for the BFs. For decays to
nonresonant charm states B → Dð#Þπeν, we rely on the
prescription by Goity and Roberts [26] and the BABAR and
Belle measurements of the BFs [3]. The simulations of
these decays include the full angular dependence of
the rate.
The shapes of the MC-generated electron spectra for

individual B → Xceν decays are shown in Fig. 2. Above

2 GeV=c the dominant contributions are from semileptonic
decays involving the lower-mass charm mesons,D and D#.
Higher-mass and nonresonant charm states are expected to
contribute at lower electron momenta. The relative con-
tributions of the individual B → Xceν decay modes have
been adjusted to the results of the fit to the observed
spectrum (see Sec. VI B 2).
The difference between the measured exclusive decays

B → ðDð#Þ; D##; Dð#ÞπÞlν and the inclusive rate for semi-
leptonic B decays to charm final states is ð1.40% 0.28Þ%
[27]. The decay rate for B̄ → Dð#Þπþπ−l−ν̄ was measured
by BABAR [28]. Based on these results it was estimated that
B̄ → Dð#Þππl−ν̄ decays account for up to half the differ-
ence between measured inclusive and the sum of previously
measured exclusive branching fractions. Beyond these
observed decays, there are missing decay modes, such as
B → D0ð2550Þeν and B → D0#ð2600Þeν. Candidates for
the 2S radial excitations were first observed by BABAR [29]
and recently confirmed by LHCb [30]. We have adopted the
masses and widths (130%18MeV=c2 and 93%14MeV=c2)
measured by BABAR [29], and have simulated these decays
using the form factor predictions [27]. Both D## and D0ð#Þ

may contribute by their decays toDð#Þππ to B̄→Dð#Þππl−ν̄
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TABLE I. Average measured values [3] of the form factor
parameters for B → Deν and B → D#eν decays, as defined by
Caprini, Lellouch, and Neubert [23].

B → Deν B → D#eν

ρ2D 1.185% 0.054
ρ2D# 1.207% 0.026
R1 1.406% 0.033
R2 0.853% 0.020
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B→ Xu
NR eν

B→ π eν
B→ ρ eν
B→ ω eν
B→ η eν
B→ η’eν

B→ D*eν
B→ D eν
B→ D**eν +

D(*)πeν 

B→ Xu eν

x 5

• measure branching fraction for inclusive B→ Xu e+ ν , from 
this extract |Vub|

• spectrum is well-dominated by B→ Xc e+ ν, except near 
endpoint region 2.3-2.6 GeV/c. Thus measurement relies 
on good understanding of shapes of all signal and 
background contributions. Input shape of B→ Xu e+ ν
spectrum is taken from 4 QCD theory calculations:

• Analysis uses NN to reduce continuum background, but 
then must subtract remaining continuum background 
using off-resonance data) to see BB spectrum

• Binned fit is performed over range 0.8-3.5 GeV/c, floated 
parameters are B→ D(*)(*) e+ ν background normalizations 
and B→ Xu e+ ν signal. Events in region 2.1-2.7 GeV/c are 
combined into one bin.

§ De Fazio, Neubert, JHEP 06 (1999) 017
§ Bosch, Lange, Neubert, Paz, Nucl. Phys. B699, 335 (2004)

Bosch, Neubert, Paz, JHEP 11 (2004) 073;
§ Gambino, Biordano, Ossola, Uraltsev, JHEP 10 (2007) 058

Gambino, JHEP 09 (2011) 055;
§ Andersen, Gardi, JHEP 01 (2006) 097, JHEP 01 (2007) 029 

Gardi, arXiv:0806.4524
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|Vub| via B→ Xu lν: final BaBar result
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misidentification of pions, kaons, protons and antiprotons,
studied with large data control samples. VPID

ij only includes
the uncertainty for the shape of the momentum distribution
due to particle identification (PID) uncertainties. The
uncertainty of the relative normalization due to PID
uncertainties is about 0.5% and is taken as a systematic
uncertainty. The last two terms of Eq. (10) refer to
quantities that are well known.
In the fit, Deν and D!!eν contributions are highly

correlated. The BF for B → Deν is constrained to
0.022" 0.001 [2]. The luminosity ratio is constrained to
the value rð0ÞL ¼ 9.560" 0.007 [15,16].
The fit is performed in the momentum range from 0.8 to

3.5 GeV=c, in bins of 50 MeV=c. At lower momenta, the
data determine the relative normalization of the various
background contributions, allowing for an extrapolation of
these backgrounds into the endpoint region. This fitting
procedure was chosen in recognition of the fact that the
current BFs for the individual B → Xclν decays are not
sufficiently well measured to perform an adequate back-
ground subtraction. The shape of the signal spectrum is fixed
in the fit to one of the theoretical predictions, its normali-
zation is a free parameter. In a given momentum interval, the
excess of events above the sum of the fitted backgrounds is
taken as the number of signal events.
To reduce a potential systematic bias from the theoreti-

cally predicted shape of the signal spectrum in a region
where these calculations are less reliable, events in the
interval from 2.1 to 2.7 GeV=c are combined into a single
bin. The lower limit of this bin is chosen so as to retain
sensitivity to the steeply falling BB̄ background distribu-
tions, while containing a large fraction of the signal events
in a region where the background is low. The upper limit at
2.7 GeV=c is chosen to limit the non-BB̄ background at

higher momenta where the signal contributions become
very small compared to the non-BB̄ background.
The fits are performed separately for the different

theoretical predictions of the signal spectrum, introduced
in Sec. V. The results of these fits are shown in Table III,
and for the fit with the GGOU signal spectrum, the
correlation matrix is presented in Table IV. The differences
of the correlation matrices for the fit with DN, BLNP,
GGOU and DGE signal spectra are small. The difference in
the fit results for the B → Xueν BF is primarily due to the
difference between the various predictions for the fraction
of the signal spectrum in the high-momentum range. The
fitted BFs for the dominant B → Xceν decays agree
reasonably well with expectations [2].
Since the ability of the fit to distinguish between

individual D!!eν decay modes is limited, the sum of the
four measured decay modes (D!

0eν, D
0
1eν, D1eν, D!

2eν) is
treated as single contribution in the fit, with the relative BFs
for the individual components fixed. Similarly, the con-
tributions from B → D0eν and B → D0!eν are added, and
the sum is treated as single contribution, with the relative
BFs for the two components fixed.

VII. SYSTEMATIC UNCERTAINTIES

The principal sources of systematic uncertainties in
the measurement of the lepton spectrum from B → Xueν
decays are the following:

(i) the signal selection,
(ii) the simulation of the signal electron spectrum,
(iii) the subtraction of the non-BB̄ background,
(iv) the subtraction of the BB̄ background.
To estimate the systematic uncertainties on the signal

electron spectrum and BFs, we compare the result obtained
from the nominal fit with results obtained after changes to

TABLE III. Results of the fit to the electron spectrum, with the non-BB̄ background subtracted and with all entries in the interval from
2.1 to 2.7 GeV=c in a single bin, for four different theoretical predictions of the Xueν spectrum. Fitted BFs(%), averaged over charged
and neutral B mesons, for the signal Xueν, the background Deν (constrained), D!eν, Dð!Þπeν, D!!eν, D0ð2.55ÞeνþD0!ð2.60Þeν, and
scale factors relative to reweighted MC inputs for secondary D → e, and the luminosity ratio rL (constrained) are presented. The
contributions to the χ2 from the on-resonance and the off-resonance data and constraints, and the ratio of the total χ2 per degree of
freedom are listed at the bottom.

BLNPμi¼2.0 GeV GGOU
DN mc constraint mc constraint DGE

Xueν 0.149" 0.005 0.240" 0.008 0.166" 0.006 0.153" 0.005
Deν 2.233" 0.090 2.197" 0.088 2.226" 0.089 2.230" 0.089
D!eν 5.612" 0.049 5.424" 0.049 5.579" 0.048 5.611" 0.048
Dð!Þπeν <0.052 <0.025 <0.050 <0.075
D!!eν 2.285" 0.071 2.540" 0.075 2.331" 0.070 2.287" 0.070
D0ð!Þeν 0.046" 0.011 0.023" 0.011 0.041" 0.011 0.045" 0.011
D → e 0.982" 0.005 0.968" 0.005 0.980" 0.005 0.982" 0.005
rL=r

ð0Þ
L

1.0002" 0.0007 1.0002" 0.0007 1.0002" 0.0007 1.0002" 0.0007

χ2ON þ χ2OFF þ χ2constraints 27.4þ 69.7þ 0.1 31.9þ 70.9þ 0.2 27.8þ 69.9þ 0.1 26.8þ 69.7þ 0.1
χ2=Nd:o:f: 97.2=85 102.9=85 97.8=85 96.6=85
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Fit results:

jVubj and the total uncertainties are shown in Fig. 18. The
measurements based on DN, DGE, and GGOU agree well
within their uncertainties, while the BLNP calculations
result in significantly higher values for both the total BF
and jVubj. The differences of measured jVubj values and the
world averages [3] are 0.3σ (BLNP), 1.9σ (GGOU),
2.5σ (DGE).

These results are in very good agreement with the earlier
BABAR measurements [8] of the inclusive lepton spectrum
at the ϒð4SÞ resonance, which showed similar differences
between results based on the DN and BLNP predictions.
As in earlier measurements based on the lepton momen-

tum spectrum, the uncertainties on the B → Xueν lepton
spectrum and the extraction of jVubj are dominated by the
current knowledge of the shapes of signal and background
spectra, in particular in the theoretical predictions of the
spectrum, both in terms of perturbative and nonperturbative
corrections to the predicted rate.
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calculations and SF parametrizations (Table VI). For BLNP and
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“shape-function” schemewith μi¼1.5GeV (BLNP2 and BLNP4).
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result in significantly higher values for both the total BF
and jVubj. The differences of measured jVubj values and the
world averages [3] are 0.3σ (BLNP), 1.9σ (GGOU),
2.5σ (DGE).

These results are in very good agreement with the earlier
BABAR measurements [8] of the inclusive lepton spectrum
at the ϒð4SÞ resonance, which showed similar differences
between results based on the DN and BLNP predictions.
As in earlier measurements based on the lepton momen-

tum spectrum, the uncertainties on the B → Xueν lepton
spectrum and the extraction of jVubj are dominated by the
current knowledge of the shapes of signal and background
spectra, in particular in the theoretical predictions of the
spectrum, both in terms of perturbative and nonperturbative
corrections to the predicted rate.
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FIG. 18. Results for (a) BðB → XueνÞ, and (b) jVubj based on
the momentum range pe ¼ 0.8–2.7 GeV=c for different QCD
calculations and SF parametrizations (Table VI). For BLNP and
GGOU: solid squares—Xclν moment fits with mc constraint
(BLNP1 and GGOU1), solid triangles—Xclν and Xsγ moment
fits (BLNP3 and GGOU2), open squares or triangles—the same
constraints for translation of SF parameters from “kinetic” to
“shape-function” schemewith μi¼1.5GeV (BLNP2 and BLNP4).
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Framework Vub [10−3]

BLNP 4.44 ± 0.15+0.21
−0.22

DGE 4.52 ± 0.16+0.15
−0.16

GGOU 4.52 ± 0.15+0.11
−0.14

ADFR 4.08 ± 0.13+0.18
−0.12

BLL

(mX/q2 only)
4.62 ± 0.20 ± 0.29

HFLAV WA:  (arXiv: 1612.07233)
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Puzzle: Inclusive vs. Exclusive |Vcb |, |Vub |

Exclusive (%) Inclusive (%) Diffference
|Vcb| 3.905 ± 0.047 ± 0.058 (D*lν)

3.918 ± 0.094 ± 0.031 (Dlν)
4.219 ± 0.078 (“kinetic scheme”)
4.198 ± 0.045 (“1S scheme”)

(2.4 – 3.4) σ

|Vub| 0.368 ± 0.010 ± 0.012 (πlν) 0.452 ± 0.015 ± 0.014 (Xulν) 3.3 σ

Latest lattice results:
Bailey (MILC), PRD 89, 114504 (2014)
Bailey (FNAL/MILC), PRD 92, 034506 (2015)
Aoki (FLAG), EPJC 77, 112 (2017) 
Detmold et.al., PRD 92, 034503 (2015)

]-3| [10cb|V
34 36 38 40 42 44

]
-3

| [
10

ub
|V

2.5

3

3.5

4

4.5

5 ν D* l →B 
ν D l →B 
ν l π →B 
ν µ p → bΛ

Average 68% C.L.
=12χ∆Average 

) = 7.4%2χP(

Inclusive
|: GGOUub |V
|: global fit in KScb |V

HFLAVSummer 2016

HFLAV
Summer 2016
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Other measurements of |Vub|
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LHCb: |Vub| from Λb→ pl-ν decays

3. Selection 7/17

The corrected mass

Fit the corrected mass:

Mcorr =
�
p2� +M2

pµ + p�

Determine its uncertainty.

Reject candidates if:
⌅Mcorr > 100MeV/c2

�b
PV SV

pµ

p

µ

⇤

p�

p�

Compare simulated signal and
background shapes for low and
high ⌅Mcorr

Truncation at m�b due to q2

cut.

All curves normalised to unit
area. ]2Corrected mass [MeV/c

3000 4000 5000
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

mcorrσ low νµp

mcorrσ high νµp

mcorrσ low νµc
+Λ

mcorrσ high νµc
+Λ

LHCb simulation

Moriond Electroweak 2015 William Sutcli↵e Vub from �b � pµ�⇤µ

Mcorr =
√

p2
⊥ + M2

pµ + p⊥

B(Λb →pµ−ν̄)q2>15 GeV2

B(Λb →Λcµ
−ν̄)q2>7 GeV2

=
Npµ− ν̄

NΛcµ− ν̄

⎛

⎝
εΛcµ− ν̄

εpµ− ν̄

⎞

⎠ =
|Vub|2

|Vcb|2
Rlattice

(1.00 ± 0.04 ± 0.08) × 10−2 =
|Vub|2

|Vcb|2
(1.470 ± 0.115 ± 0.104)

|Vub| = (3.27 ± 0.15exp ± 0.17theory ± 0.06Vcb
) × 10−3

Aaij (LHCb), 
Nature Phys. 11, 743, (2015)

Λb→ pl-ν Λb→ Λc l-ν
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LHCb: |Vub| from Λb→ pl-ν decays

⇒

⇒
8. Implications 16/17

Can new physics explain the puzzle?

Le� = �4GF⇥
2
V L
ub(ū�µPLb + ⇥R ū�µPRb)(⇤̄�µPLl) + h.c .

Rε

3
 1

0
×

|  
L ub

|V

0.4− 0.2− 0 0.2 0.42

3

4

5

6

7

8
 (HFAG)uX

 (HFAG)π
 (HFAG)τ

 (LHCb)bΛ
combined

Bernlochner, Karbach
Preliminary

contours hold 68% CL

Bernlochner et al.
[arXiv:1408.2516]

Also see Crivellin
[arXiv:0907.2461]

⌅2/ndof = 16.4/2, p-value = 3⇥ 10�4

No longer possible to get a good global fit.
Moriond Electroweak 2015 William Sutcli↵e Vub from �b � pµ�⇤µ

Detmold, Lehner, Meinel, 
PRD 92, 034503, (2015)

B(Λb →pµ−ν̄)q2>15 GeV2

B(Λb →Λcµ
−ν̄)q2>7 GeV2

=
Npµ− ν̄

NΛcµ− ν̄

⎛

⎝
εΛcµ− ν̄

εpµ− ν̄

⎞

⎠ =
|Vub|2

|Vcb|2
Rlattice

(0.95 ± 0.04 ± 0.07) × 10−2 =
|Vub|2

|Vcb|2
(1.471 ± 0.095 ± 0.109)

|Vub|
|Vcb|

= 0.080 ± 0.004exp ± 0.004form factors

Aaij (LHCb), 
Nature Phys. 11, 743, (2015)

Can constrain right-handed 
currents (NP): 
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|Vub| via B+ → τ +ν

PRD 92, 051102 (2015):

§ B+→ D(*)0l +ν, D*0 →D0γ, D0π0 ; D0→Kπ, Kππ0, Kπππ...
§ τ−→ µ−νν, e−νν, π−ν, ρν (1 charged track)
§ large backgrounds from b→ c (BB) and continuum
§ signal is obtained by fitting the ECL (electromagnetic 

calorimeter energy) distribution: peak new zero 
indicates τ→ lνν, πν decay.

§ ECL simulation is validated with identically tagged
B+→ D(*)0l +ν control sample

222 ± 50
(all chan.)
3.8σ

Hara et al., PRD 82, 071101 (2010) 605 fb-1 semi.tag
Hara et al., PRL 110, 131801 (2013)  711 fb-1 had.tag
Kronenbitter et al., PRD 92, 051102 (2015) 711 fb-1 semi.tag

Aubert et al., PRD 81, 051101 (2010) 418 fb-1 D0l tag 
Lees et al., PRD 88, 031102 (2013) 426 fb-1 hadr.tag

Excess calorimeter energy (GeV)

µνν

eνν
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|Vub| via B+ → τ +ν

Kronenbitter et al., PRD 92, 051102 (2015):

3
φ

2
φ

2
φ

dm∆

Kε

Kεsm∆ & dm∆

SLubV

1
φsin 2

(excl. at CL > 0.95)
 < 0

1
φsol. w/ cos 2

ν τubV
2

φ

1
φ

3
φ

ρ
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

η
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0.1

0.2

0.3

0.4
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0.7
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ud
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 a
re

a 
ha

s 
C

L 
> 

0.
95

Summer 14

CKM
f i t t e r

B(B+→ τ+ν ) = (1.25 ± 0.28 ± 0.27) x 10-4

World average:
B(B+→ τ+ν ) = (1.06 ± 0.19) x 10-4 

⇒ using fB = (190.5 ± 4.2) MeV  (PDG14)

There is tension coming from |Vtd| measured in 
B0-B0 mixing, φ1 (β) and φ2 (α):

∣∣∣Vub

∣∣∣ =(4.28 +0.39
−0.43) × 10−3

βsin 2
0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90

)ντ 
→

B
R

(B
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-310×
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ICHEP 16
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f i t t e r
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Constraint on Type II charged Higgs: B+→ τ+ν

2-Higgs doublet model:

Taking fB = (190.5 ± 4.2) MeV  and |Vub| = (4.13 ± 0.49) x 10-3  (PDG14) gives 
BSM = (1.09 +0.27 

–0.24) x 10-4  

⇒ WA B = (1.06 ± 0.19) x 10-4  gives a constraint in the tanβ-mH plane:

H-

current measured value of 
B(b→ sγ) excludes mH<400 
GeV/c2 for all tanβ. 

Theory: Hermann, Misiak,& 
Steinhauser, JHEP 1211 
(2012) 036; Misiak et al., 
PRL 98, 022002 (2007)

allowed

ATLAS

B(B+ →τ+ν) = BSM ·
(

1 − m2
B

tan2 β

m2
H

)2

Compare to direct search at LHC 
(Jochen Meyer, PIC 2017):

Resonant Decay Into ⌧ Lepton And Neutrino

interpretation as limits on mH± in
hMSSM and MSSM mmod+

h

significant improvement with respect
to only 2015 data

parameter space for low mass charge
Higgs boson very restricted

 [GeV]+Hm
200 250 300 350 400 450 500 550 600

β
ta

n
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15
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35

40

45
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55

60

Observed exclusion

Expected exclusion
σ 1±

σ 2±

2015 result

Observed

Expected

ATLAS Preliminary
-1= 13 TeV, 14.7 fbs

; hMSSM scenarioντ → 
+

H

 (GeV)+Hm
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Observed
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σ 2±Expected median 

3 GeV± 125≠ MSSM
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 (13 TeV)-112.9 fbCMSPreliminary

τν
+τ → +b, H+ H→t 

+jets final statehτ

mod+
hmMSSM 
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Observed
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σ 1±Expected median 
σ 2±Expected median 

3 GeV± 125≠ MSSM
hm

 (13 TeV)-112.9 fbCMSPreliminary

τν
+τ → +, H+(b)Ht →pp 

+jets final statehτ

mod+
hmMSSM 

Jochen Meyer Search for additional Higgs bosons : Searches For Singly-Charged Higgs 28 / 33
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R(D) and R(D*)
(tests of lepton universality)
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B→ D(*)τν

Uncertainties from form factors and Vcb drop out  ⇒ ratios test lepton universality. 
Measured values of have traditionally been above SM prediction:

H-
B→ D(*)τν can also receive contribution from a 
charged Higgs, changing the rate, q2 distribution, etc.

Define ratios: 

RD∗ ≡
B(B →D∗τν)

B(B →D∗ℓν)
RD ≡

B(B →Dτν)

B(B →Dℓν)

R(D)
0.2 0.4 0.6

BaBar had. tag
 0.042± 0.058 ±0.440 

Belle had. tag

 0.026± 0.064 ±0.375 

Average 

 0.024± 0.039 ±0.407 

FNAL/MILC (2015) 

 0.011±0.299 

HPQCD (2015) 

 0.008±0.300 

HFLAV
FPCP 2017

/dof = 0.4/ 1 (CL = 52.00 %)2χ

R(D*)
0.2 0.3 0.4

BaBar had. tag
 0.018± 0.024 ±0.332 

Belle had. tag
 0.015± 0.038 ±0.293 

Belle sl.tag
 0.011± 0.030 ±0.302 

Belle (hadronic tau)
 0.027± 0.035 ±0.270 

LHCb
 0.030± 0.027 ±0.336 

LHCb (hadronic tau)
 0.029± 0.019 ±0.285 

Average 
 0.007± 0.013 ±0.304 

S. Fajfer et al. (2012) 
 0.003±0.252 

HFLAV
FPCP 2017

/dof = 0.4/ 1 (CL = 52.00 %)2χ

NEW: FPCP 2017
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B→ D(*)τν: first discrepancy

Lees et al., PRD 88, 072012 (2013); PRL 109, 101802 (2012)

• Fully reconstruct hadronic decay 
on tag side (1680 possible final 
states)

• Reconstruct Dµ or De on signal 
side. 

• Perform 2-d fit to lepton 
momentum spectrum and 
missing mass:

• To control poorly known B→D** 

(ℓ/τ)ν backgrounds that enter 
signal sample via D**→ D(*)π0 

decays, require Dπ0µ, Dπ0e on 
signal side, simultaneously fit 
those samples (8 samples 
simultaneously fit)

R(D)
0.2 0.4 0.6

R
(D

*)

0.3

0.4

SM

σ 1
σ 2
σ 3
σ 4
σ 5

RD∗ = 0.332 ± 0.024 ± 0.018

RD = 0.440 ± 0.058 ± 0.042

426 fb-1

M2
miss =

(
Pbeam − PD − Pℓ

)2

Notably higher than SM prediction:

RSM
D∗ = 0.252 ± 0.003

RSM
D = 0.297 ± 0.017

Updated from Fajfer, Kamenik, & Nisandzic, 
PRD 85, 094025 (2012); Kamenik and 
Mescia, PRD 78, 014003 (2008)

0

100

200

0

100

200

0

50

100

0

50

100

0

50

100

0

50

100

0 0.5 1 1.5 20

10

20

30

40

0 0.5 1 1.5 20

10

20

30

40

Ev
en

ts/
(1

00
 M

eV
)

p

0

D0

0

D*0

0

D+

D*+

0

50

100

150

0

50

100

150

0

20

40

60

80

0

20

40

60

80

0

20

40

60

80

0

20

40

60

80

-2 0 2 4 6 80

20

40

60

-2 0 2 4 6 80

20

40

60

)2
Ev

en
ts/

(0
.2

5 
G

eV

m

0

D0

0

D*0

0

D+

D*+
Dtau
Dstau
Dl
Dsl
Dssl
Bkg



A. J. Schwartz Physics in Collision 2017 B Decays with Missing Energy 28

B→ D(*)τν: results confirmed by Belle

§ Use hadronically tagged events (as done for B→Dℓν analysis, 1149 possible states)

§ On signal side consider only τ→ eνν, τ→ µνν, select D(*)µ and D(*) e on signal side

§ calculate missing mass squared:

§ for M2
miss < 0.85 (B→D(*) ℓν dominated), fit M2

miss spectrum directly for B→Dℓν yield

§ for M2
miss > 0.85 (B→D(*)τν dominated), fit a NNspectrum to obtain B→D(*)τν yield, because M2

miss
cannot discriminate between D(*)τν signal and D**ℓν background. NN has 8 inputs, but most 
discrimination power comes from EECL (unassociated energy in calorimeter) and pℓ* (lepton 
momentum in CM frame)

711 fb-1 Huschle, PRD 92, 072014 (2015) RD∗ ≡
B(B →D∗τν)

B(B →D∗ℓν)
RD ≡

B(B →Dτν)

B(B →Dℓν)

M2
miss =

(
Pbeam − PD − Pℓ

)2

RD∗ = 0.293 ± 0.038 ± 0.015

RD = 0.375 ± 0.064 ± 0.026

RSM
D∗ = 0.252 ± 0.003

RSM
D = 0.297 ± 0.017

Also higher than SM:

R(D)
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

R
(D
*)
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SM
BaBar
Belle
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B→ D(*)τν (cont’d) 711 fb-1 Huschle et al. (Belle), 
PRD 92, 072014 (2015)
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B→ D(*)τν (cont’d)

M2
miss 

NN
(M2

miss > 0.85)
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PRD 92, 072014 (2015)
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B→ D(*)τν: constraint on Type II charged Higgs

Lees et al., 
PRD 88, 
072012 
(2013); 
PRL 109, 
101802 
(2012)

Results inconsistent with 2HDM at 3.1σ level

0 0.2 0.4 0.6 0.8 1

R
(D
)

0.2
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0.6

0.8

0 0.2 0.4 0.6 0.8 1

R
(D
)

0.2

0.4
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0.8

t
0 0.2 0.4 0.6 0.8 1

R
(D
*)

0.2

0.3

0.4

t
0 0.2 0.4 0.6 0.8 1

R
(D
*)

0.2

0.3

0.4

favored:
0.44 ±0.02

favored:
0.75 ±0.04

tanβ / mH (GeV-1)

2-Higgs 
doublet 
model:

R2HDM
D(∗) = RSM

D(∗) + A(∗)

(
tan β

mH

)2

+ B(∗)

(
tan β

mH

)4
D∗ D

RSM 0.252 ± 0.003 0.297 ± 0.017

A −0.230 ± 0.029 −3.25 ± 0.32

B 0.643 ± 0.085 16.9 ± 2.0

For a Type II charged Higgs doublet model (2HDM), the kinematic distribution of the τν changes, and thus the 
PDFs used to fit the data changes  → must refit  ⇒ results depend on tanβ/MH .

/GeV)2(c+H
/mβtan

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
)) *(

R
(D
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0.8

0.9

1

R(D)

R(D*)

SM

theor. R(D)
measured R(D)
theor. R(D*)
measured R(D*)

Huschle et al., 
PRD 92, 
072014 
(2015)

R(2HDM)
D∗ = 0.301 ± 0.039 ± 0.015

R(2HDM)
D = 0.329 ± 0.060 ± 0.022

Results consistent with 2HDM
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B→ D(*)τ+ν : two more Belle analyses

711 fb-1 Sato et al., PRD 94, 072007 (2016)

§ Use semileptonically tagged events: Btag→ D*+ℓ-ν

§ On signal side consider only τ→ eνν, τ→ µνν, select D(*)µ and D(*) e on signal side

§ most discrimination power comes from EECL (unassociated energy in calorimeter)

RD∗ = 0.302 ± 0.030 ± 0.011

711 fb-1

§ Use hadronically tagged events (1104 possible states); On signal 
side:  τ−→ π−ν, τ−→ ρ−ν

§ Measure τ polarization via helicity angle: 

 (GeV)ECLE
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Hirose et al., PRL 118, 211801 (2017); arXiv:1709.00129 

Measurement of ⌧ lepton polarisation in B ! D⇤⌧⌫

P⌧ (D
⇤) =

�+(D⇤)� ��(D⇤)

�+(D⇤) + ��(D⇤)

�±(D⇤): B ! D⇤⌧⌫ decay rate for ⌧ helicity = ± 1
2

SM prediction

P⌧ (D⇤) = �0.497± 0.013

Tanaka & Watanabe (Phys. Rev. D 87, 034028, 2013)

⌧ polarisation sensitive to NP

Measurement from two-body hadronic ⌧ decays (hadronic tagging)
d�(D⇤)
d cos#hel

= �(D⇤)
2 [1 + ↵P⌧ (D⇤) cos#hel ]

↵: sensitivity from ⌧ decay mode (↵ ⇠ 0 from

leptonic ⌧ decays)

⌧ ! ⇡⌫⌧ (↵ = 1)

⌧ ! ⇢⌫⌧ (↵ = 0.45)

⌧ rest-frame

Saskia Falke (Semi)leptonic B decays with Belle 06.07.17 18 / 28

RD∗ = 0.270 ± 0.035 +0.028
−0.025

Pτ(D
∗) = −0.38 ± 0.51 +0.21

−0.16

RD∗ = 0.292 ± 0.020 ± 0.012

Pτ ≡
Γ+ − Γ−

Γ+ + Γ−

dΓ

d cos θh

∝ 1 + αPτ cos θh

(             )τ→ πν:  α = 1
τ→ ρν: α = 0.45

SM: -0.497
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B→ D*τ+ν : LHCb results

3.0 fb-1 Aaij et al., PRL 115, 111803 (2015)
Data
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RD∗ = 0.336 ± 0.027 ± 0.030

• select signal via 
D*+→ D0π+, D0→ K−π+, τ−→ µ−ν ,
normalization is B→ D*+µ−ν

• require K−π+π+µ− be isolated from other tracks to reject:
B→ D**[→ D*−π(π) ] µ+ν
B→ D*−Hc [Hc→ µ+ν X ] X
Bs → [Ds1(2536), Ds2(2573)] µ+ν

• reverse isolation cut and use B→ D*+µ−π , D*+µ−ππ,
B→ D*+µ−K control samples to study these backgrounds

• dominant systematic comes from hadrons misidentified 
as muons (use B→ D*+h−control sample to study this)

• define m2
miss = (PB − PD* − Pµ)2 and q2 = (PB−PD*)2, count 

signal via binned ML fit to m2
miss , q2, and E*

µ

• Fit finds 363000 B→ D*+µ−ν ,    16500 B→ D*+τ−ν 
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B→ D*τ+ν : LHCb results
3.0 fb-1 Aaij et al., arXiv:1708.08856 (first presented at FPCP 2017)
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KD∗ = 1.93 ± 0.13 ± 0.17

RD∗ = 0.285 ± 0.019 ± 0.025 ± 0.013

RD∗ = 0.306 ± 0.016 ± 0.022Overall LHCb average:

• select signal via D*+→ D0π+, D0→ K−π+, τ−→ π−π+π−(π0)ν ,
⇒ normalization is B→ D*+π−π+π−

• require π+π+π− vertex be downstream (separated) from D* 
decay vertex to reject B→ D*π+π+π−X . This rejects 
background by ~1000, but εsig = 0.35 

• still have backgrounds from B→ D*+ D(s) [→ π+π+π−X ] X. 
Use BDT to reject these. Take admixture (=shapes) of the 
remaining background from fitting a D(s) → π+π+π−-selected 
control sample

• dominant systematic comes from B→ D*+ D(s) [→ π+π+π−X ] 
X decays and εratio. Also notable systematic from residual 
B→ D*π+π+π−X

• count signal via binned ML fit to tτ , q2, and BDT output.

• Fit finds 17660 B→ D*+π−π+π− ,    1273 B→ D*+τ−ν 

low 
BDT

high 
BDT

KD∗ =
B(B0 →D∗+τ−[→π+π−π−ν]ν̄)

B(B0 →D∗+π+π−π−)

= RD∗ ×
B(B0 →D∗+π+π−π−)

B(B0 →D∗+µ−ν̄)
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B→ D(*)τ+ν

R(D)
0.2 0.3 0.4 0.5 0.6

R
(D

*)

0.2

0.25

0.3

0.35

0.4

0.45

0.5 BaBar, PRL109,101802(2012)
Belle, PRD92,072014(2015)
LHCb, PRL115,111803(2015)
Belle, PRD94,072007(2016)
Belle, PRL118,211801(2017)
LHCb, FPCP2017
Average

SM Predictions

 = 1.0 contours2χ∆

R(D)=0.300(8) HPQCD (2015)
R(D)=0.299(11) FNAL/MILC (2015)
R(D*)=0.252(3) S. Fajfer et al. (2012)

HFLAV

FPCP 2017

) = 71.6%2χP(

σ4

σ2

HFLAV
FPCP 2017

Data is 3.9σ above theory; 

χ2 = 18.8 for 2 d.o.f; 

p-value = 8.3 x 10-5

LHCb run II data, Belle II 
should resolve this  

SM Predictions:
R(D) =0.297 +- 0.017 [Kamenik & Mescia, PRD 78, 014003 (2008)]
R(D*)=0.252 +- 0.003 [Fajfer et al., PRD 85, 094025 (2012)]

More Recent SM Predictions (Lattice):
R(D) =0.299 +- 0.011 [Bailey et al. (FNAL/MILC), arXiv:1503.07237]
R(D) =0.300 +- 0.008 [Na et al. (HPQCD), arXiv:1505.03925]
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“Forefront” decays 
(hard)



A. J. Schwartz Physics in Collision 2017 B Decays with Missing Energy 37

B→ hνν (h = π+, π0, ρ+, ρ0, K+, KS , K*0, K*+)

• Semileptonic tag: use Neural Network (NN) to identify B → D(*)lν decay on tagging side. Including 
D0 and D+ modes, there are 108 different decay channels considered.

• Require only relevant tracks on signal side: no extra tracks, extra π0’s, or KL’s.
• Suppress continuum background (uu, dd, ss, cc) with a second NN based on Fox-Wolfram moments, 

event topology
• Reject backgrounds with a third NN based on 17-31 kinematic variables• Fit EECL (unassociated energy in the calorimeter) distribution for signal

711 fb-1 Grygier et al. (Belle), arXiv:1702.05224 (2017), to appear in PRD

 (GeV)ECLE
0 0.2 0.4 0.6 0.8 1 1.2

Ev
en

ts
 / 

( 0
.1

 G
eV

 )

0
10
20
30
40
50
60
70

 (GeV)ECLE
0 0.2 0.4 0.6 0.8 1 1.2

Ev
en

ts
 / 

( 0
.1

 G
eV

 )

0

2

4

6

8

10

 (GeV)ECLE
0 0.2 0.4 0.6 0.8 1 1.2

Ev
en

ts
 / 

( 0
.1

 G
eV

 )

0

5

10

15

20

25

30

π+
π0

ρ+ ρ0



A. J. Schwartz Physics in Collision 2017 B Decays with Missing Energy 38

B→ hνν (h = π+, π0, ρ+, ρ0, K+, KS , K*0, K*+)

711 fb-1 Grygier et al. (Belle), arXiv:1702.05224 (2017)
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• no signals observed
• most limits are the world’s best
• limits are a factor of 2.7 (K*) –

3.9 (K) above SM prediction   
⇒ Belle II should get to SM level

K+⌫⌫̄ K⇤+⌫⌫̄ K⇤0⌫⌫̄ ⇡0⌫⌫̄⇡+⌫⌫̄K0
S⌫⌫̄ ⇢0⌫⌫̄ ⇢+⌫⌫̄

B decay channel
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%
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BaBar hadronic

Belle hadronic

BaBar semileptonic

SM prediction

Belle semileptonic
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B(s)→ τ+τ −

3.0 fb-1 Aaij et al., PRL 118, 251802 (2017)
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• reconstruct τ+→π+π−π+ν , requiring good 3-track vertices
• normalize sensitivity to B0→ D−Ds

+ , with D−→ K+ π−π−, Ds
+→ K+K−π−

• As τ+→ π+π−π+ν proceeds mainly via τ+→ a1(1260)ν→ ρ0π+ν , divide 
B0→ τ+τ − candidates into 9 bins based on π+π− mass; require both τ 
candidates to be in bin 5; background is modeled from (4,5,8)x(4,8)

• require isolation cuts based on tracks, calorimeter energy• impose cut on 7-input NN1
• signal yield is determined from binned ML fit to 29-input NN2 output
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B0 →τ+τ− : s = −15 +80
−70 B < 1.6 × 10−3 (90% C.L.)

B0
s →τ+τ− : s = −23 +75

−66 B < 5.2 × 10−3 (90% C.L.)
Results: SM: 

(1-2) x 10-8
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B−→ µ−ν

711 fb-1 PRELIMINARY

• require well-identified muon in momentum range 2.2-4.0 
GeV/c (“monochomatic” range: 2.4776-2.812)

• opposite side B is not reconstructed; require this side to 
satisfy Mbc > 5.1 GeV/c2 and ΔE ∈ (-3, 2) GeV

• to reduce remaining 3-orders of magnitude background, use 
14-input Neural Network (NN)• signal is counted via 2-D binned ML fit to ONN and pµ

* . Fit 
parameter is the ratio N(B → µ−ν)/ N(B →πµ−ν)

H-

µ− B(B →µ+ν) =
G2

FmB

8π
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FIG. 1: The distributions of the neural network output vari-
able for the signal and major background processes predicted
by MC in the signal-enhanced region 2.644GeV/c < p

⇤
µ <

2.812GeV/c.

a number of signal events NB!µ⌫̄µ = 195 ± 67. This re-399

sult can be compared to the MC prediction of this ratio400

R

MC

= 114.6/11746 = 0.976 ⇥ 10�2 obtained assuming401

B(B ! µ⌫̄µ) = 3.80⇥ 10�7 and B(B̄ ! ⇡`

�
⌫̄`) = 1.45⇥402

10�4 (the PDG average [2]). The value of R
fit

results in403

the branching fraction B(B ! µ⌫̄µ) = (6.46±2.22)⇥10�7

404

where the quoted uncertainty is statistical only. The sta-405

tistical significance of the signal is 3.4 �, determined from406

the likelihood ratio of the fits with free signal component407

and with signal component fixed to zero. The fit result of408

the reference process B̄ ! ⇡`

�
⌫̄` agrees with the MC pre-409

diction to better than 10%. The projections of the fitted410

distribution, in the signal-enhanced regions, are shown in411

Fig. 2. The goodness of the fit of the shown projections412

are �

2

/ndf = 27.6/16 (top plot) and �

2

/ndf = 29.1/25413

(bottom plot) taking into account only data uncertain-414

ties.415

The double ratio R

fit

/R

MC

allows substantial cancel-416

lation of the systematic uncertainties from muon identifi-417

cation, lepton and neutral kaon vetos and the companion418

B-meson decay mis-modelling, as well as partially can-419

celling trigger uncertainties and possible di↵erences in420

the distribution of the o

nn

variable.421

In the signal region the main background contribu-422

tion comes from charmless semileptonic decays, and the423

e↵ect of the two main components B̄ ! ⇡`

�
⌫̄` and424

B̄ ! ⇢`

�
⌫̄`, which peak at high o

nn

values, is carefully425

studied. With soft and undetected hadronic recoil these426

decays are kinematically indistinguishable from the sig-427
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FIG. 2: Projections of the fitted distribution to data onto the
histogram axes in the signal-enhanced regions 0.84 < onn (top
plot) and 2.6GeV/c < p

⇤
µ < 2.85GeV/c (bottom plot).

nal in an untagged analysis and thus have to be studied428

in detail. For the B̄ ! ⇡`

�
⌫̄` background component429

we vary the form-factor shape within uncertainties ob-430

tained with the new lattice QCD result [4] and the pro-431

cedure described in [3], which was used to estimate the432

value of |Vub|. Since the form-factor is tightly constrained433

the contribution to the systematic uncertainty from the434

B̄ ! ⇡`

�
⌫̄` background is estimated to be only 0.9%.435

For the B̄ ! ⇢`

�
⌫̄` background component, the form-436

factors at high q

2 or high muon momentum have much437

larger uncertainties and several available calculations are438

employed [23, 24, 31], resulting in a maximal deviation439

of 12%.440

The rare hadronic decay B

� ! K

0

L⇡
�, where K

0

L is441

not detected and the high momentum ⇡ is misidentified442

as a muon, is also indistinguishable from the signal decay443

and has a similar o

nn

shape. This contribution is fixed444

in the fit and the signal yield di↵erence, with and with-445

out the B

� ! K

0

L⇡
� component, of 5.5% is taken as a446

systematic uncertainty since GEANT3 poorly models K

0

L447

interactions with materials.448

The not-yet-discovered process B

� ! µ

�
⌫̄µ� with a449

soft photon can mimic the signal decay. To estimate450

the uncertainty from this hypothetical background we451

perform the fit with this contribution fixed to a half of452

the best upper limit B(B� ! µ

�
⌫̄µ�) < 3.4 ⇥ 10�6 at453

90% C.L. by Belle [32] and take the di↵erence of 6% as454

a systematic uncertainty.455

All previous studies did not investigate these back-456

grounds in as detailed a manner as described here, which457

ONN > 0.84

pµ
* ∈ (2.6, 2.85) GeV/c

Mbc ≡
√

E2
beam − p2

B

∆E ≡ EB − Ebeam

B(B+ →µ+ν) = (6.46 ± 2.22 ± 1.55) × 10−7

PRELIMINARY

(2.4σ significance)
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Summary

• Decays with neutrinos (semileptonic and leptonic decays) provide an important way to
constrain the CKM unitarity triangle (measuring sides) and search for new physics (e.g., 
charged Higgs). This is complementary to measuring the internal angles. 

• The current data shows notable discrepancies:

Inclusive |Vcb| is higher than exclusive |Vcb| by 2.4−3.4σ

Inclusive |Vub| is higher than exclusive |Vub| by 3.3σ

R(D) and R(D*) are both higher than the SM prediction, which has little uncertainty. 
The difference is 3.9σ
The B+→ τ +ν branching fraction is ~2σ higher than the SM prediction

Data not consistent with a 2-Higgs doublet model

• Two major upgrades in progress:
at KEK in 2010-18 à Super B factory: L x 40⇒ 50 ab-1. Essentially a new 

experiment, most detector components and electronics are replaced. First data in 
2019

at LHCb: Phase 1 upgrade during Long Shutdown #2 (2019-20) to take data for 
Runs 3 (2021-23) and 4 (2027-29)

These will allowed greatly improved sensitivity to new physics, should notably over-
constrain the Unitarity triangle, and should resolve the above puzzles
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B→ D*τ+ν : LHCb results
3.0 fb-1 Aaij et al., arXiv:1708.08856 (first presented at FPCP 2017)
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Backgrounds from 
B→ D*+ D(s) [→ π+π+π−X ] X: 

Use BDT to reject these. Take admixture 
(=shapes) of the remaining background 
from fitting a D(s) → π+π+π−-selected control 
sample:

Tuning Ds decay model using another data 
control sample:
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Missing Energy decays in Belle II

arXiv:1002.5012 
(Belle II)

arXiv:1008.1541 
(SuperB)  

Table 1.2: Expected errors on several selected flavour observables with an integrated luminosity of 5 ab�1 and
50 ab�1 of Belle II data. The current results from Belle, or from BaBar where relevant (denoted with a †) are also
given. Items marked with a ‡ are estimates based on similar measurements. Errors given in % represent relative
errors.

Observables Belle Belle II
(2014) 5 ab�1 50 ab�1

UT angles sin 2⇥ 0.667 ± 0.023 ± 0.012 [64] 0.012 0.008
� [⇤] 85 ± 4 (Belle+BaBar) [24] 2 1
⇤ [⇤] 68 ± 14 [13] 6 1.5

Gluonic penguins S(B ⇤  K0) 0.90+0.09
�0.19 [19] 0.053 0.018

S(B ⇤ ⌅⌅K0) 0.68 ± 0.07 ± 0.03 [65] 0.028 0.011
S(B ⇤ K0

SK0
SK0

S) 0.30 ± 0.32 ± 0.08 [17] 0.100 0.033
A(B ⇤ K0⌃0) �0.05 ± 0.14 ± 0.05 [66] 0.07 0.04

UT sides |Vcb| incl. 41.6 · 10�3(1 ± 1.8%) [8] 1.2%
|Vcb| excl. 37.5 · 10�3(1 ± 3.0%ex. ± 2.7%th.) [10] 1.8% 1.4%
|Vub| incl. 4.47 · 10�3(1 ± 6.0%ex. ± 2.5%th.) [5] 3.4% 3.0%
|Vub| excl. (had. tag.) 3.52 · 10�3(1 ± 8.2%) [7] 4.7% 2.4%

Missing E decays B(B ⇤ �⇧) [10�6] 96(1 ± 27%) [26] 10% 3%
B(B ⇤ µ⇧) [10�6] < 1.7 [67] 20% 7%
R(B ⇤ D�⇧) 0.440(1 ± 16.5%) [29]† 5.2% 2.5%
R(B ⇤ D⇥�⇧)† 0.332(1 ± 9.0%) [29]† 2.9% 1.6%
B(B ⇤ K⇥+⇧⇧) [10�6] < 40 [30] < 15 30%
B(B ⇤ K+⇧⇧) [10�6] < 55 [30] < 21 30%

Rad. & EW penguins B(B ⇤ Xs⇤) 3.45 · 10�4(1 ± 4.3% ± 11.6%) 7% 6%
ACP (B ⇤ Xs,d⇤) [10�2] 2.2 ± 4.0 ± 0.8 [68] 1 0.5
S(B ⇤ K0

S⌃
0⇤) �0.10 ± 0.31 ± 0.07 [20] 0.11 0.035

S(B ⇤ ⌥⇤) �0.83 ± 0.65 ± 0.18 [21] 0.23 0.07
C7/C9 (B ⇤ Xs⌦⌦) ⇥20% [36] 10% 5%
B(Bs ⇤ ⇤⇤) [10�6] < 8.7 [42] 0.3 �
B(Bs ⇤ ��) [10�3] � < 2 [44]‡ �
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