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Lepton Flavor Universality
one of the assumption in SM

• in the SM all leptons share the same electroweak coupling,
a symmetry known as Lepton Flavor Universality:
ge = gµ = gτ
• branching fractions differ due to phase space availability

(me < mµ < mτ )
• Is this symmetry of SM fully preserved? any deviation

would be a clear sign of BSM physics

test "laboratories": on shell W decays in ATLAS/CMS/. . . ;
off shell in B & τ decays at Babar/Belle/Belle II/LHCb/. . .
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Semitauonic B decays
A Lepton Flavor Universality laboratory 1

Motivation:
• theoretically clean (small

hadronic effects)
• sensitive to New Physics at tree

level (i.a. extended Higgs sector)

R(D(∗)) = B(B→D(∗)τ+ντ )

B(B→D(∗)`+ν`)
` = e, µ

• cancellation of Vcb and partially FF
• (partial) cancellation of experimental

effects (luminosity and σbb ,
reconstruction efficiencies, particle
identification, . . . )

Arithmetic average of SM predictions

from HFLAV (2025):

R(D)SM = 0.296± 0.004
R(D∗)SM = 0.254± 0.005

1
"Semitauonic b -hadron decays: A lepton flavor universality laboratory", Rev. Mod. Phys. 94, 015003 (2022)
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LFU in B decays
tension with SM
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difference with the SM
predictions:
3.2σ for R(D)&R(D∗)
1.98σ for R(D), 2.15σ for R(D∗)

R(D)−R(D∗) correlation: -0.37

(winter 2023) // before presented Belle II

measurements, and new result from LHCb )

Present and future experimental efforts @ Belle II:
• ongoing updates on R(D) and R(D(∗))

• measure other complementary ratios in inclusive (R(Xτ/`)) and exclusive (R(π))
B decays

• utilize additional observables sensitive to interaction structures
⇒ angular observables (D∗, τ polarizations), kinematic spectra (q2)
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Belle II experiment
SuperKEKB: Intensity Frontier machine

• asymmetric e+ e− collider operating mainly
at energy of Υ(4S) (10.58 GeV)

• Dec 2024: World record of instantaneous
L: 5.1 × 1034 cm−2s−1

• SuperKEKB + Belle II detector ≡ 2nd

generation super B-factory

• hermetic detector: full event reconstruction
to exploit kinematic constraints

• excellent tracking, PID, and vertex
performance

• total collected data: ∼ 600 fb−1

(2019-2024)
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Experimental techniques
Modes with large missing energy (i.e. multiple neutrinos) in the
final state⇒ experimentally difficult! (no clear mass peak)

Missing Mass

M2
miss = (pe+e− − pBtag − pY)2

Y represents the system of visible decay
products on signal side (i.e. Y = D(∗)`)
• M2

miss ≈ 0 0 for one missing particle

• M2
miss > 0 for a few missing particles

• exclusive production of BB pairs at B factories⇒ reconstruction of second B
• kinematical constrains from beam energy⇒ Btagflavor, charge, momentum

# »

p∗Btag
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Experimental techniques
second B reconstruction⇒ B tagging

Purity

Efficiency

• Untagged
εtag ≈ O(100%)

+ large statistics
– large background; no kinematic and flavor/charge constraints

• Inclusive Hadronic Tagging
Btag →

∑
of inclusive hadronic modes; εtag ≈ O(10%)

+ quite large statistics
– partially reduced background

• Inclusive or Exclusive Semileptonic Tagging
Btag →

∑
D(∗)(nπ)`ν`; εtag ≈ O(5%)

+ efficient reconstruction
– less information about Btag due to ν`

• Exclusive Hadronic Tagging
Btag →

∑
of exclusive hadronic modes; εtag ≈ O(0.5%)

+ high purity
– low tagging efficiency

Remarks:
⇒ optimal technique depends on signature of signal side
⇒ total efficiency and purity depends on final selection
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Experimental techniques
exclusive Btag reconstruction algorithm

Full Event Interpretation (FEI)
• improved algorithm based on BDTs
• hierarchical approach to reconstruct

O(104) decay chains
• for hadronic tag: dominant tag-side

decay mode categories: Dπ, D∗π,
Dnπ, D∗nπ

• for semileptonic tag: D(∗)`ν, D(∗)π`ν

• εSL ≈ 2%, εhad ≈ 0.5%

Mbc =
√

E2
beam − (~pCM

Btag
)2

• Ebeam is the beam energy in the
CMS of Υ(4S)

• ~pB is the momentum of the
reconstructed Btag
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Experimental techniques
@ B-factories: key variables

• cosine of the angle between B momentum
and Y (momenta of visible decay products of
signal side) in the Υ(4S) rest frame

cos θBY =
2EbeamE∗Y −m2

B −m2
Y

2|~p∗B ||~p
∗
Y |

• −1 ≤ cos θBY ≤ 1 for single missing
massless particle

• cos θBY << −1 for a few missing particles
• it doesn’t depend on the reconstruction of the

tag side, unlike M2
miss

• sum of energies of all neutral clusters in the
ECL, not used in Υ(4S) reconstruction

• Eextra
ECL ≈ 0 for correctly reconstructed signal

• Eextra
ECL > 0 for misreconstructed signal or

bkg; extra energy due to additional energy
deposition

10/38



R(Xτ/`) =
B(B→Xτ+ντ )
B(B→X`+ν`)

the first test of LFU via inclusive semileptonic B decays
at Belle II with hadronic tagging

PRL. 132, 211804 (2024)
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R(Xτ/`) with hadronic tagging
based on Data sample: 189 fb−1

(2019-2021 run period)

Selection
• hadronic tagging with FEI (εhad ≈ 0.1%)

+`

• optimized lepton ID requirements and
quality of tracks+clusters from X

• continuum suppressed by BDT

Challenges
• large background from less constrained X (significant systematic uncertainties

associated with background composition)
• difficult MC modeling of the X = D,D∗,D∗∗ (source of cross-feeds), non

resonant hadronic decays ("gap") ≈ 1 %
⇒ probe inclusive B → X`ν modeling in data-driven way
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R(Xτ/`) with hadronic tagging
simulation samples reweighted based on plab

` and MX

• electron channel before (top) and after (bottom) template shape calibration
• mismodeling in MX due to significant deficit/excess for low/high region due to

relative abundance of D decays with K 0
L in DATA
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R(Xτ/`) with hadronic tagging
Signal extraction

Strategy
• 2D binned likelihood template fit in the

lepton momentum p
Bsig
` in signal B rest

frame and squared missing mass
• 4 components: signal, normalization,

BB bkg, continuum
• continuum with constraint on yield derived

from off-resonance data

Signal yields
• Xτν: Nmeas

e = 2590 ± 450
Nmeas
µ = 1810 ± 460

• X`ν: Nmeas
e = 95690 ± 770

Nmeas
µ = 89970 ± 810

• R(Xτ/`) =
Nmeas
τ

Nmeas
`
× Nsel

τ

Nsel
`

× Ngen
τ

Ngen
`

where

measured, selected, generated

1D template fit projections of lepton momenta in M2
miss bins 14/38



R(Xτ/`) with hadronic tagging
Results based on Data sample: 189 fb−1

(2019-2021 run period)

• specific modes:

R(Xτ/e) = 0.232± 0.020(stat)± 0.037(syst)

R(Xτ/µ) = 0.222± 0.027(stat)± 0.050(syst)

• Average of combined modes:

R(Xτ/`) = 0.228± 0.016± 0.036

• SM prediction:
R(Xτ/`)SM = 0.223± 0.005

• agreement with SM at 1.7σ
• systematically limited measurement (17.5%)

• additionally LFU tests of electrons vs. muons:

R(Xe/µ) = 1.07±0.05(stat)±0.02(syst)

Leading systematics
• Xcτ(`)ν form factors: (7.8%)
• B → X`ν branching fractions: (7.7%)
• Xc`ν reweighting: (7.1%)
• experimental sample size: (7.1%)

small statistical overlap betweenR(D(∗)) andR(X)⇒

largely independent probe of b → cτν anomaly

15/38



R(D∗) = B(B→D∗τ+ντ )
B(B→D∗`+ν`)

the first test of LFU via exclusive semileptonic B decays
at Belle II with hadronic tagging

PRD 110 072020 (2024)

16/38



R(D∗) with hadronic tagging
based on dataset: 189 fb−1

(2019-2021 run period)

Selection
• tag side reconstructed with hadronic FEI
• signal side by both decay chains:

B0 → D∗−τ+/`+ντ ,
B+ → D∗0τ+(`+)ντ
with leptonic τ decays

• charmed meson in three D∗ decay
channels: D∗+ → D0π+,D+π0;
D∗0 → D0π0

Challenges
• modeling of bkg fit templates
⇒ data-driven validation of background
and signal model based on studies of
control regions
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R(D∗) with hadronic tagging
signal extraction

• signal region: q2 > 4.0 GeV
q2 = (pτ/` + pντ/` )2 = (pBsig − pD∗ )2

• extract signal and normalization yields
from 2D likelihood fit to M2

miss and Eextra
ECL

• fit performed over 6 separate modes:
D∗+e−, D∗+µ−

D∗ decay channels:
D∗+ → D0π+,D+π0; D∗0 → D0π0

• main components: signal, normalization,
bkg with true D∗, bkg with fake D∗(fixed)

• N i
D∗τν + N i

D∗τν,`-misID = 108± 16
N i

D∗`ν = 2164± 80

R(D∗) =
NB̄→D∗τ−ν̄τ

NB̄→D∗`−ν̄`
/2
·
εB̄→D∗`−ν̄`

εB̄→D∗τ−ν̄τ

ε : reconstruction efficiency

templates for signal, normalization and peaking bkg B̄ → D∗∗`−ν̄
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R(D∗) with hadronic tagging
Results based on dataset: 189 fb−1

R(D∗) = 0.262+0.041
−0.039(stat)+0.035

−0.032(syst)

• consistent with the current HFLAV
average (0.288±0.012) and with SM
prediction

• statistically limited measurement (+15.7%
−14.7%

)

• ongoing update on full sample and with
a few improvements (better bkg
suppression, more D modes, . . . )

Leading systematics
• PDF shapes: +9.1%

−8.3%

• simulation sample size: ±7.5%

• B(B → D∗∗`−ν): +4.8%
−3.5%

total systematics: +13.5%
−12.3%

19/38

https://hflav-eos.web.cern.ch/hflav-eos/semi/spring25/html/RDsDsstar/RDRDs.html


R(D(∗)+) = B(B→D(∗)+τ+ντ )
B(B→D(∗)+`+ν`)

the first test of LFU via exclusive semileptonic B decays
at Belle II with semileptonic tagging

Phys. Rev. D 112, 032010 (2025)
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https://journals.aps.org/prd/abstract/10.1103/fmn3-h8fy


R(D(∗)+) with semileptonic tagging

Reconstruction
• tag side B mesons with semileptonic

exclusive modes (B0 → D(∗)`ν) (w/ FEI)
• on signal side: B0 → D(∗)−τ+ν and τ in

leptonic decay channels
• D mesons reconstructed in 6 D±

(D+ → K−π+π+, K 0
s π

+π0, K 0
s π

+π+π−,
K 0

s π
+, K−K +π+, K 0

s K +)
and 7 D0

(D0 → K−π+π0, K−π+π+π−, K 0
s K +K−,

K +K−, K−π+, K 0
s π

+π−, π−π+)
• preselection:

cosθtag
BY[−1.75, 1.1], cosθsig

BY[−15, 1.1],
Eextra

ECL < 1.2 GeV
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R(D(∗)+) with semileptonic tagging
components and their classification

• 4 components: signal, normalization,
B → D∗∗`ν, BB̄ + continuum

• BDT trained on 5 features
(according to importance)

1 cosθBY on signal side
2 Eextra
3 cos2(ΦB)

4 p∗D
5 p∗`

where,
cos2(ΦB) combines cosθBY from
both the signal and tag candidates
with the angle γ between their visible
momenta (pY)
p∗D , p∗` are momenta of D meson and
lepton form signal side in the Υ(4S)
rest frame
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R(D(∗)+) with semileptonic tagging
Multivariate classification + fitting procedure

• BDT separates events in 3 classes:
• B0 → D(∗)−τ+ντ
• B0 → D(∗)−`+ν`
• bkg (B → D∗∗`ν, other BB)

• each event is assigned BDT scores:
zτ , z`, zbkg

• signal extracted in a 2D binned
template fit of
zτ and zdiff = z` - zbkg

• 10 fit parameters: 2 for signal, 2 for normalization,

6 for background

• non-uniform binning⇒ increase granularity in

regions with semitauonic and poorly known

semileptonic bkg
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R(D(∗)+) with semileptonic tagging
Results based on full Run 1 dataset: 365 fb−1

• fit performed over 4 separate modes:
D0e−, D0µ−, D+e−, D+µ−

R(D+) = 0.418±0.074(stat)±0.051(syst)

R(D∗+) = 0.306±0.034(stat)±0.018(syst)

with correlation of ρ = −0.24

• agreement with SM at 1.7σ
• statistically limited measurement

(R(D) : 18.0%, R(D∗) : 11.0%)
• lower uncertainty expected when including

B+ modes

• LFU tests of electrons vs. muons:

R(D+
e/µ) = 1.07±0.05(stat)±0.02(syst)

R(D∗+
e/µ) = 1.08±0.04(stat)±0.02(syst)

consistent with SM within 1.2σ and 1.6σ respectively

Main systematics [R(D),R(D∗)]
• finite size of simulated samples (8.0%, 4.7%)
• B(B → D∗∗`ν): (6.4%, 0.1%)
• muon eff. : (2.9%, 0.9%)

total systematics: 12.0%, 6.2% 24/38



Summary and outlook
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Current experimental status
R(D)−R(D∗) (Spring 2025)
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deviations from SM:
∼ 2.0σ for R(D), ∼ 2.7σ for R(D∗)
R(D)−R(D∗) correlation: -0.39

∼ 3.8σ R(D)&R(D∗)
before new Belle II and LHCb measurements: 3.2σ
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Prospects
expected Belle II sensitivity as function of Lint

R(Y ) = B(B→Yτ+ντ )
B(B→Y `+ν`)

; Y = π,D,D∗,Xc,u; ` = e, µ

• extrapolation from Snowmass report:
arXiv:2207.06307

Target for 10 ab−1 (Run2): a

• accurate tagged measurement of
B → D∗∗`ν,
the most significant and poorly known
background, whose feed-down may bias
results

• exclude SM prediction on R(D(∗)) if the
current central value persist

• expected relative precisions: 1.8% for
R(D∗), 3.0% for R(D)

aThe Belle II Experiment at SuperKEKB
– Input to the European Particle Physics Strategy,
ArXiv: 2503.24155
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Summary
main results based on Run1 dataset

• Belle II provides many precise tests of Lepton Flavor Universality
in semileptonic B decays with missing energy

• Presented results:
• new measurements of R(D∗) with hadronic tagging and

combined R(D) + R(D∗) with semileptonic tagging via
sum of exclusive B decays

• the first measurement of R(Xτ/`) via inclusive B decays
• ongoing efforts are focused on updating measurements with the

full Run 1 dataset and preparing for the follow-up of Run 2,
starting in November 2025

28/38



BACKUP

BACKUP
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Belle II detector
+ performance
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Current DATA status
+ luminosity projections

• Run 1 (2019-2022): Lintegrated =365 fb−1 (≈ Babar dataset) at Υ(4S)

• Run 2 (2024-2032): ≈150 fb−1 so far; goal: 10 ab−1

• Dec 2024: World record of instantaneous L: 5.1 × 1034 cm−2s−1

• ultimate targets:
• peak luminosity: 6× 1035 cm−2 s−1 (30x KEKB)
• integrate up to 50 ab−1 (50x Belle dataset) in next decade
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R(Xτ/`) with hadronic tagging
Systematics
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R(D∗) with hadronic tagging
Systematics
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R(D(∗)) with semileptonic tagging
Multivariate classification

• BDT trained on 5 features: cosθBY, Eextra, cos2(Φ2), p∗D , p∗`
• cos(θ

sig
BY) - cosine of the angle between B momentum and Y (momenta of visible

decay products) in the c.m. frame

• cos2(ΦB) =
cos2θ

sig
BY+cos2θ

tag
BY+2cosθsig

BYcosθtag
BYcosγ

sin2γ
where γ is angle between Ysig and Ytag 34/38



R(D∗) with semileptonic tagging
fitted classifier distributions

35/38



R(D∗) with semileptonic tagging
Measured R(D),R(D∗),R(Xτ/`) vs. HFLAV averages

• agreement with SM prediction: ∼ 1.7σ
• consistent with experimental average: ∼ 0.6σ 36/38



R(D(∗)) with semileptonic tagging
Systematics + consistency checks
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Current experimental status
R(D)−R(D∗) ((Spring 2025))
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• averaged over each experiment (4)
• R(D): Babar (1), Belle (2), Belle II (1), LHCb (2)
• R(D∗): Babar (1), Belle (3), Belle II (2), LHCb (3)
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