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Anomalies in 𝒃 → 𝒄 Decays

R(D(⇤)) =
B(B ! D(⇤)⌧⌫)

B(B ! D(⇤)`⌫)
, (` = e or µ)

<latexit sha1_base64="CXTXmVlvj7zlC19hfpeRVMWyQzw="></latexit>

𝑏
𝑑̅

𝑐

𝜏!

𝜈̅"

𝑑̅
𝑏
𝑑̅

𝑐

𝜏!

𝜈̅"

𝑑̅

𝑊!

𝐿𝑄

1.

A fundamental axiom of the Standard Model (SM) is the universality of the lepton coupling, 
𝑔ℓ (ℓ = 𝑒, 𝜇, 𝜏), to the electroweak gauge bosons.

2. 𝑅 𝑋 =
ℬ( -𝐵 → 𝑋𝜏"𝜈̅#)
ℬ( -𝐵 → 𝑋ℓ"𝜈̅ℓ)
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The tension with SM could be a sign of New Physics.

Measurements of ℬ( -𝐵 → 𝑋𝜏"𝜈̅#) are completely saturated 
by ℬ -𝐵 → 𝐷𝜏"𝜈̅# + 𝐷∗𝜏"𝜈̅# unlike ℬ( -𝐵 → 𝑋ℓ"𝜈̅ℓ).
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Light-Lepton Universality Tests in 𝒃 → 𝒄 Decays
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2. Angular asymmetries in -𝐵 → 𝐷∗ℓ"𝜈̅ℓ:  
Δ𝒜%(𝑤) = 𝒜%

&(𝑤) −𝒜%
'(𝑤)

New Physics in 𝑅 𝐷 ∗ and 𝑅(𝑋) could induce a violation of the lepton flavor universality 
in the following observables for the light-lepton side of 𝑒 and 𝜇.

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

𝑅(𝑋&/') and 𝒜%(𝑤) can provide 
theoretically and experimentally clean probes of light-lepton universality.

Major cancellation of theoretical and experimental uncertainties

𝐴)* : 𝑑𝑥 = 𝑑 cos 𝜃ℓ
𝑆+ : 𝑑𝑥 = 𝑑(cos 2𝜒)! …

𝒜%(𝑤) =
𝑑Γ
𝑑𝑤

",

F
-

,
−F

",

-
𝑑𝑥

𝑑.Γ
𝑑𝑤𝑑𝑥

: recoil parameter𝑤 ≡
𝑚"
# +𝑚$

# − (𝑝" − 𝑝$∗)#

2𝑚"𝑚$∗

𝑅 𝑋&/' =
ℬ -𝐵 → 𝑋𝑒"𝜈̅&
ℬ -𝐵 → 𝑋𝜇"𝜈̅'

1. 

Angular observable
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The SuperKEKB/Belle II Experiment
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The world’s highest instantaneous luminosity:
𝟒. 𝟕 × 𝟏𝟎𝟑𝟒 𝐜𝐦"𝟐𝐬"𝟏

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

HER 𝑒!

LER 𝑒$

SuperKEKB accelerator

2019 2020 2021 2022

𝟑𝟔𝟐 𝐟𝐛"𝟏 at 𝚼(𝟒𝑺)

𝜎 𝑏-𝑏 ~1.1 nb, 𝜎 𝑞-𝑞 ~3.7 nb (𝑞 = 𝑢, 𝑑, 𝑠, 𝑐) 
at 𝑠 = 10.58 GeV

∫ℒ 𝑑𝑡 = 424 fb",

(KEKB record: 2.1 × 10-. cm/0s/1) 
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The SuperKEKB/Belle II Experiment
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The world’s highest instantaneous luminosity:
𝟒. 𝟕 × 𝟏𝟎𝟑𝟒 𝐜𝐦"𝟐𝐬"𝟏

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

(KEKB record: 2.1 × 10-. cm/0s/1) 

HER 𝑒!

LER 𝑒$

SuperKEKB accelerator

2019 2020 2021 2022 𝜎 𝑏-𝑏 ~1.1 nb, 𝜎 𝑞-𝑞 ~3.7 nb (𝑞 = 𝑢, 𝑑, 𝑠, 𝑐) 
at 𝑠 = 10.58 GeV

∫ℒ 𝑑𝑡 = 424 fb",

𝟏𝟖𝟗 𝐟𝐛"𝟏

Belle II measured light-lepton universalities at 189 fb",
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The Belle II Detector
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Substantially upgraded from the Belle detector 
except for calorimeter crystal and superconducting magnet

Equivalent or improved performances under higher beam background and event rate conditions.
e.g. vertex resolution, 𝐾3- reconstruction, 𝐾/𝜋 identification, trigger system, …

HER 𝑒!
7 GeV

LER 𝑒$
4 GeV

∼ 7 m

KL and muon detector:
Resistive Plate Counter (Outer barrel layers)
Scintillator + Wavelength-shifting fiber + MPPC 
(Inner 2 layers of barrel & end-caps)

Particle Identification 
Time-of-Propagation counter (Barrel)
Prox. focusing Aerogel RICH (Forward)

Central Drift Chamber
He(50%):C2H6(50%), Small cells, 
long lever arm,  fast electronics

EM Calorimeter:
CsI(Tl), waveform sampling

Vertex Detector
2 layers DEPFET (pixel) + 
4 layers Double-sided Silicon Strip Detector

Beryllium beam pipe
2cm diameter

Grid computing
𝒪(10%) CPU cores 
𝒪 100 PB storage 
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The Belle II Detector: Event Display
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Belle II Simulation View perpendicular to the beam axis
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The Belle II Detector: Event Display
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Belle II Simulation View from along the beam axis
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Reconstruction
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𝐵 mesons are generated in pairs from a Υ(4𝑆) (𝑏-𝑏 resonance) decay. 
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Reconstruction: 𝑩 Tagging
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One 𝐵 meson from Υ(4𝑆) decay is fully reconstructed with hadronic decays to tag 𝐵 -𝐵 events. 
𝐵 mesons are generated in pairs from a Υ(4𝑆) (𝑏-𝑏 resonance) decay. 

𝜈

𝐷∗4

𝐷- 𝜋56784

𝐾"

𝜋4

𝐷"

𝜋4

ℓ"

-𝐵-
𝐵-

Comp. and Soft. For Big Sci. 3, 6 (2019)

Hadronic 𝐵 tagging 
(Full Event Interpretation)

Efficiency
𝐵7: 0.27%, 𝐵8: 0.35%

arXiv:2008.06096

Improved efficiency up to 50% relatively 
with respect to conventional approaches

Reconstructed momentum of the partner 𝐵
can make strong kinematic constraints in 
reconstruction for the signal side with neutrinos.
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https://arxiv.org/abs/2008.06096


Reconstruction: Signal 𝑩 Reconstruction
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1. Inclusive signal 𝑩 modes 2. Exclusive signal 𝑩 modes

One 𝐵 meson from Υ(4𝑆) decay is fully reconstructed with hadronic decays to tag 𝐵 -𝐵 events. 
The signal semi-leptonic 𝐵 decays are reconstructed via inclusive or exclusive modes.

Reconstruct all 𝐵 daughters 
through specific decay channels.

𝐵 mesons are generated in pairs from a Υ(4𝑆) (𝑏-𝑏 resonance) decay. 
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Reconstruct other particles than a lepton 
inclusively as 𝑋.

Hadronic 𝐵 tagging (Full Event Interpretation)
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Control channel (𝐵&𝐵&/𝐵'𝐵')

Light-Lepton Universality Test: 𝑹 𝑿𝒆/𝝁 Measurement
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ℬ 1𝐵 → 𝑋𝑒/𝜈̅:
ℬ 1𝐵 → 𝑋𝜇/𝜈̅;

𝑅 𝑋&/' =We tested light-lepton universality by                                        of the inclusive signal 𝐵 modes. 
arXiv:2301.08266

The signal yields are extracted through a binned maximum-likelihood simultaneous fit to lepton momentum 
of the signal 𝐵 rest frame, 𝑝ℓ<, among the signal (𝐵7 1𝐵7/𝐵8𝐵/) and control (𝐵7𝐵7/𝐵8𝐵8) channels.

Background from 𝑩A𝑩 eventsBackground from 𝒒A𝒒 events
(continuum background)

𝑞 = 𝑢, 𝑑, 𝑠, 𝑐 𝐵 -𝐵

-𝑞
𝑞

-𝐵𝐵
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55% rejection of the continuum background at 
97% retention of the 𝐵 1𝐵 candidates.

MVA with 21 event-topology variables: Background from 𝐵 1𝐵 events are constrained 
using the background-enriched control sample 
through the simultaneous fit.

https://arxiv.org/abs/2301.08266


Light-Lepton Universality Test: 𝑹 𝑿𝒆/𝝁 Measurement
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Control channel (𝐵&𝐵&/𝐵'𝐵') Signal channel (𝐵& =𝐵&/𝐵'𝐵()

First 𝑒-𝜇 universality test using inclusive semi-leptonic 𝐵 decays
The most precise test of branching-fraction based 𝑒-𝜇 universality of semi-leptonic 𝐵 decays

𝑅(𝑋&/') = 1.033 ± 0.010 stat ± 0.019 (syst)

Consistent with SM 𝑅 𝑋&/' 9:
[1] by 1.2𝜎 and the exclusive Belle 𝑅 𝐷∗&/' [2],[3].

[1] J. High Energy Phys. 11, 007 (2022), [2] Phys. Rev. D 100, 052007 (2019), [3] arXiv:2301.07529

We tested light-lepton universality by                                        of the inclusive signal 𝐵 modes. 
ℬ 1𝐵 → 𝑋𝑒/𝜈̅:
ℬ 1𝐵 → 𝑋𝜇/𝜈̅;

arXiv:2301.08266
𝑅 𝑋&/' =
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https://link.springer.com/article/10.1007/JHEP11(2022)007
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.052007
https://arxiv.org/abs/2301.07529
https://arxiv.org/abs/2301.08266


Light-Lepton Universality Test: Angular Asymmetry
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Angular observable

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

𝒜%(𝑤) 𝑑𝑥
𝐴)*(w) 𝑑 cos 𝜃ℓ
𝑆+(w) 𝑑 cos 2𝜒
𝑆;(w) 𝑑 cos 𝜒 cos 𝜃<
𝑆=(w) 𝑑 sin 𝜒 cos 𝜃<
𝑆>(w) 𝑑 sin 2𝜒

Highly sensitive to 
lepton universality violation

We tested lepton universality by comparing five angular asymmetries of 𝑒 and 𝜇, 
𝛥𝒜% 𝑤 = 𝒜%

' 𝑤 −𝒜%
&(𝑤) using exclusive -𝐵- → 𝐷∗4ℓ"𝜈̅ℓ decays.

The simultaneous determination of all asymmetries in different 𝑤 ranges is performed.

Less sensitive or insensitive to NP.
For control of the analysis method

: recoil parameter𝑤 ≡
𝑚"
# +𝑚$

# − (𝑝" − 𝑝$∗)#

2𝑚"𝑚$∗

𝑤
1.51.2751.0

𝑤?@A?𝑤678
𝑤@BC6.

𝐷∗ zero-recoil 𝐷∗ maximum-recoil

ℓ 𝜈
ℓ

𝐷∗
𝜈

𝐷∗
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Light-Lepton Universality Test: Angular Asymmetry
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We tested lepton universality by comparing five angular asymmetries of 𝑒 and 𝜇, 
𝛥𝒜% 𝑤 = 𝒜%

' 𝑤 −𝒜%
&(𝑤) using exclusive -𝐵- → 𝐷∗4ℓ"𝜈̅ℓ decays.

4
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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
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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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Figure 1: Muon-mode M2
miss distributions and fit results

for cos ✓` in the ranges [�1, 0] (left) and [0, 1] (right),
corresponding to the � and + categories of Aµ

FB, in the
full w range (wincl.).

B candidates and use the TreeFit [30] algorithm to re-201

ject candidates that cannot be fit to consistent vertices.202

We then combine the signal and tag B candidates and203

require that the missing energy in the event be greater204

than 0.3GeV. If more than one candidate passes these205

requirements, we select only the one with the smallest206

value of |MD⇤ � MD|. For each asymmetry Ax and w207

range, we separate our signal candidates into + and �208

categories based on the measured value of x. We deter-209

mine the numbers of signal events with binned maximum-210

likelihood fits to distributions of M2
miss, the squared dif-211

ference between the four-momenta of the collision and212

the sum of the reconstructed particles. This distribution213

for correctly reconstructed signal events peaks near zero.214

This distribution for backgrounds, which come mostly215

from B ! D⇤⇤`⌫ decays, do not. The histogram shapes216

of both of these contributions are determined by simula-217

tion. An example fit can be seen in Fig. 1.218

We correct the fitted yields N±
x (w) for selection and219

detector acceptance losses using efficiency estimates from220

simulation. We further correct for migration of candi-221

dates between the + and � categories and different w222

bins by inverting a detector response matrix constructed223

from the conditional probabilities that events generated224

in a particular kinematic bin are reconstructed in each225

kinematic bin.226

The largest systematic uncertainty affecting the mea-227

surement is from the limited size of the simulated sam-228

ples, which limits the precision of the bin migration and229

efficiency corrections. We determine the uncertainties230

from this source by resampling the simulated data with231

Table I: A summary of our measurements of the �A
observables (Obs.) that are sensitive to lepton
universality violation, compared to their standard
model (SM) expectations. The experimental
uncertainties contain both statistical and systematic
sources, but are dominated by the statistical
uncertainty. An SM expectation of 0± 0 indicates a
value consistent with zero within machine precision.

Obs. w bin Measurement SM⇥105

�AFB wlow 0.099± 0.064 �104± 2
whigh �0.168± 0.072 �1133± 9
wincl. �0.024± 0.046 �566± 7

�S3 wlow �0.026± 0.071 28± 0.2
whigh �0.101± 0.072 23± 1
wincl. �0.062± 0.049 18± 1

�S5 wlow �0.019± 0.072 27± 0.3
whigh �0.055± 0.07 107± 4
wincl. �0.035± 0.049 49± 2

�S7 wlow 0.011± 0.07 0± 0
whigh �0.061± 0.068 0± 0
wincl. �0.026± 0.047 0± 0

�S9 wlow 0.009± 0.07 0± 0
whigh 0.022± 0.071 0± 0
wincl. 0.02± 0.049 0± 0

replacement, repeating the measurement, and observing232

how it varies. This uncertainty is in general one order of233

magnitude smaller than the statistical uncertainty, which234

ranges from 0.003� 0.017. We determine the uncertain-235

ties from other systematic effects by varying their contri-236

bution within their known uncertainties or bounds [31]237

or from independent control data. Lepton identification238

uncertainties mostly cancel in the asymmetries A and are239

at most 0.004. The uncertainty on the reconstruction ef-240

ficiency of ⇡slow and uncertainties from modeling of other241

background processes, such as B ! D⇤⇤`⌫̄`, are negligi-242

ble. The supplemental material for this article contains a243

full description of all of the systematic uncertainties [32].244

We show our measurements of the asymmetries and the245

LU-sensitive differences in Fig. 2 and a summary of the246

differences in Table I. We compare our measurements to247

predictions from Ref. [33] and measurements from Ref. [9,248

14, 15]. The results in Ref. [9] are obtained in a slightly249

reduced w range, [1, 1.5], which makes them not directly250

comparable to the other results. However, the standard251

model expectations in these two w ranges differ only in252

the fourth decimal place.253

To test agreement with the standard model expecta-254

tion, we perform three different �2 tests, accounting for255

the statistical and systematic covariances between all of256

the variables. Tests of the asymmetries A in the full w257

range (wincl.) yield �2/Ndof = 15.0/10 (p = 0.13) and258

in w subranges (wlow, whigh) yield 27.7/20 (p = 0.12).259

Tests of the LUV-sensitive asymmetry differences �AFB,260

�S3, and �S5 in the full w range yield �2/Ndof = 2.1/3261

The signal yields are extracted through a binned maximum-likelihood fit to 𝑀?@AA
0 distributions.

cos 𝜃ℓ ∈ [0, −1] cos 𝜃ℓ ∈ [0,1]

𝑤
1.51.2751.0
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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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The test of lepton universality violation attracts attention by deviations of experimental 
results from the Standard Model by > 3𝜎 in 𝑏 → 𝑐 transitions.
New Physics could contribute to the lepton universality violations.

The Belle II performed two light-lepton universality tests.

1. 𝑅 𝑋&/' = 1.033 ± 0.010 stat ± 0.019 (syst)

2. 𝛥𝐴)*(𝑤), Δ𝑆+(𝑤), Δ𝑆;(𝑤), Δ𝑆=(𝑤), Δ𝑆>(𝑤)

Both tests are world-leading/first results and are consistent with the SM expectation.

16 / 17
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SuperKEKB/Belle II luminosity projection

Long 
Shutdown 1

We’re here

Belle II will achieve 𝒪(10".) sensitivities at 1-5 ab", for 
𝑅 𝐷 ∗ = ℬ FG→I(∗)#2JK3

ℬ FG→I(∗)ℓ2JKℓ
and 𝑅(𝑋) = ℬ FG→L#2JK3

ℬ FG→Lℓ2JKℓ
.

The SuperKEKB/Belle II will resume operation in the winter of 2023.

Long 
Shutdown 2

Lepton universality tests including 𝜏 leptons by measurements of 𝑅 𝑋 = ℬ FG→L#2JK3
ℬ FG→Lℓ2JKℓ

and  

𝑅 𝐷∗ = ℬ FG→I∗#2JK3
ℬ FG→I∗ℓ2JKℓ

with Belle II data are in progress.

𝑅(𝑋)

𝑅(𝐷∗) 𝑅(𝐷)

𝑅(𝜋)

5 ab(+
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Systematic Uncertainties on 𝑹(𝑿𝒆/𝝁)
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The modeling of charmed 𝐷 meson decays by varying the branching ratio of each decay 
𝐷 → 𝐾8anything within its uncertainty while fixing the total event normalization. 
The effect is negligible.

5

Figure 1: Same-charge control channel (left) and opposite-charge signal (right) spectra of the lepton momentum in
the Bsig rest frame, pB` , with the fit results overlaid. The background component mostly contains events with fake or
secondary leptons. The last bin contains overflow events. The hatched area shows the total statistical plus
systematic uncertainty, added in quadrature in each bin.

Table I: Statistical and systematic uncertainties on the
value of R(Xe/µ) from the most significant sources.

Source Uncertainty [%]

Sample size 1.0

Lepton identification 1.9

Xc ` ⌫ branching fractions 0.1

Xc ` ⌫ form factors 0.2

Total 2.2

negligible for the total B ! X ` ⌫ yields determination,
they mostly cancel in the R(Xe/µ) ratio.

We find an R(Xe/µ) value of

R(Xe/µ) = 1.033 ± 0.010 (stat) ± 0.019 (syst), (2)

which agrees within 0.6� with a previous measurement
from Belle in exclusive B ! D⇤`⌫ decays [9]. In order
to reduce model dependence, we also provide a fiducial
measurement by recalculating Ngen

` of Eq. (1) in the re-
stricted phase space defined by selecting events with a
generated B-frame lepton momentum above 1.3 GeV/c,
leading to an overall scaling of R(Xe/µ) by 0.998. The
result is

R(Xe/µ | pB` > 1.3 GeV/c) = 1.031 ± 0.010 (stat)

± 0.019 (syst).
(3)

In order to test the dependence of the result on the cho-
sen lower threshold on pB` , we measure R(Xe/µ) while
changing the nominal value of 1.3 GeV/c to 1.1, 1.2,

and 1.4 GeV/c. The values are mutually consistent with
a p-value of 0.27, taking into account the correlations
between uncertainties of the four measurements. Simi-
larly, the result is consistent between subsets of the full
data set when split by lepton charge, tag flavor, and
by data-taking period. Furthermore, we check the im-
pact on R(Xe/µ) of the modeling of charmed D me-
son decays by varying the branching ratio of each decay
D ! K + anything within its uncertainty as provided in
Ref. [22] while fixing the total event normalization. The
e↵ect is negligible.

Our result is the most precise branching fraction-
based test of electron-muon universality in semileptonic
B decays. The measurement in the full phase space,
Eq. 2, is consistent with the standard model prediction
of 1.006 ± 0.001 [34].

This work, based on data collected using the Belle
II detector, which was built and commissioned prior to
March 2019, was supported by Science Committee of
the Republic of Armenia Grant No. 20TTCG-1C010;
Australian Research Council and research Grants
No. DE220100462, No. DP180102629, No. DP170102389,
No. DP170102204, No. DP150103061, No. FT130100303,
No. FT130100018, and No. FT120100745; Austrian
Federal Ministry of Education, Science and Research,
Austrian Science Fund No. P 31361-N36 and No. J4625-
N, and Horizon 2020 ERC Starting Grant No. 947006
“InterLeptons”; Natural Sciences and Engineering
Research Council of Canada, Compute Canada and
CANARIE; Chinese Academy of Sciences and re-
search Grant No. QYZDJ-SSW-SLH011, National
Natural Science Foundation of China and research
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Angular observables 𝜒./𝑁M7N 𝑝-value
𝒜 15.0/10 0.13

𝛥𝐴)*(𝑤), Δ𝑆+(𝑤), Δ𝑆;(𝑤) 2.1/3 0.56
Δ𝑆=(𝑤), Δ𝑆>(𝑤) 0.6/2 0.32

Angular observables 𝜒./𝑁M7N 𝑝-value
𝒜 27.7/20 0.12

𝛥𝐴)*(𝑤), Δ𝑆+(𝑤), Δ𝑆;(𝑤) 10.2/6 0.12
Δ𝑆=(𝑤), Δ𝑆>(𝑤) 1.1/4 0.89

In the full 𝒘 region, 𝒘𝒊𝒏𝒄𝒍.: 

In the sub-𝒘 region, 𝒘𝒉𝒊𝒈𝒉 & 𝒘𝒍𝒐𝒘: 
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Uncertainties on Angular Asymmetries
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4

Table III: A breakdown of the experimental uncertainties for all angular observables (Obs.) by relevant source:
sample size (Stat.), MC sample size (MC stat.), lepton ID (LID), and slow pion efficiency (⇡slow).

Obs. w bin Total Stat. MC stat. LID ⇡slow

Ae
FB wlow 0.047 0.044 0.015 0.004 0.001

whigh 0.052 0.049 0.017 0.004 0.001
wincl. 0.034 0.032 0.011 0.004 0.001

Aµ
FB wlow 0.043 0.041 0.013 0.001 0.001

whigh 0.050 0.047 0.016 0.002 0.001
wincl. 0.032 0.030 0.010 0.001 0.001

�AFB wlow 0.064 0.060 0.020 0.004 0.001
whigh 0.072 0.067 0.024 0.004 0.001
wincl. 0.046 0.044 0.015 0.004 0.001

Se
3 wlow 0.053 0.050 0.018 0.000 0.001

whigh 0.051 0.048 0.018 0.000 0.000
wincl. 0.036 0.034 0.012 0.000 0.000

Sµ
3 wlow 0.048 0.045 0.016 0.001 0.000

whigh 0.050 0.047 0.016 0.000 0.000
wincl. 0.034 0.032 0.011 0.001 0.000

�S3 wlow 0.071 0.067 0.024 0.001 0.000
whigh 0.072 0.067 0.025 0.001 0.000
wincl. 0.049 0.046 0.017 0.001 0.000

Se
5 wlow 0.053 0.050 0.018 0.001 0.000

whigh 0.051 0.048 0.017 0.001 0.000
wincl. 0.036 0.034 0.012 0.001 0.000

Sµ
5 wlow 0.048 0.045 0.016 0.001 0.000

whigh 0.049 0.046 0.016 0.000 0.000
wincl. 0.034 0.032 0.011 0.000 0.000

�S5 wlow 0.072 0.068 0.024 0.001 0.000
whigh 0.070 0.066 0.023 0.001 0.000
wincl. 0.049 0.046 0.016 0.001 0.000

Se
7 wlow 0.052 0.049 0.018 0.001 0.000

whigh 0.049 0.046 0.017 0.000 0.000
wincl. 0.034 0.032 0.012 0.000 0.000

Sµ
7 wlow 0.047 0.044 0.015 0.000 0.000

whigh 0.047 0.045 0.015 0.000 0.000
wincl. 0.032 0.031 0.011 0.000 0.000

�S7 wlow 0.070 0.066 0.023 0.001 0.001
whigh 0.068 0.064 0.022 0.000 0.000
wincl. 0.047 0.044 0.016 0.000 0.000

Se
9 wlow 0.052 0.048 0.018 0.000 0.000

whigh 0.051 0.048 0.018 0.000 0.000
wincl. 0.036 0.034 0.012 0.000 0.000

Sµ
9 wlow 0.047 0.044 0.016 0.000 0.000

whigh 0.049 0.047 0.016 0.000 0.001
wincl. 0.033 0.032 0.011 0.000 0.000

�S9 wlow 0.070 0.065 0.024 0.000 0.000
whigh 0.071 0.067 0.024 0.001 0.001
wincl. 0.049 0.046 0.017 0.000 0.000

4

Table III: A breakdown of the experimental uncertainties for all angular observables (Obs.) by relevant source:
sample size (Stat.), MC sample size (MC stat.), lepton ID (LID), and slow pion efficiency (⇡slow).

Obs. w bin Total Stat. MC stat. LID ⇡slow

Ae
FB wlow 0.047 0.044 0.015 0.004 0.001

whigh 0.052 0.049 0.017 0.004 0.001
wincl. 0.034 0.032 0.011 0.004 0.001

Aµ
FB wlow 0.043 0.041 0.013 0.001 0.001

whigh 0.050 0.047 0.016 0.002 0.001
wincl. 0.032 0.030 0.010 0.001 0.001

�AFB wlow 0.064 0.060 0.020 0.004 0.001
whigh 0.072 0.067 0.024 0.004 0.001
wincl. 0.046 0.044 0.015 0.004 0.001

Se
3 wlow 0.053 0.050 0.018 0.000 0.001

whigh 0.051 0.048 0.018 0.000 0.000
wincl. 0.036 0.034 0.012 0.000 0.000

Sµ
3 wlow 0.048 0.045 0.016 0.001 0.000

whigh 0.050 0.047 0.016 0.000 0.000
wincl. 0.034 0.032 0.011 0.001 0.000

�S3 wlow 0.071 0.067 0.024 0.001 0.000
whigh 0.072 0.067 0.025 0.001 0.000
wincl. 0.049 0.046 0.017 0.001 0.000

Se
5 wlow 0.053 0.050 0.018 0.001 0.000

whigh 0.051 0.048 0.017 0.001 0.000
wincl. 0.036 0.034 0.012 0.001 0.000

Sµ
5 wlow 0.048 0.045 0.016 0.001 0.000

whigh 0.049 0.046 0.016 0.000 0.000
wincl. 0.034 0.032 0.011 0.000 0.000

�S5 wlow 0.072 0.068 0.024 0.001 0.000
whigh 0.070 0.066 0.023 0.001 0.000
wincl. 0.049 0.046 0.016 0.001 0.000

Se
7 wlow 0.052 0.049 0.018 0.001 0.000

whigh 0.049 0.046 0.017 0.000 0.000
wincl. 0.034 0.032 0.012 0.000 0.000

Sµ
7 wlow 0.047 0.044 0.015 0.000 0.000

whigh 0.047 0.045 0.015 0.000 0.000
wincl. 0.032 0.031 0.011 0.000 0.000

�S7 wlow 0.070 0.066 0.023 0.001 0.001
whigh 0.068 0.064 0.022 0.000 0.000
wincl. 0.047 0.044 0.016 0.000 0.000

Se
9 wlow 0.052 0.048 0.018 0.000 0.000

whigh 0.051 0.048 0.018 0.000 0.000
wincl. 0.036 0.034 0.012 0.000 0.000

Sµ
9 wlow 0.047 0.044 0.016 0.000 0.000

whigh 0.049 0.047 0.016 0.000 0.001
wincl. 0.033 0.032 0.011 0.000 0.000

�S9 wlow 0.070 0.065 0.024 0.000 0.000
whigh 0.071 0.067 0.024 0.001 0.001
wincl. 0.049 0.046 0.017 0.000 0.000

The systematic uncertainties are dominated by the sample size of MC statistics.
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Search for 𝑩% → 𝑲%𝝂.𝝂 with an Inclusive Tagging Method
𝑏 → 𝑠𝜈𝜈̅ offers a complementary probe of new physics in 𝑏 → 𝑠ℓℓ.

Belle II performed the search for 𝐵4 → 𝐾4𝜈𝜈̅ with an inclusive tagging method for the first time. 

2023/03/29 K. Kojima / International Conference on the Physics of the Two Infinities

Train two BDTs in cascade to suppress backgrounds 
using event shape and rest-of-event information.

BDT performance validation

𝐵±
Υ(4𝑆)

𝐵

𝐾±Untagged

highest 
𝑝0 track 

𝐵8 → 𝐾8𝐽/𝜓 → 𝐾𝜇8𝜇/: Signal-like events (with dimuon mask)
𝐵8 → 𝐾8𝐽/𝜓 → 𝐾𝜇8𝜇/: Background-like events

BDT1 … Discriminate signals mainly by topological features
BDT2 … Improve purity of signals in events with BDT1>0.9

→ 35% increase at 4% signal efficiency

[1] Prog. Theor. Exp. Phys. 2020, 083C01 (2020), [2] arXiv:2207.13371

𝑏 → 𝑠𝜈𝜈̅ decays are not observed yet.
Upper limit[1] ℬ 𝐵4 → 𝐾4𝜈𝜈̅ < 1.6×10";

SM[2] ℬ 𝐵4 → 𝐾4𝜈𝜈̅ = 5.67 ± 0.38 ×10"W
𝜈𝜈̅

Phys. Rev. Lett. 127, 181802 (2021)
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Search for 𝑩% → 𝑲%𝝂.𝝂 with an Inclusive Tagging Method

2023/03/29 K. Kojima / International Conference on the Physics of the Two Infinities

Observed branching fraction: 
ℬ 𝐵4 → 𝐾4𝜈𝜈̅ = 1.9 ",.+

4,.+
5XYX "-.=

4-.Z
5[5X ×10";

Competitive as a new method!

Observed (expected) upper limit on the branching fraction:
ℬ 𝐵4 → 𝐾4𝜈𝜈̅ < 4.1 (2.3)×10"; (90% CL)

Phys. Rev. Lett. 127, 181802 (2021)

Comparable 
accuracy

20% and 350% improvement from the semi-leptonic and hadronic tagging methods 
at 711 fb/1, respectively
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