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The Belle II experiment
• Electron-Positron (𝑒!𝑒") collider

• 𝐸#$ at Υ(4𝑆) resonance (10.58 GeV)

• 𝐵-factory Υ 4𝑆 → 𝐵 /𝐵 (𝑎𝑡 𝑙𝑒𝑎𝑠𝑡 96% )
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∫ ℒ 𝑑𝑡 = 189 )b!"

The following Belle II measurements are done at 189 )b!"



The Belle II detector

3

LER 𝑒#
4 GeV

HER 𝑒!
7 GeV

Beryllium beam pipe
20mm diameter

Vertex detector (PXD & SVD)
2 layer silicon pixels + 4 layer silicon 
strip detectors

Central Drift Chamber (CDC)
𝐻𝑒 50% : 𝐶!𝐻"(50%), small cells, long lever 
arms, fast electronics

Particle identification (TOP & ARICH)
Time of propagation counter (barrel)
Proximity focusing Aerogel RICH (forward)

EM Calorimeter (ECL)
Cs(I), waveform sampling

K-Long and muon detector  (KLM)
Resistive plate chambers (outer barrel),
Scintillator strips (end-cap + inner 2 barrel layers) 

4𝜋 coverage
More on this on talk by Doris Kim
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Lepton Identification

11Lepton Photon,   20 July 2023P. Rados  

Lepton ID Performance
Likelihood-based BDT-based

• Overall good lepton ID performance. 
  

• BDT has superior performance  
across the whole momentum  
spectrum, especially below  
0.6 GeV where the fake rate is  
reduced by up to a factor of 10. 

• Data/MC correction factors have 
associated systematics for the  
efficiency at the 0.5-1.5% level 
(1.0-1.5% at Belle).  

• Precision continues to improve  
as we better understand  
remaining tensions b/w control  
channels. 

electron ID electron ID

muon ID muon ID

Likelihood Ratio BDT-based• Particle identification (PID) – identify 
“long-lived” particles passing through the 
detector by interacting with matter

• One of the most crucial part of 
determining the sensitivity of a 
measurement 

• Lepton identification algorithm works 
based on likelihood ratio or BDT

• New BDT-based lepton identification 
superior across the momentum spectrum, 
especially < 0.6 GeV/c

• Data/MC correction factors have 
associated systematics for the efficiency at 
the 0.5-1.5% level

ID$ =
ℒ$

∑%
&, $, (, ),*,+ ℒ%
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First 𝑅(𝐷∗) Measurement from Belle II
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Introduction to flavour anomalies in 𝑏 → 𝑐 decays
• Flavour anomalies have been observed due to deviations from the Standard model in processes involving leptons
• New physics could introduce additional interactions with each lepton, affecting the predicted rate of 𝑏 → 𝑐 decays
• New interactions involving the 𝑏 → 𝑐 quark transition can probed in 𝑅(𝐷(∗)) or 𝑅(𝑋(/ℓ)

𝑅 𝐷(∗) =
𝐵𝑟 𝐵 → 𝐷(∗)𝜏𝜈
𝐵𝑟 𝐵 → 𝐷(∗)ℓ𝜈

𝑅 𝑋(/ℓ =
𝐵𝑟 𝐵 → 𝑋𝜏𝜈
𝐵𝑟 𝐵 → 𝑋ℓ𝜈ℓ ∈ {𝑒, 𝜇}

Consistent with Standard Model expectation
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𝑅(𝐷∗) reconstruction

Exclusive signal B modes
Reconstruct the signal-side B meson 

through specific decay channels

Υ(4𝑆) /𝐵+𝐵+

𝜋!

𝜈̅(

Hadronic tag

Signal side
𝑒!

𝑒"

𝐷"

𝐷!∗

𝐷+

𝜋,-./!

𝜋!

𝐾"

𝜏"

ℓ"

𝜈̅ℓ

𝜈(

• Tag one 𝐵-meson from 
hadronic decays and analyse 
remaining 𝐵 (signal side)

• Reconstruction of
⇒ 𝐵, → 𝐷∗𝜏! 𝜈̅.
⇒ 𝐵, → 𝐷∗ℓ! 𝜈̅ℓ, ℓ ∈ {𝑒, 𝜇}

• Leptonic 𝜏 decays

• Three 𝐷∗ decay channels:
⇒ 𝐷∗# → 𝐷,𝜋#
⇒ 𝐷∗# → 𝐷#𝜋,
⇒ 𝐷∗, → 𝐷,𝜋,

Efficiency
𝐵#: 0.27%, 𝐵$: 0.35%

Belle II arXiv:2008.06096
Precise knowledge of 𝐵%&' kinematics, strong kinematic 

reconstruction constraints for sig. side with 3 𝜈′𝑠

Hadronic B-tagging 
(Full Event Interpretation)

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

https://arxiv.org/abs/2008.06096
https://link.springer.com/article/10.1007%2Fs41781-019-0021-8
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𝑅(𝐷∗) extraction
• 2D extended binned maximum likelihood fit to missing mass squared (𝑀0122

3 ) and extra ECL energy (𝐸4#56789:)

• Simultaneous fit the three 𝐷∗ decays channels:
⇒ 𝐷∗! → 𝐷+𝜋!
⇒ 𝐷∗! → 𝐷!𝜋+
⇒ 𝐷∗+ → 𝐷+𝜋+

• 𝑅 𝐷∗ extracted from fit using 𝑅 𝐷∗
𝑁;: no. of 𝜒 events extracted from fit
𝜀;: reconstruction efficiency for 𝜒 events

𝑴𝒎𝒊𝒔𝒔
𝟐 distribution

• >𝐵 → 𝐷∗ℓ𝜈 events peak ~0 due to a single 𝜈

• >𝐵 → 𝐷∗𝜏𝜈 events larger 𝑀-.//
! due to multiple 𝜈

from >𝐵, 𝜏

• Multiple 𝜈 causes broad peak >𝐵 → 𝐷∗𝜏𝜈

𝑬𝑬𝑪𝑳𝐞𝐱𝐭𝐫𝐚 distribution

• Background candidates have larger 𝐸89:;<=>? due to 
missing particles additional clusters

𝑀-.//
! = 𝑝@!@" − 𝑝A#$% − 𝑝B∗ − 𝑝ℓ

! 𝐸89:;<=>?:  Sum of cluster energy not used in reco.

𝐷∗𝜏𝜈.

𝐷∗ℓ𝜈ℓ

𝐷∗∗ℓ𝜈ℓ

𝑀-.//
!

𝐸DEF@G%H&
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Sample composition evaluation
/𝐵 → 𝐷∗ℓ"𝜈̅ℓ and major background contributions from /𝐵 → 𝐷∗∗ℓ"𝜈̅ℓ and fake 𝐷∗ in three side-band regions are evaluated. 

𝒒𝟐 [GeV2/c2] side band for J𝑩 → 𝑫∗ℓI>𝝂ℓ J𝑩 → 𝑫∗∗ℓI>𝝂ℓ enhanced side band 𝚫𝐌𝐃∗ = (𝐌𝐃∗ −𝐌𝐃) side bands for fake 𝑫∗

• 𝑞! = 𝑝ℓ + 𝑝K ! < 3.5 GeV
• Below 𝑚L threshold

• An additional 𝜋# is required to 𝐵 >𝐵
• >𝐵 → 𝐷∗∗ℓI𝜈̅ℓ have unknown rates and 

can mimic >𝐵 → 𝐷∗𝜏I𝜈̅L

• Constrain the fake 𝐷∗ yields in the signal 
regions with calibration factors at the Δ𝑀B∗

side bands.
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𝑅(𝐷∗) post-fit results

0.2 0.3
R(D*)

BaBar 2012, had. tag
 0.018± 0.024 ±0.332 

Belle 2015, had. tag
 0.015± 0.038 ±0.293 

Belle 2017, (hadronic tau)
 0.027± 0.035 ±0.270 

Belle 2019, sl.tag
 0.014± 0.018 ±0.283 

LHCb 2022 
 0.024± 0.018 ±0.281 

LHCb 2023, (hadronic tau)
 0.018± 0.012 ±0.257 

BelleII 2023, had.tag
 0.031± 0.040 ±0.267 

Average 
 0.012±0.284 

HFLAV SM Average 
 0.005±0.254 

PRD 95 (2017) 115008 
 0.003±0.257 

JHEP 1712 (2017) 060 
 0.005±0.257 

PLB 795 (2019) 386 
 0.007±0.254 

PRL 123 (2019) 9,091801 
 0.005±0.253 

EPJC 80 (2020) 2, 74 
 0.006±0.247 

EPJC 82(2022) 12,1141 
 0.013±0.265 

EPJC 82(2022) 12,1083 
 0.008±0.275 

arXiv:2304.03137[hep-lat] 
 0.013±0.279 

arXiv:2306.05657[hep-lat] 
 0.022±0.252 

arXiv:2305.11855[hep-ph] 
 0.012±0.258 HFLAV

Summer 2023
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• First 𝑅(𝐷∗) result from Belle II

𝑅 𝐷∗ = 0.267@A.ACDEA.AFG stat. @A.ACC
EA.AHI(syst. )

• 40% improvement in statistical precision over Belle result at the same sample size

• Systematic uncertainties dominated by PDF uncertainties and simulated sample size

• Result consistent with both SM prediction and HFLAV average

This measurement
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Light-lepton Universality test in 
angular asymmetries
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Light-lepton flavour universality in (𝐵 → 𝐷∗ℓ"𝜈̅
• Beyond the Standard Model effects in 𝑅(𝐷(∗)) could affect angular asymmetries in 

/𝐵 → 𝐷∗ℓ"𝜈̅ [Phys. Rev. D 106, 096015 (2022)]

• This effect could induce a violation of the light-lepton (𝑒, 𝜇) flavour universality
• Five angular asymmetries of 𝑒, 𝜇 in /𝐵 → 𝐷∗ℓ"𝜈̅ are tested via the difference in 

angular observables:

Angular Observable 

Δ𝒜< w = 𝒜<
= w -𝒜0

$ w

𝑤 =
𝑚>
3 +𝑚?∗

3 − 𝑝> − 𝑝?∗ 3

2𝑚>𝑚?∗

Recoil parameter (𝒘)

𝒜0 w 𝑑𝑥

𝐴12(𝑤) 𝑑(cos 𝜃ℓ)
𝑆3(𝑤) 𝑑 cos 2𝜒
𝑆4(𝑤) 𝑑(cos 𝜒 cos 𝜃5)
𝑆6(𝑤) 𝑑(sin 𝜒 cos 𝜃5)
𝑆7(𝑤) 𝑑(sin 2𝜒)

Helicity Angles (𝜽ℓ, 𝜽𝑽, 𝝌)

Highly sensitive to lepton 
flavour universality

Reduced sensitivity, used 
as control

Commonly analysed

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.096015


(𝐵 → 𝐷∗ℓ"𝜈̅ reconstruction

• Tag one 𝐵-meson from hadronic decays – same as 𝑅(𝐷∗)

• Analyse remaining 𝐵-meson(signal side)

• Reconstruction of

⇒ 𝐵, → (𝐷∗#→ 𝐷,𝜋#)ℓ!𝜈̅

• Require momentum of lepton above 0.4 GeV

• No tracks remaining apart from the ones used in reconstruction

• Constrain mass of 𝐷∗# to be as close as possible to PDG value for each event

13

/𝐵+

ℓ"

𝜈̅ℓ

Signal side

𝐷!∗

𝐷+

𝜋,-./
!

𝜋!

𝐾"
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Angular Asymmetries extraction
• The first universality test using a full set of angular observables as function of recoil 𝑤
• 1D binned maximum-likelihood fit to missing mass squared (𝑀0122

3 )
• To maximise sensitivity to SM extensions, 𝑤 separated into 𝑤@AB, 𝑤C1DC, 𝑤1EF

• Compare asymmetries between 𝑒, 𝜇 using Δ𝒜< w = 𝒜<
= w -𝒜<

G w

𝑀0122
3 = 𝑝=N=O − 𝑝>PQR − 𝑝?∗ − 𝑝ℓ

3

arXiv:2301.07529 
arxiv:2301.04716

No evidence of lepton flavour 
universality

𝐴H>: 𝑑𝑥 = 𝑑(cos 𝜃ℓ)

𝜒8 /𝑁+9: = 2.0/3 (𝑝 = 0.57) on 𝐴12 , 𝑆3, 𝑆4 - 𝑤%;<
𝜒8 /𝑁+9: = 10.2/6 (𝑝 = 0.13) on 𝐴12 , 𝑆3, 𝑆4 - 𝑤=%>=,?9@

Phys. Rev. D 106, 096015

https://arxiv.org/abs/2301.07529
https://arxiv.org/abs/2301.04716
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Light-lepton Universality test in 𝑅(𝑋#/%)
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Light-lepton flavour universality in 𝑅(𝑋#/%)
• As a first step towards measuring 𝑅 𝑋./ℓ , we measure 𝑅 𝑋&/$
• Beyond the Standard Model effects in 𝑅(𝑋./ℓ) could affect the light lepton ratio in 𝑅 𝑋&/$

• X is the hadronic final state of semileptonic decay from 𝑏 → 𝑐ℓ𝜈, rarely 𝑏 → 𝑢ℓ𝜈
• Various leptoquark models have been presented to explain anomalies in 𝑏 → 𝑐ℓ𝜈

• Inclusive reconstruction of the charm system signal-side B
• 𝑝ℓ2 > 1.3 GeV/c to suppress background

𝑅 𝑋&/$ =
𝐵𝑟 𝐵 → 𝑋𝑒𝜈
𝐵𝑟 𝐵 → 𝑋𝜇𝜈 𝐵!

𝐷+∗ 𝐷!∗

𝐷∗!∗
𝐷!∗

𝐷!∗

𝐷+∗!

b𝐷"𝑋
ℓ"

𝜈ℓ

b c

q q

⌧+

⌫⌧

W+

B X

b c

q q

⌫⌧

⌧+

LQB X

1

b c

q q

⌧+

⌫⌧

W+

B X

b c

q q

⌫⌧

⌧+

LQB X

1
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𝑅(𝑋#/%) extraction
• 1D binned maximum-likelihood fit to lepton momentum of signal B rest-frame
• Control channel 𝐵+𝐵+/ 𝐵!𝐵! constrains background yield in signal channel 

(𝐵+ /𝐵+/ 𝐵!𝐵") through simultaneous fit

• 𝑒 and 𝜇 templates are fitted simultaneously in 10 𝒑ℓ> bins each

𝑅(𝑋&/$) = 1.007 ± 0.009 stat. ± 0.019 sys.

ü Most precise LFU test with semileptonic B decays to date!

ü Measurement systematically limited by lepton ID-based uncertainties
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Signal channel (𝐵, j𝐵,/ 𝐵#𝐵!) post-fit plot

Phys. Rev. Lett. 131, 051804 (2023)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.051804
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Summary

Lepton Flavour Universality tests shed light on 𝑏 → 𝑐 decays anomalies.

Current deviations from the Standard Model expectations of > 3σ characterise these anomalies.

Belle II performed three measurements to test lepton flavour universality:

o The first 𝑅(𝐷∗) result from Belle II

o The first universality test using angular observables as function of recoil 𝑤

o The most precise Lepton Flavour Universality test with semileptonic 𝐵-decays to date

𝑹 𝑫∗ = 𝟎. 𝟐𝟔𝟕!𝟎.𝟎𝟑𝟗#𝟎.𝟎𝟒𝟏 𝐬𝐭𝐚𝐭. !𝟎.𝟎𝟑𝟑
#𝟎.𝟎𝟐𝟖(𝐬𝐲𝐬𝐭. )

Consistent with both SM prediction and HFLAV average

Consistent with Standard Model prediction

𝑹 𝑿𝒆/𝝁 = 𝟏. 𝟎𝟎𝟕 ± 𝟎. 𝟎𝟎𝟗 𝐬𝐭𝐚𝐭. ± 𝟎. 𝟎𝟏𝟗 𝐬𝐲𝐬.
Consistent with Standard Model prediction




