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Semileptonic ! Decays

2023/07/18 K. Kojima (on behalf of the Belle II Collaboration) / Lepton Photon 2023

Semileptonic ! decays are studied to determine the CKM elements |#!"| and |##"|.
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• |#$"| are limiting the global constraining power of unitarity triangle fits.
• Important inputs in predictions of the SM rates of ultrarare decays, 

such as !% → %& and ' → (&&.

A longstanding discrepancy between inclusive and exclusive determinations is observed. 

Reconstruct a lepton and 
assign other tracks and clusters 
as an inclusive daughter #.

Reconstruct all daughters 
through specific channels
exclusively.

InclusiveExclusive

The current experimental focus is on understanding the origin of this discrepancy. 
This inconsistency limits the power of precision in flavor physics. 
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SuperKEKB/Belle II Experiment

2023/07/18 K. Kojima (on behalf of the Belle II Collaboration) / Lepton Photon 2023

Electron-positron collider at a center of mass energy of the Υ(4/) resonance or around.

2019 2020 2021 2022

The world’s highest instantaneous luminosity: 4.7 × 10&' cm()s(*

HER (!
7 GeV

LER (#
4 GeV

∼ 7 m

EM calorimeter

Particle identification 

KL and muon detectorCentral drift chamber

Vertex detector

, !-! ~1.1 nb, , 3-3 ~3.7 nb (3 = 6, #, 8, $) at 8 = 10.58 GeV

9:; <=(+

Today’s results based on 189 fb(* recorded between 2019 and 2021.

∫ℒ DE = 424 fb(*

We can take advantage of the low multiplicity and 
the well-known initial state of the H,H( collisions. 
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Reconstruction

2023/07/18 K. Kojima (on behalf of the Belle II Collaboration) / Lepton Photon 2023

! mesons are generated in pairs from a Υ(4/) (IJI resonance) decay. 
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Reconstruction: Untagged vs Tagged

2023/07/18 K. Kojima (on behalf of the Belle II Collaboration) / Lepton Photon 2023

! mesons are generated in pairs from a Υ(4/) (IJI resonance) decay. 

!!

""

## $

!∗"

!# "%&'("
%!

""

ℓ!

#'#
!

"∗"

"# #$%&'"
$(

#"

"(

#"

ℓ(

&'#
&#

Untagged Tagged
Partner ? is not reconstructed explicitly. Partner ? is fully reconstructed 

with hadronic decays to tag ? -? events.

ü Higher efficiency
△ Approximate # kinematics information

△ Lower efficiency
ü More precise # kinematics from the partner #

Partner # identification is unique to #-factories.
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Recent |#"#| and |#$#| Results at Belle II

2023/07/18 K. Kojima (on behalf of the Belle II Collaboration) / Lepton Photon 2023
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Inclusive

HFLAV 2021
Exclusive

arXiv:2206.08102
ν-eπ→BTagged 

arXiv:2210.04224
ν-l+π→

0BUntagged 

Belle II Preliminary

Exclusive

Inclusive

1. |#!"| measurement

The exclusive and inclusive measurements prefer 
respective averages, although the uncertainties are large.

2. |##"| measurement

Tagged
Untagged

Tagged

Tagged

Tagged
Untagged

Belle II measures |#!"| and |##"| using the following methods and decay modes.

Exclusive

More details will be in Chunhui’s plenary talk on July 21st.

$#$ → &∗&ℓ')̅ℓ
$#$ → &∗&ℓ')̅ℓ
$# → &ℓ')̅ℓ
$# → *!ℓ')̅ℓ

$#$ → +&ℓ')̅ℓ
$# → +,')̅) (63 fb'*)

https://indico.cern.ch/event/1114856/contributions/5375782/
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 (2021) 136679822Phys. Lett. B 
Inclusive

HFLAV 2021
Exclusive

, 68 (2022)2022J. High Energ. Phys. 

ν-lcX→BTagged 
arXiv:2210.13143

ν-Dl→BUntagged 

arXiv:2301.04716
ν-l+D*→

0
BTagged 

To be submitted to Phys. Rev. D
ν-l+D*→

0
BUntagged 

Belle II Preliminary

https://indico.cern.ch/event/1114856/contributions/5375782/


Tests of Lepton Flavor Universality



Anomalies in $ → & Decays

2023/07/18 K. Kojima (on behalf of the Belle II Collaboration) / Lepton Photon 2023

The SM postulates the universality of the lepton coupling to the electroweak gauge bosons.
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The tension with the SM could be a sign of New Physics.

P K(∗) =
ℬ( J! → K(∗)R(&̅5)

ℬ( J! → K(∗)ℓ(&̅ℓ)
, (ℓ = H or %)
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R(D)
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HFLAV SM Prediction
 0.004±R(D) = 0.298 

 0.005±R(D*) = 0.254 

 = 1.0 contours2χ∆

World Average
total 0.029±R(D) = 0.356 

total 0.013±R(D*) = 0.284 
 = -0.37ρ

) = 25%2χP(

HFLAV

PRELIMINARY

σ3

LHCb22LHCb23

Belle17

Belle19

Belle15
BaBar12

Average

PRD 94 (2016) 094008
PRD 95 (2017) 115008
JHEP 1712 (2017) 060
PLB 795 (2019) 386
PRL 123 (2019) 091801
EPJC 80 (2020) 2, 74
PRD 105 (2022) 034503

HFLAV

2021

HFLAV
Prelim. 2023

> *+SM

The BaBar, Belle and LHCb experiments have observed excess of J! → K(∗)R(&̅5 decays 
in P K(∗) measurements by 3.2Y from the SM.

Zℓ (ℓ = H, %, R)
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Light-Lepton Universality Test



Figure 1: Visualization of the helicity angles

The goal is to measure this quantity integrated over di�erent ranges of w,

A
`

FB
(wmin, wmax) =

maxZ

wmin

dwA`

FB(w) . (12)

Experimentally, this is realized by dividing the dataset into w bins and for each measuring
the number of events with cos ✓`2 [0, 1] (F ) and cos ✓`2 [�1, 0] (B). Then, after correcting
for migrations and acceptance e�ects, one can measure

AFB =
F � B

F +B
. (13)

Measuring this quantity independently for muons and for electrons, we can construct a
combined variable

�AFB = A
µ

FB
� A

e

FB (14)

that is almost insensitive to form factor uncertainties, but is very sensitive to new physics
that would violate lepton universality.

b. S observables :

In addition to the forward-backward asymmetry, several additional observables were
proposed by Ref. [7] that are highly sensitive to lepton universality-violating new physics.
These involve integrations over multiple helicity angles:

8

Lepton

Neutrino

B

Light-Lepton Universality Tests in $ → & Decays

2023/07/18 K. Kojima (on behalf of the Belle II Collaboration) / Lepton Photon 2023

Angular asymmetries in [\ → ]∗ℓ([̂ℓ:  
Δ`$(a) = `$

7(a) −`$
8(a)

New Physics in P K ∗ could induce a violation of the lepton flavor universality 
in the following observables for the light-lepton side of H and %.

`$(a) are theoretically and experimentally reliable probes 
of light-lepton universality unique to Belle II.

Major cancellation of theoretical and experimental uncertainties

c9: : Dd = D cos eℓ
/& : Dd = D(cos 2f)! …

: recoil parameter

`$(a) =
DΓ
Da

(*

h
.

*

−h
(*

.

Dd
D)Γ
DaDd

+ ≡
-!" +-#" − (1! − 1#∗)"

2-!-#∗

Angular observable

!1.51.0

!∗ zero-recoil !∗ maximum-recoil
ℓ & ℓ !∗&

!∗
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Result

2023/07/18 K. Kojima (on behalf of the Belle II Collaboration) / Lepton Photon 2023
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°0.2 °0.1 0.0 0.1 0.2
¢A = Aµ ° Ae

R
L dt = 189 fb°1

Belle II (2023)

Figure 2: Measured asymmetries and asymmetry differences (points), one-standard-deviation bands from the
previous Belle [14] and Belle II [15] measurements (hatched boxes) and calculations from Bobeth et al. [9] based on
a previous measurement from Belle [25](empty boxes), and standard-model expectations (solid boxes). The
standard-model expectation is drawn with a dashed line when its uncertainty is too small to display.
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with the standard-model expectations, give no evidence266
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These measurements are the first comprehensive tests268
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a procedure to reduce the dimensionality of the angular271
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Figure 2: Measured asymmetries and asymmetry differences (points), one-standard-deviation bands from the
previous Belle [14] and Belle II [15] measurements (hatched boxes) and calculations from Bobeth et al. [9] based on
a previous measurement from Belle [25](empty boxes), and standard-model expectations (solid boxes). The
standard-model expectation is drawn with a dashed line when its uncertainty is too small to display.
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Figure 2: Measured asymmetries and asymmetry differences (points), one-standard-deviation bands from the
previous Belle [14] and Belle II [15] measurements (hatched boxes) and calculations from Bobeth et al. [9] based on
a previous measurement from Belle [25](empty boxes), and standard-model expectations (solid boxes). The
standard-model expectation is drawn with a dashed line when its uncertainty is too small to display.
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Belle II untagged !"! →$∗#ℓ$'̅ℓ
Belle [arXiv:2301.07529]

• Comparing asymmetries between H and %, i`$ a = `$
8 a −`$

7(a)

Preliminary

The first universality test by a complete set of angular observables as a function of recoil a

We establish a basic measurement for a test of lepton flavor universality 
using semileptonic # decays at Belle II toward tests involving 1 decays.

• Simultaneous determination of five angular asymmetries in three recoil ranges 
by fitting j;<//

) ≡ l7(7) − l=*+, − l>∗ − lℓ
)

.

Belle II Preliminary

cos 7ℓ ∈ [−1,0) cos 7ℓ ∈ [0,1]

Preliminary

4

whigh

wlow

Figure 2: Measured asymmetries and asymmetry differences (points), one-standard-deviation bands from the
previous Belle [14] and Belle II [15] measurements (hatched boxes) and calculations from Bobeth et al. [9] based on
a previous measurement from Belle [25](empty boxes), and standard-model expectations (solid boxes). The
standard-model expectation is drawn with a dashed line when its uncertainty is too small to display.
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Figure 2: Measured asymmetries and asymmetry differences (points), one-standard-deviation bands from the
previous Belle [14] and Belle II [15] measurements (hatched boxes) and calculations from Bobeth et al. [9] based on
a previous measurement from Belle [25](empty boxes), and standard-model expectations (solid boxes). The
standard-model expectation is drawn with a dashed line when its uncertainty is too small to display.

(p = 0.56) and in w subranges yield 10.2/6 (p = 0.12).262

Tests of the control channels �S7 and �S9 in the full w263

range yield �2/Ndof = 0.6/2 (p = 0.32) and in w sub-264

ranges yield 1.1/4 (p = 0.89). Our results agree well265

with the standard-model expectations, give no evidence266

for LUV, and demonstrate good experimental control.267

These measurements are the first comprehensive tests268

of lepton universality in the angular distributions of269

semileptonic B decays. We have additionally introduced270

a procedure to reduce the dimensionality of the angular271

distributions such that one-dimensional projections now272

contain the complete angular information necessary to273

derive all five angular asymmetries.274

The numerical values and full covariance matrices of275

the measured observables will be made available on HEP-276

Data (https://www.hepdata.net).277
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First "($∗) Result from Belle II



'()∗) Measurement

2023/07/18 K. Kojima (on behalf of the Belle II Collaboration) / Lepton Photon 2023

The first measurement of                                         at Belle II P K∗ =
ℬ J! → K∗R(&̅5
ℬ J! → K∗ℓ(&̅ℓ

!

"∗"

#$#
##

"# %$%&'"
&(

%"

"(

%"
Signal
Leptonic ! decay

Tagged
(Full Event Interpretation)

'(

ℓ(

!

!

Challenge: Multiple missing neutrinos in the final state of J! → K∗R(&̅5

‣ Hadronic !-tagging
‣ Leptonic R decays: R → H&̅7&5/ %&̅8&5
‣ Three K∗ decay channels: 
K∗, → K.(,/K,(., K∗. → K.(.

• Reconstruct J! → K∗R(&̅5 and J! → K∗ℓ(&̅ℓ (ℓ = H, %) 
with the same selections.

• Extract yields of both signal J! → K∗R(&̅5 and 
normalization J! → K∗ℓ(&̅ℓ modes 
with two observables unique to a tagged analysis, 
j;<//
) and n?@ABCDEF, as discriminating variables 

through a simultaneous fit among three K∗ decay channels. 

→ No clear peak in observables 
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' )∗ Signal Extraction

2023/07/18 K. Kojima (on behalf of the Belle II Collaboration) / Lepton Photon 2023

We determine P(K∗) from a two-dimensional fit by extracting both o G=→>∗5)IJ. and o G=→>∗ℓ)IJℓ.

P K∗ =
o G=→>∗5)IJ.

o G=→>∗ℓ)IJℓ/2
⋅
q G=→>∗ℓ)IJℓ
q G=→>∗5)IJ.

(C: reconstruction efficiency)

Extra cluster energy in the calorimeter
Sum of the cluster energy in the calorimeter 
not used for the > ?> reconstruction

Missing mass
@%&''
" ≡ 1("(# − 1!$%& − 1#∗ − 1ℓ

"

D%&'
()*+, !!"#$%&'(

"∗ℓ$

"∗%$
&*+,,
-

"∗∗ℓ$

-? → F∗@!&̅$ events have a larger G./00
1

due to multiple-neutrino emission from 
the @ decay.

Signal candidates peak at 0.
Background candidates have a larger D%&'

()*+,

due to additional clusters from missing particles.

-? → F∗ℓ!&̅ℓ (ℓ = (, H) events peak at 0. 
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Data-driven Validation at Side-band Regions

2023/07/18 K. Kojima (on behalf of the Belle II Collaboration) / Lepton Photon 2023

We evaluate J! → K∗ℓ(&̅ℓ and major background contributions from J! → K∗∗ℓ(&̅ℓ and fake K∗
in three side-band regions. 

1.0 < 3&'((
) < 5.0 GeV/9) )

All side-band regions agree with the data.

Δ3A∗(≡ G2∗ −G2) side bands
for fake &∗

31 ≡ Kℓ + K3
1 < 3.5 GeV/$

below O$
1 threshold

An additional P4 is require to ? -?.

$# → &∗∗ℓ')̅ℓ-enhanced 
side band

$∗# →$!:!

Constrain the fake F∗ yields 
in the signal regions with calibration 

factors at the ΔG2∗ side bands.

4B side band
for $# → &∗ℓ')̅ℓ

-? → F∗∗ℓ!&̅ℓ have unknown rates 
and can mimic -? → F∗@!&̅$.  
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Result

2023/07/18 K. Kojima (on behalf of the Belle II Collaboration) / Lepton Photon 2023

Post-fit distributions for R∗# → R5S#

NewforLP2023

1.5 < 3&'((
) < 6.0 GeV/9) )

P K∗ = 0.267 (...&L
,...'*(stat. ) (...&&

,...)M(syst. )

Systematics dominated by PDF uncertainties and simulated sample size.

40% improvement in statistical precision over Belle at the same sample size
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Summary of ' )∗ Measurements

2023/07/18 K. Kojima (on behalf of the Belle II Collaboration) / Lepton Photon 2023

Our result is consistent with both the SM prediction and the HFLAV average.

NewforLP2023

The new HFLAV average increases the tension with the SM from 3.2Y to 3.3Y.
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Summary

2023/07/18 K. Kojima (on behalf of the Belle II Collaboration) / Lepton Photon 2023

• Semileptonic ! decays allow to determine the CKM matrix elements, |#!"| and |##"|.
~3Y discrepancy between the exclusive and inclusive determination limits our 
understanding of these fundamental parameters.

• > 3Y excess from the SM is observed in lepton universality tests in semileptonic ! decays.
Belle II performed two measurements for tests of the lepton flavor universality.

A new unique measurement of a complementary set of 
angular asymmetries: ΔcN=, /&, /O, /P, /L

Consistent with the SM expectation 

New P K∗ result from the Belle II data
P K∗ = 0.267 (...&L

,...'* stat. (...&&
,...)M syst.

Consistent with both the HFLAV average and the SM expectation
3.2Y → 3.3Y excess

New
for

LP2023

Belle II probes the discrepancy on independent data sets with improved experimental tools.
We reported |#!"| and |##"| with six channels.
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