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(Semi)leptonic decays at Belle II
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Chapter 1

Physics Motivation

In this chapter, we give an overview of the physics
motivation for the SuperKEKB asymmetric B factory.
The overview covers the e+e� environment, achieve-
ments at Belle, and the range of physics achievable at
SuperKEKB with the Belle II experiment. The Su-
perKEKB physics program is diverse, and the range of
physics topics that can be studied is very broad. This
chapter provides justifications for the design integrated
luminosity, and plans for running at di⇥erent centre-of-
mass energies.

1.1 Overview

The SuperKEKB facility designed to collide electrons
and positrons at centre-of-mass energies in the regions
of the � resonances. Most of the data will be collected
at the �(4S) resonance, which is just above thresh-
old for B-meson pair production where no fragmenta-
tion particles are produced. The accelerator is designed
with asymmetric beam energies to provide a boost to
the centre-of-mass system and thereby allow for time-
dependent charge-parity (CP ) symmetry violation mea-
surements. The boost is slightly less than that at KEKB,
which is advantageous for analyses with neutrinos in the
final state that require good detector hermeticity.

SuperKEKB has a design luminosity of 8 ⇥
1035cm�2s�1, about 40 times larger that of KEKB. This
luminosity will produce 5 ⇥ 1010 b, c and � pairs, at a
rate of about 10 ab�1 per year (see Table 1.1).

1.1.1 The Intensity Frontier

The Standard Model (SM) is, at the current level of ex-
perimental precision and at the energies reached so far,
is the best tested theory. Despite its tremendous success
in describing the fundamental particles and their inter-

Table 1.1: Beauty, �, charm and � yields. Per year
integrals are at design luminosity and are for guidance
only.

Channel Belle BaBar Belle II (per year)
BB̄ 7.7⇥ 108 4.8⇥ 108 1.1⇥ 1010

B(⇥)
s B̄(⇥)

s 7.0⇥ 106 � 6.0⇥ 108

�(1S) 1.0⇥ 108 1.8⇥ 1011

�(2S) 1.7⇥ 108 0.9⇥ 107 7.0⇥ 1010

�(3S) 1.0⇥ 107 1.0⇥ 108 3.7⇥ 1010

�(5S) 3.6⇥ 107 � 3.0⇥ 109

�� 1.0⇥ 109 0.6⇥ 109 1.0⇥ 1010

actions, excluding gravity, it does not provide answers
to many fundamental questions.

The SM does not explain why there should be only
three generations of elementary fermions and why there
is an observed hierarchy in the fermion masses. The
masses and mixing parameters of the SM bosons and
fermions are not predicted and must therefore be de-
termined experimentally. The origin of mass of funda-
mental particles is explained within the SM by spon-
taneous electroweak symmetry breaking, resulting in a
scalar particle, the Higgs boson. However, the Higgs bo-
son does not account for neutrino masses. It is also not
yet clear whether there is a only single SM Higgs boson
or whether there may be a more elaborate Higgs sector
with other Higgs-like particle as in supersymmetry or
other NP models.

Studies of symmetries have often illuminated our un-
derstanding of nature. At the cosmological scale, there
is the unresolved problem with the matter-antimatter
asymmetry in the universe. While the violation of CP

2

Belle-II: 50 x present =   4 x 1010 BB pairs
=  7.2 x 1010 DX events 

Semileptonic/leptonic decays are ideal for an e+e- machine:

• Initial state is known, so signal decays can be identified via missing energy, missing ”mass”
• Low backgrounds, high trigger efficiency, negligible trigger bias, excellent g and p0 reconstruction 

(and thus h, h’, r+, etc. reconstruction efficiency)
• Good kinematic resolution, many control samples to study systematics
• Absolute (not only relative) branching fractions can be measured
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Leptonic decays D(s)
+® l +n 

200 250 300 350

Average

BESIII

Belle

BaBar

CLEO-c

BESIII

Belle

BaBar

CLEO-c

µ⌫µ + ⌧⌫⌧

⌧⌫⌧

µ⌫µ

250.3 ± 3.1 ± 3.3
250.9 ± 4.0 ± 4.1
248.2 ± 4.4 ± 3.3

⌧(⇡)⌫⌧ 194 ± 54 ± 11
⌧(⇡)⌫⌧

⌧(µ)⌫⌧

⌧(e)⌫⌧

262.4 ± 9.3+10.2
�8.9

258.5 ± 8.2+7.7
�13.1

247.4 ± 7.6+8.3
�7.4

⌧(µ)⌫⌧

⌧(e)⌫⌧

236.4 ± 11.1 ± 13.1
240.7 ± 12.3 ± 16.1

⌧(⇢)⌫⌧

⌧(⇡)⌫⌧

⌧(e)⌫⌧

250.4 ± 12.3 ± 5.7
271.4 ± 16.8 ± 5.2
246.1 ± 10.9 ± 5.4

µ⌫µ

239.9 ± 17.4 ± 5.2
243.1 ± 6.4 ± 4.9
258.9 ± 7.7 ± 8.2
250.8 ± 9.8 ± 4.8

fDs |Vcs | [MeV]

40 42 44 46 48 50 52 54

Average

BESIII

CLEO-c

45.9± 1.0± 0.4

46.4± 1.9± 0.6

45.7± 1.2± 0.4

fD |Vcd | [MeV]

Ds
+® (µ+,t+)n D+® µ+n

Γ(D+
s →ℓ+νℓ) =

G2
F

8π
|Vcs|2 f2

Ds
m2

ℓ mDs

⎛

⎝1 −
m2

ℓ

m2
Ds

⎞

⎠
2

• Take |Vcs| or |Vcd| from CKM unitarity, extract fD(s) , compare to lattice QCD calculation
• Take fD(s)  from lattice QCD, extract |Vcs| or |Vcd| , compare to CKM unitarity

Two strategies:

Amhis et al. (HFLAV), EPJC 77, 895 (2017)
https://hflav.web.cern.ch/
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Leptonic decays D(s)
+® l +n 

• Take |Vcs| or |Vcd| from CKM unitarity, extract fD(s) , compare to lattice QCD calculation

• Take fD(s)  from lattice QCD, extract |Vcs| or |Vcd| , compare to CKM unitarity

Γ(D+
s →ℓ+νℓ) =

G2
F

8π
|Vcs|2 f2

Ds
m2

ℓ mDs

⎛

⎝1 −
m2

ℓ

m2
Ds

⎞

⎠
2

Using recent LQCD results:

gives: 

f Ds = (248.83 ± 1.27) MeV

f D = (212.15 ± 1.45) MeV

|Vcs| = 1.006 ± 0.018 (exp) ± 0.005 (LQCD) 

|Vcd| = 0.2164 ± 0.0051 (exp) ± 0.0015 (LQCD) 

Using CKM Unitarity:

gives: 

|Vcs| = 0.973394 +0.000074
-0.000096

|Vcd| = 0.22537 +0.00068
-0.00035

f Ds = (257.1 ± 4.7) MeV

f D = (203.7 ± 4.8) MeV

Aoki et al. (Flavor Lattice Averaging Group), 

EPJC 77, 112 (2017) [arXiv:1607.00299]

FNAL/MILC, 1712.09262: fDs = (249.8 ± 0.4) MeV  

fD = (212.6 ± 0.5) MeV

RBC/UKQCD, .1701.02644: fDs = (246.4 ± 2.5) MeV

fD = (208.7 ± 3.4) MeV

Amhis et al. (HFLAV), EPJC 77, 895 (2017)

https://hflav.web.cern.ch/
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Method: use energy/momentum conservation to search for rare D+® l+n , D+® nn , etc.

e+e- ® Dtag Xfrag Dsignal

X K (anti-p)

For Dsignal require 1 lepton track (D+® l+n)

Tag side: D0 D+ Λ+
c

Decay mode:

K−π+

K−π+π0

K−π+π+π−

K−π+π+π−π0

K0
S π+π−

K0
S π+π−π0

K−π+π+

K−π+π+π0

K0
S π+

K0
S π+π0

K0
S π+π+π−

K+K−π+

pK−π+

pK−π+π0

pK0
S

Λπ+

Λπ+π0

Λπ+π+π−

Xfrag :

K0
Sπ+

K0
Sπ+π0

K0
Sπ+π+π−

K+

K+ π0

K+ π+π−

K+ π+π−π0

K0
S

K0
S π0

K0
S π+π−

K0
S π+π−π0

K+ π−

K+ π−π0

K+ π−π+π−

same as for
D+ tag

+ p̄

Leptonic Decay Ds
+® µ+n Zupanc et al., JHEP 09 (2013) 139
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Leptonic Decay Ds
+® µ+n

e+e- ® Dtag Xfrag K Ds
*+ ® Ds

+ g

µ+n

Recoil Ds yield
e+e� ! cc ! DtagXfragKD⇤+

s

⇣
! D+

s �
⌘

arXiv:1212.3942

Ds recoil mass (GeV)
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310×

)-1Belle Preliminary (913 fb
 SignalsInclusive D

Mis-reconstructed signal
γ0 D→* 0D
0π D→(s)

*D
γWrong 

0π from γ

 = nothingfragX

) [GeV]γfragKX
tag

(DmissM
1.85 1.9 1.95 2 2.05

Pu
ll

-5
0
5

NOTE: only part of the sample shown

Yield per luminosity

B-factory (Belle) 100·103 per ab�1

Charm-factory (CLEO-c)
p
s = 4.17 GeV 73·103 per fb�1

Charm-factory (BESIII)
p
s = 4.01 GeV 22·103 per fb�1

NOTE: �(DsDs ) @ 4.01 GeV ⇠ 1

3
�(DsD

⇤
s
) @ 4.17 GeV

A. Zupanc (KIT) Charm Tagging KEK-FF, 14/03/2013 10 / 27

D+

s ! µ+⌫µ
1 charged track pointing to the IP passing muon PID requirements

Fit to the M
2

miss
(DtagKXfrag�µ±) =

q
|p

e+e� � pDtag � pK � pXfrag
� p� � pµ|

2

)2) (GeVµγfragKX
tag

(D2
missM

-0.2 0 0.2 0.4 0.6

 )2
Ev

en
ts

 / 
( 0

.0
1 

G
eV

0

20

40

60

)-1Belle Preliminary (913 fb
Signal

 BackgroundsTrue D
Combinatorial Background

µν
+µ → +

sD

)2) (GeVµγfragKX
tag

(D2
missM

-0.2 0 0.2 0.4 0.6

Pu
ll

-5
0
5

Nexcl

Ds!µ⌫ = 489± 26

Belle preliminary (most precise measurement up to date)

B(D+
s
! µ+⌫µ) = (0.528± 0.028(stat.)± 0.019(syst.))%

A. Zupanc (KIT) Charm Tagging KEK-FF, 14/03/2013 11 / 27

• Pmiss = Pe+ + Pe- - PDtag – PK – PX – Pg – Pµ

• (Mmiss)
2 = (Pmiss)

2

• Require 1 charged track passing µ ID and pointing to IP

• Fit to (Mmiss)
2 [Dtag Xfrag K µ+ g  missing mass squared]

Zupanc et al., JHEP 09 (2013) 139

Belle yield (913 fb-1): 94360 inclusive 492 ± 26 exclusive Ds
+® µ+n

⇒ Belle II yield (50 ab-1): 5.2 x 106 inclusive 26900  exclusive Ds
+® µ+n

⇒ D |Vcs| = 0.003 (stat), below theory error (LQCD) of 0.005

DfDs = 0.9 (stat), below theory error (FLAG16) error of 1.3
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Leptonic Decay Ds
+® t+n

e+e- ® Dtag Xfrag K Ds
*+ ® Ds

+ g

t +n

e+nn, µ+nn, p+n

Zupanc et al., JHEP 09 (2013) 139

• Pmiss = Pe+ + Pe- - PDtag – PK – PX – Pg – Ptrack

• (Mmiss)2 = (Pmiss)2

• Require |pmiss | > 1.2 GeV/c2 in lab frame • For p mode require 0 < (Mmiss)2 < 0.6 (GeV/c2)2

• For e/µ modes require (Mmiss)2 > 0.3 (GeV/c2)2

• Obtain signal yield from fitting excess EECL
distribution

 (GeV)ECLE
0 1 2 3

Ev
en

ts
 / 

( 0
.0

5 
G

eV
 )

0

100

200

300
(a) electron mode

 (GeV)ECLE
0 1 2 3

Pu
ll

-5
0
5

 (GeV)ECLE
0 1 2 3

Ev
en

ts
 / 

( 0
.0

5 
G

eV
 )

0

100

200

300 (b) muon mode

 (GeV)ECLE
0 1 2 3

Pu
ll

-5
0
5

 (GeV)ECLE
0 1 2 3

Ev
en

ts
 / 

( 0
.0

5 
G

eV
 )

0

50

100

150

200 (c) pion mode

 (GeV)ECLE
0 1 2 3

Pu
ll

-5
0
5

Belle yield (913 fb-1): 2217 ± 83 exclusive Ds+® t+n

⇒ Belle II yield (50 ab-1): 121400  exclusive Ds+® t+n

⇒ D |Vcs| = 0.003 (stat), below theory error (LQCD) of 0.005
DfDs = 0.6 (stat), well below theory error (FLAG16) error of 1.3

t+® e+nn t+® µ+nn t+® p+n
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Leptonic Decay D+® µ+n (Belle II MC)

e+e- ® Dtag Xfrag D*+ ® D+ p0 • Require 1 charged track passing µ ID and 
pointing to IP

• Fit to Dtag Xfrag µ+ p0 missing mass

⇒ D fD|Vcd|   = 0.65 MeV (statistical error, which dominates), well below 
that of CLEOc (1.2) and BESIII (1.9)

Recoil D+ yield

e+e� ! cc ! DtagXfragD⇤+
⇣
! D+ ⇡0

slow

⌘

) [GeV]
slow

πfragX
tag

(DmissM
1.84 1.85 1.86 1.87

E
v
e
n

ts
 p

e
r 

0
.5

 M
e
V

50

100

310×

]-1MC Simulation [5.5 ab

+Recoil D
Background

Signal = 3.92e+05

S/N    = 1.1

Yield per luminosity

B-factory (Belle) 71·10
3
per ab

�1

Charm-factory (BESIII) 550·10
3
per fb

�1

A. Zupanc (KIT) Charm Tagging KEK-FF, 14/03/2013 16 / 27

D+
! µ+⌫µ and fD
1 charged track pointing to the IP passing muon PID requirements

Yield per luminosity

B-factory (Belle) 25 per ab
�1

Charm-factory (BESIII) 130 per fb
�1

Assuming similar systematics as in D+

s ! µ+⌫µ measurement:

B: �(stat.)/B ⇠ 4.5 (3)% at 20 (50) ab
�1

and �(syst.)/B ⇠ 3%

BESIII preliminary (arXiv:1209.0085) @ 2.9 fb
�1

: �/B ⇠ 5.6(stat.)± 1.6(syst.)%

A. Zupanc (KIT) Charm Tagging KEK-FF, 14/03/2013 17 / 27

⇒ Belle II yield (50 ab-1): 3.5 x 106 inclusive 1250  exclusive D+® µ+n
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Semileptonic Decays

D® (K,p) l +n: dΓ

dq2
=

G2
F p3

h

24π3
|Vcs,cd|2

∣∣∣f+(q2)
∣∣∣
2

Simple pole: 

Modified pole model: 

f+(q2) =
f+(0)

(1 − q2/m2
pole)

f+(q2) =
f+(0)

(1 − q2/m2
pole)(1 − αpq

2/m2
pole)

f K+(0)|Vcs| = 0.7226 ± 0.0022 ± 0.0026

f p+(0)|Vcd| = 0.1426 ± 0.0017 ± 0.0008

⇒ Take f+(q2) form factor from theory, determine |Vcs| or |Vcd|

|
cs

(0)|V+f
0.6 0.65 0.7 0.75 0.8 0.85 0.9

1r

5�

4�

3�

2�

1�

0

1

Q + l- K�0D
E691, E687, E653, CLEOII
FOCUS, MARK3, BESII

CLEO-c untagged

CLEO-c tagged

BaBar

BELLE 

BES III 

Average

|
cd

(0)|V+f
0.1 0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18 0.19 0.2

1r

4�

3�

2�

1�

0
Q + l-S �0D BELLE 

CLEO-c untagged

CLEO-c tagged

BaBar

BES III 

Average

z expansion: t± = (mD ± mP)2 t0= t+(1 −
√

1 − t−/t+)

z(q2, t0) =

√
t+ − q2−

√
t+ − t0

√
t+ − q2+

√
t+ − t0

f+(q2) =
1

P (q2)φ(q2, t0)

∞∑

k=0

akzk

a1/a0≡ r1 a2/a0≡ r2

Amhis et al. (HFLAV), EPJC 77, 895 (2017)
https://hflav.web.cern.ch/
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Semileptonic Decays

D® (K,p) l +n:

0.15 0.2 0.25 0.3

Indirect 0.22529+0.00041
−0.00032

νN 0.230± 0.011

Average
D → (π)ℓνℓ

0.216± 0.005

D → πℓνℓ 0.2141 ± 0.0029 ± 0.0093

D → ℓνℓ 0.2164 ± 0.0050 ± 0.0015

|Vcd |

f K+(0)|Vcs| = 0.7226 ± 0.0022 ± 0.0026

f p+(0)|Vcd| = 0.1426 ± 0.0017 ± 0.0008

Using recent LQCD results:

gives: 

f K+(0) = 0.747 ± 0.019

f p+(0) = 0.666 ± 0.029

0.85 0.9 0.95 1 1.05 1.1 1.15

Indirect 0.973394+0.000074
−0.000096

W → cs 0.94+0.32
−0.26 ± 0.13

Average
Ds → ℓνℓ + D → Kℓνℓ

0.997± 0.017

D → Kℓνℓ 0.967 ± 0.005 ± 0.025

Ds → ℓνℓ 1.006 ± 0.018 ± 0.005

|Vcs |

Aoki et al. (Flavor Lattice Averaging Group), 
EPJC 77, 112 (2017) [arXiv:1607.00299]

Recent LQCD:
Riggio et al., EPJC 78 
(2018) 501 [1706.03657]:

|Vcs| = 0.970 ± 0.033
|Vcd| = 0.2341 ± 0.0074

Amhis et al. (HFLAV), EPJC 77, 895 (2017)
https://hflav.web.cern.ch/
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Semileptonic Decays Widhalm et al., PRL 97, 061804 (2006)

D® (K,p) l +n:

dΓ

dq2
=

G2
F p3

h

24π3
|Vcs,cd|2

∣∣∣f+(q2)
∣∣∣
2

• To maximize q2 resolution, fully reconstruct tag 
side, require a D , D*+, D*0

• define PD* = Pe+ + Pe- - PDtag – PX

• require (PD*)2 = (MD*)2

• require (PD*   - Pp slow )2 = (MD0)2

• Identify (K or p) and (µ or e),  and require 
|(PD* - Pp slow – P (K,p ) – P(µ,e))2|  < 0.05 (GeV/c2)2 

Belle yields 
(282 fb-1, 79% purity):

D0 ® K+µ-n:  1249
D0 ® K+e-n:  1318
D0 ® p+µ-n:    106
D0 ® p+e-n:    126

BaBar yields 
(380 fb-1, 53% purity):

D0 ® p+e-n:  5303

Belle II yields (50 ab-1 ):
D0 ® K+l-n:  455000
D0 ® p+l-n:    41100

53% purity:
D0 ® p+e-n:  698000

0
0.25

0.5
0.75

1
1.25

1.5
1.75

2
2.25

2.5

0.5 1 1.5

f +(
q2 )

0
0.25

0.5
0.75

1
1.25

1.5
1.75

2
2.25

0 1 2 3
q2 (GeV2/c2)

f +(
q2 )

D0 ® K+l-n

D0 ® p+l-n
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Semileptonic Decays (Belle II MC) 

(b)

2 3
q2

2

(GeV2/c2)

f +(q
 )

0
0.25
0.5

0.75
1

1.25
1.5

1.75
2

2.25

0 1

Belle II 5 ab-1: 

Kou et al. (Belle II Physics Book), 
arXiv:1808.10567, submitted to PTEP

D® (K,p) l +n:

dΓ

dq2
=

G2
F p3

h

24π3
|Vcs,cd|2

∣∣∣f+(q2)
∣∣∣
2

• Fully reconstruct a D+, D0  on tag side
• Define PD* = Pe+ + Pe- - PDtag – PX

• require (PD*)2 = (MD*)2

• Identify (K or p) and (µ or e)

• calculate Mmiss
2 = 

Pmiss
2 = (PD* - Pp slow – P (K,p ) – P(µ,e))2

or
Umiss =  Emiss - |pmiss |  

Belle II yields (50 ab-1 ):
D0 ® K+l-n:  455000
D0 ® p+l-n:    41100

53% purity:
D0 ® p+e-n:  698000

Ke)  [GeV]sπfragX
tag

(DmissU

0.3− 0.2− 0.1− 0 0.1 0.2 0.3

E
ve

n
ts

 /
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 M
e

V
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]2)2Ke)  [(GeV/csπfragX
tag

(D2
missM
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2 )
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 (
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Tag side: D0 D+

Final
state:

K−π+

K−π+π0

K−π+π+π−

K−π+π+π−π0

K0
S π+π−

K0
S π+π−π0

K−π+π+

K−π+π+π0

K0
S π+

K0
S π+π0

K0
S π+π+π−

K+K−π+

Xfrag :
π+

π+π0

π+π+π−

none
π0

π+π−

π+π−π0

Belle II 1.0 ab-1: 
Ke)  [GeV]sπfragX

tag
(DmissU
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D0® nn (nothing)

e+e- ® Dtag Xfrag D*+® D0 ps+
• Require no extra charged tracks, g, p0 , etc. 
• Fit to Dtag Xfrag ps missing mass and ECL isolated 

energy distribution:

Y.-T. Lai et al., PRD 95, 011102(R) (2017)

Belle yield (924 fb-1): 694700 inclusive -6.3 +23 
-21  exclusive Ds+® t+n B < 9.4 x 10-5 (90% CL)

⇒ Belle II (50 ab-1): 37.6 x 106 inclusive single-event sensitivity = (1-6) x 10-6 [theory: 1.1 x 10-30]
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Detector is close (SVD, PXD to be installed this winter)

Completion of first SVD clam-shell (Jan 2018)
Final focus quadrupoles being prepared for insertion (Jan 2018)

PXD L1 ladders ready for half-shell assembly

Event display, cosmic ray run

Detector is superior to 

Belle: better vertexing, 

better particle ID, full 

reconstruction (neural net) 

on tag side is greatly 

improved over 

Belle/BaBar. 
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Belle II charm signals: 250 pb-1, no VTX

M(D0)   [GeV/c2]          DM = M(D*+)- M(D0)   [GeV/c2]    

D0® K-p+ D0® K-p+

D0® K-p+p0 D0® K-p+p0

D0® K- p+p-p+ D0® K- p+p-p+
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Summary

• Belle II is now (almost) fully constructed and installed. The entire detector except for 
the VTX is now undergoing commissioning (with beam from April - July)

• VTX detector (SVD + pixels) will be installed in the winter, physics run with full Belle II 
detector to begin in 2019

• Leptonic + semileptonic decays should be measured with ~50x larger statistics; as 
errors are dominated by statistics, precision on fDs, |Vcd|, |Vcs| should improve by ~7. 
Will measure fD and |Vcd| with D+® µ+n decays. Most measurements 
better/competitive with BESIII, precision similar to that of LQCD.



A. J. Schwartz CKM 2018 Semileptonic/leptonic D decays at Belle II 17

Extra

Extra Slides
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The Belle II Detector
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Schedule

・・
・2016

JFY2016
2017 2018 2019

JFY2017 JFY2018 JFY2019Japan FY

Calendar year

Summer shutdown
(power saving)

Summer shutdown
(power saving)

phase 1 phase 2 (MR) phase 3

MR renovation for phase 2, including
installation of QCS and Belle II

w/o QCS
w/o Belle II

w/ QCS
w/ Belle II (no VXD)

w/ full Belle II

DR commissioningDR installation & startup

MR startup VXD installationHER start
LER start

(end Feb. – mid Jul. 2018)

Summer shutdown
(power saving)

Power saving
after mid July 2018

Assumes phase 3 operation
9 months/year 
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Leptonic Decays Ds
+® l +n
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S. Fajfer et al., PRD 91, 094009 (2015)

68% CL (dark) and 95% CL (light) allowed regions: 

B(Ds → ℓνℓ) = τDs
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