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The cram course
for B-mesons @ Belle (II)

(1999-2010)

(since 2019)

See Appendix 0 (p.45-47)



Status of flavor anomalies with Belle & Belle II                  Youngjoon Kwon (Yonsei U.)                  PPC 2023 (June 12-16, 2023) 8

2 x mB = 10.56 GeV
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Non-leptonic hadron decays at e+e– colliders

• Coherent production of meson-antimeson 
pairs with kinematics constrained by 
precisely known collision energy 

• Simple and clean event topologies: 
hadronic events have typically O(10) 
particles 

• Asymmetric-energy colliders: boosted 
production for time-dependent 
measurements 

• Hermetic detectors: excellent (and 
kinematically unbiased) efficiencies for all 
final states, including neutral hadrons 
such as π0, η, KS0, KL0, n

5

B-Factory basics 

• Asymmetric collider 
Boost of center-of-mass 

• Excellent vertexing 
performance ( ) 

• coherent  pairs 
production 

• Excellent flavour tagging 
performance

⇒

σ ∼ 15 μm
BB

6

Expected Mbc ≃ mBExpected ΔE ≃ 0

ΔE = E*B − s /2 Mbc = ( s /2)2 − ⃗p*2
B

•   
constrained kinematics 

• Hermetic detector  complete event 
reconstruction

s = m(Υ(4S)) = 10.58 GeV ≃ 2mB ⇒

⇒

 
measurement of 

 for time 
dependent CP 
violation (TDCPV) 

Δt

9
Invariant  mass with  energy 

replaced by half of the collision energy.
B B Difference between expected and 

observed B energy

Signal 
Continuum 

 backgroundBB̄

B factory analysis 101 

SignalContinuum 

Point-like particles colliding at BBbar threshold: low background and 
knowledge of initial state offers stringent kinematic constraints.  

Extract signal using

kinematics event shape
Event topology

KinematicsKey variables of B decays
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FEI algorithm to reconstruct 

• uses ~200 BDT’s to reconstruct  different 
 decay chains


• assign signal probability of being correct 

Btag

𝒪(104)
B

Btag

Full Event Interpretation (FEI)
Btag Bsig



The  puzzleAKπ
— a historic tension
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• charmless hadronic decays, with 

• Tree (with ) + Penguin ➔ “direct CPV”

, observed for both , 

• Not much difference in  is expected for  & 

extra diagrams for , but no new weak phase

ℬ ∼ 𝒪(10−5)
Vub

ACP ≠ 0 B+ B0

ACP B+ B0

B+

B → Kπ

Mar. 27,  2023
Flavor Physics and

the Belle II Experiment
S. Nishida (KEK) Physics of the Two Infinites

19

B → K

• Rare decay, but relatively high branching fraction (~10−5)
• Tree diagram (with Vub) + penguin diagram

✓ Direct CP violation is possible (observed)
• The sum-rule provides precise prediction of the relation of 

the branching fractions and ACP. 

B → K

[M.Gronau, PLB627 (2005) 82]

• IK is predicted to be 0 within 1%
• Belle II can measure all the observables.
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Candidate B mesons are reconstructed by pairing a charged kaon
or pion with another pion of opposite charge or with a neutral pion.
Two variables are used to identify B candidates: the beam-energy

constrained mass, Mbc~
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2

beam{P2
B

q
, and the energy difference,

DE 5 EB 2 Ebeam, where Ebeam is the e6 beam energy and EB and PB

are the reconstructed energy and momentum of the B candidate in
the e1e2 centre-of-mass frame. Real B meson events give
Mbc > 5.28 GeV/c2 and DE > 0 GeV while background events are dis-
tributed differently. Using a continuum suppression7 method to
reduce background arising from eze{?q!qq (where q 5 u, d, s and
c quarks), the number of signal B mesons and CP asymmetry are
extracted by performing an unbinned maximum-likelihood fit to
the Mbc2DE distribution with expected signal and background
shapes (as illustrated in Fig. 2 for Mbc).

Figure 2a and b shows the Mbc projections for the BRK6p7 can-
didates. In 535 million B!BB pairs, we observe 2,241 6 57 K1p2 and
1,856 6 52 K2p1 signal events. The CP-violating asymmetry in
BRK6p7 is measured to be:

AK+p+:
N !BB0?K{pzð Þ{N B0{K zp{ð Þ
N !BB0?K{pzð ÞzN B0?K zp{ð Þ

~{0:094+0:018+0:008, ð1Þ

where N !BB0?K{pzð Þ is the yield obtained for the !BB0?K{pz decay
and N(B0RK1p2) denotes the yield of the antiparticle mode. The
first error in the measurement is statistical, while the second is the
systematic error from fitting and bias due to detector response (as it is
made from matter, not antimatter). The latter is investigated using a
large sample of tagged DRK6p7 decays (with K and p momenta in
the same kinematic region as B decays), where no CP-violating asym-
metry is expected. No obvious bias is observed. Furthermore, the
obtained background asymmetry of 20.005 6 0.003 from the fit to
the B candidates is consistent with zero, implying that detector bias is
small. Equation (1) corresponds to a significance of 4.8s, or a prob-
ability for no asymmetry of less than 1.8 3 1026. The result is con-
sistent with the measurements by the BaBar8,13 and CDF14

collaborations, as well as with our previous measurement7, which
used 275 million B!BB pairs. The observed sign and strength of
AK+p+ were anticipated by the perturbative QCD factorization

approach15, while the QCD factorization approach16 predicted the
opposite sign.

For the decay final states with a p0, a similar procedure gives
1,600z57

{55 K6p0 and 735z44
{43 p6p0 signal events, with the associated

asymmetries of:

AK+p0~z0:07+0:03+0:01, ð2Þ

Ap+p0~z0:07+0:06+0:01: ð3Þ

In the Mbc projection plots of Fig. 2c and d, slightly more B2 signal
events compared with B1 events are apparent, in contrast to the
behaviour in Fig. 2a compared to Fig. 2b. Equations (2) and (3) are
also in agreement with previous measurements7,17, but more precise.
With our new measurements of AK+p+ and AK+p0 , the difference
between direct CP violation in charged and neutral B meson decays
into Kp is:

DA:AK+p0{AK+p+~z0:164+0:037, ð4Þ
which is now established at the 4.4s level; the probability for no
difference is less than 9.3 3 1026. We note that in our previous mea-
surement7, based on 275 million B!BB pairs, the significance of the
difference was only 2.4s (1.9 3 1022 null probability), a statistically
marginal effect that could have disappeared by adding an equivalent
amount of data (but did not in our case).

What is the interpretation of the difference between AK+p+ and
AK+p0 ? For the decay B6Rp6p0, the contribution from the penguin
diagram of Fig. 1b vanishes by isospin symmetry. With Fig. 1a as the
single dominant amplitude, the CP-violating asymmetry is expected
to be very small. Given the current errors, our measurement ofAp+p0

is consistent with this expectation. On the other hand, both Fig. 1a
and b contribute to BRK6p7 and B6RK6p0 and we would
expect15,16 AK+p+ and AK+p0 to be rather close to each other.
However, we find not only a significant difference in magnitude
but also a sign difference between the central values of equation (2)
and equation (1). There are several theoretical conjectures that try
to explain this Kp asymmetry puzzle: enhancement of the colour-
suppressed tree amplitude18,19 (Fig. 1c), electroweak penguin contri-
butions20 (Fig. 1d, which is Fig. 1b with the gluon g replaced by Z), or
both21. If this effect were to be explained solely by enhancement of the
colour-suppressed tree amplitude (which is also proportional to
Vub), its amplitude would have to be larger than21,22 the colour-
allowed tree amplitude (Fig. 1a), while maintaining the large value
of AK+p+ . The electroweak penguin diagram of Fig. 1d violates
isospin, and so might be suspected as a source of the asymmetry.
In the standard model, this diagram has a negligible CP violating
phase, and cannot affect DA by much. However, as a loop amplitude,
it can pick up a CP violating phase from new physics. If the electro-
weak penguin explains the effect, this would indicate new physics
beyond the standard model20–22.

A more detailed theoretical calculation23 indeed supports an
enhancement of the colour-suppressed tree contribution, but not
to the extent of overpowering the colour-allowed tree contribution.
Dominance of the colour-suppressed tree contribution over the col-
our-allowed tree contribution, though possible from the data, would
indicate a breakdown of our theoretical understanding. It could also
exacerbate23 another puzzle arising in related B decays. Mixing-
dependent CP violation in B0RJ/yK0 decay has been measured pre-
cisely3,4. Similar measurements have been performed on B0 decays to
charmless final states dominated by penguin diagrams analogous to
Fig. 1b, such as B0RK0p0. Although the experimental errors are still
large, the average value24 over all penguin dominated modes is 2.5s
smaller than the value from B0RJ/yK0. In fact, almost all measure-
ments of penguin dominated modes give values of CP violation that
are below the value found in the B0RJ/yK0 mode. This negative
deviation, in contrast to theoretical calculations that suggest25,26 a
slightly positive deviation within the standard model, is called the
DS puzzle. At present there is no theory within the standard model
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Figure 2 | Mbc projections for K2p1 (a), K1p2 (b), K2p0 (c) and
K1p0 (d). Histograms are data, solid blue lines are the fit projections, point-
dashed lines are the signal components, dashed lines are the continuum
background, and grey dotted lines are the p6p signals that are misidentified
as K6p. The Mbc projections are made by requiring |DE | , 0.06 GeV for
K6p7 and 20.14 ,DE , 0.06 GeV for K6p0.
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Current status of ΔAKπ

<latexit sha1_base64="VEWe4BYtkF1bXyYe3myx7yYs87U="></latexit>

�2AK+⇡0B(K+⇡0)
⌧B0

⌧B+

� 2AK0⇡0B(K0⇡0)

<latexit sha1_base64="lHELsssQ/1MxJvsnzy/PuEmoEb8="></latexit>

IK⇡ = B(K+⇡�)AK+⇡� +AK0⇡+B(K0⇡+)
⌧B0

⌧B+

Sum rule test for ΔAKπ
ISM
Kπ = 0

M. Gronau, PLB 627, 82 (2005)M. Gronau, PLB 627, 82 (2005)

within 1%
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Belle II for  sum rule testAKπ
B0 → K+π− B+ → K+π0 B+ → K0

Sπ+

B+ → π+π0B0 → π+π−

6

FIG. 1. The �E distribution for (top) kaon- and (bottom)
pion-enhanced sample of B0 ! h+⇡� candidates (h+ =
K+,⇡+). The result of a fit to the sample is shown as a
solid black curve. The fit components are shown as black
dashed curve (signal), blue shaded area (feed-across), and
purple shaded area (background). Di↵erences between ob-
served data and total fit results normalized by fit uncertain-
ties (pulls) are also shown.

date in each event. The di↵erence from the default fit461

result is taken as a systematic uncertainty.462

For B0 ! K0
S⇡

0, the BB̄ and continuum backgrounds463

are assumed to be flavor-symmetric in the default fit.464

We generate 100 simulated data sets with nonzero back-465

ground asymmetries, where we fix the BB̄ background466

asymmetry to ±1 or the continuum background asym-467

metry to the value obtained from data for candidates468

with 0.1 < �E < 0.3 GeV. The means of the absolute469

di↵erences between the fit results of the alternative and470

default fit models are assigned as a systematic uncertain-471

ties.472

In the fit of the B0 ! K0
S⇡

0 sample, the flavor-tagging473

parameters are Gaussian-constrained with widths corre-474

sponding to their uncertainties in the default fit, thus475

any systematic uncertainty related to those parameters476

is already included in the statistical uncertainty from the477

fit. The value of the decay-time-integrated B0B0 mixing478

FIG. 2. The �E distribution for (top) kaon- and (bot-
tom) pion-enhanced sample of B0 ! h+⇡0 candidates (h+ =
K+,⇡+). The result of a fit to the sample is shown as a solid
black curve. The fit components are shown as black dashed
curve (signal), blue shaded area (feed-across), red shaded area
(BB background), and purple shaded area (continuum back-
ground). Di↵erences between observed data and total fit re-
sults normalized by fit uncertainties (pulls) are also shown.

probability �d is fixed in the fit. We propagate its un-479

certainty using pseudo-experiments. The contribution is480

negligible.481

We estimate the instrumental asymmetry for charged482

pions by measuring the charge asymmetry in an abun-483

dant sample of D+ ! K0
S⇡

+ decays assuming negligi-484

ble contributions from K0
S asymmetries and subtracting485

the known value of ACP (D+ ! K0
S ⇡+ ) [4]. To obtain486

the instrumental asymmetry for charged kaons, we de-487

termine the charge asymmetry in D0 ! K�⇡+ decays,488

which provides the joint K�⇡+ instrumental asymmetry.489

In D0 ! K�⇡+ decays, direct CP violation is expected490

to be smaller than 0.1% [4]. Therefore, we attribute any491

nonzero asymmetry to instrumental charge asymmetries.492

Combining the K�⇡+ and ⇡+ asymmetries, we obtain493

the kaon instrumental asymmetry. The D decays are se-494

lected to originate from e+e� ! cc by imposing that495

the momentum of the D mesons in the center-of-mass496
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FIG. 3. The �E distribution for (top) B+ ! K0
S⇡

+ and (bot-
tom) B0 ! K0

S⇡
0 candidates. The result of a fit to the sample

is shown as a solid black curve. The fit components are shown
as a black dashed curve (signal), blue shaded area (peaking
background), red shaded area (BB background), and purple
shaded area (continuum background). Di↵erences between
observed data and total fit results normalized by fit uncer-
tainties (pulls) are also shown.

frame is greater than 2.5GeV/c. The instrumental asym-497

metries depend on the kinematic properties of the rele-498

vant charged particles and on the number of associated499

hits. Tracks in control channel decays are selected to500

have kinematic and hit-multiplicity distributions as close501

as possible to those of the signal. The systematic uncer-502

tainty is due to possible residual di↵erences.503

To validate the fit, we perform simplified simulated504

experiments where the generated values of either B or505

ACP are changed. This validation shows a small bias for506

the CP asymmetry of B+ ! K0
S⇡

+ and B+ ! ⇡+⇡0.507

We assign this bias as systematic uncertainty.508

6. MEASUREMENT OF THE ISOSPIN SUM509

RULE AND CONCLUSION510

We determine the value of the isospin sum rule us-511

ing Eq. 1 with our measurement of the branching frac-512

tions and direct CP asymmetries and a ratio ⌧B0/⌧B+513

of 0.9273 ± 0.0033 [4]. The ratios of branching fractions514

are summarized in Table IV. Common systematic uncer-515

tainties cancel out, such as those related to the tracking516

e�ciency and the number of produced B mesons. The517

systematic uncertainty from f00 also cancels in the ratio518

for B0 decays. We considered the anti-correlation of f00
519

and f+� uncertainties for the ratio between B+ and B0
520

decays.521

We obtain a value of the isospin sum rule of522

IK⇡ = �0.03± 0.13± 0.05, (5)

where we account for correlations between uncertainties.523

To conclude, we report measurements of the branching524

fractions of B0 ! K+⇡�, B0 ! ⇡+⇡�, B+ ! ⇡+⇡0,525

B+ ! K+⇡0, B+ ! K0⇡+, and B0 ! K0⇡0 and the526

CP asymmetries for all modes apart from B0 ! ⇡+⇡�.527

The results agree with current world averages. Using528

Belle II measurements alone, we obtain a value of the529

isospin sum rule in agreement with the SM expectation530

and limited by the statistical uncertainty.531
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FIG. 2. The �E distribution for (top) kaon- and (bot-
tom) pion-enhanced sample of B0 ! h+⇡0 candidates (h+ =
K+,⇡+). The result of a fit to the sample is shown as a solid
black curve. The fit components are shown as black dashed
curve (signal), blue shaded area (peaking background), red
shaded area (BB background), and purple shaded area
(continuum-background).

with the alternative and default fit model. The mean of440

the di↵erences between the fit results is assigned as sys-441

tematic uncertainty.442

We perform no best candidate selection in events with443

multiple reconstructed candidates (⇠1%). To assess a444

systematic uncertainty associated with a possible data-445

simulation mismatch in candidate multiplicity, we repeat446

the fit to the data by randomly selecting a single candi-447

date in each event. The di↵erence from the default fit448

result is taken as a systematic uncertainty.449

We estimate the instrumental asymmetry for charged450

pions by measuring the charge asymmetry in an abun-451

dant sample of D+ ! K0
S⇡

+ decays assuming negligible452

contributions from K0
S asymmetries and subtracting the453

known value of ACP (D+ ! K0
S ⇡+ ) [25]. To obtain454

the instrumental asymmetry for charged kaons, we de-455

termine the charge asymmetry in D0 ! K�⇡+ decays,456

which provides the joint K�⇡+ instrumental asymmetry.457

In D0 ! K�⇡+ decays, direct CP violation is expected458

FIG. 3. The �E distribution for (top) B+ ! K0
S⇡

+ and (bot-
tom) B0 ! K0

S⇡
0 candidates. The result of a fit to the sample

is shown as a solid black curve. The fit components are shown
as a black dashed curve (signal), blue shaded area (peaking
background), red shaded area (BB background), and purple
shaded area (continuum-background).

to be smaller than 0.1% [25]. We therefore attribute459

any nonzero asymmetry to instrumental charge asymme-460

tries. Combining the K�⇡+ and ⇡+ asymmetries, we ob-461

tain the kaon instrumental asymmetry. The instrumental462

asymmetries depend on the kinematic properties of the463

relevant charged particles and on the number of associ-464

ated hits. Tracks in control channel decays are selected465

to have kinematic and hit-multiplicity distributions as466

close as possible to those of the signal. The systematic467

uncertainty is due to possible residual di↵erences.468

To validate the fit, we perform simplified simulated469

experiments where the generated values of either B or470

ACP are changed. This validation shows a small bias for471

the CP asymmetry of B+ ! K0
S⇡

+ and B+ ! ⇡+⇡0.472

We assign this bias as systematic uncertainty.473

For B0 ! K0
S⇡

0, the BB̄ and continuum backgrounds474

are assumed to be flavor-symmetric in the default fit.475

We generate 100 simulated data sets with nonzero back-476

ground asymmetries, where we fix the BB̄ background477

asymmetry to ±1 or the continuum background asym-478
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FIG. 1: Distributions of (a) M 0
bc, (b) �E, and (c) C0

BDT with fit projections overlaid for both B0 and B0 candidates satisfying
the criteria 5.27 < M 0

bc < 5.29GeV, �0.15 < �E < 0.10GeV, |�t| < 10.0 ps, and C0
BDT > 0.0 (except for the variable

displayed). The solid curves represent the fit projection, while various fit components are explained in the legends. (d)
Projection of the fit results onto �t separately for tagged B0 and B0 candidates after subtracting background with the sPlot
method [33]; the asymmetry, defined as [N(B0

tag)�N(B0
tag)]/[N(B0

tag) +N(B0
tag)], is displayed underneath.

input values and assign it as a systematic uncertainty.
The systematic uncertainty due to best candidate selec-
tion is evaluated by performing an alternative fit with
all candidate and taking the difference with respect to
the nominal value. Uncertainties due to fixed ⌧B0 and
�md values are calculated by varying these quantities
by their uncertainties and repeating the fit; the resulting
maximum variations in ACP and SCP are assigned as sys-
tematic uncertainties. Tag-side interference [35] can arise

due to the presence of both CKM-favored and CKM-
suppressed tree amplitudes, contributing to the tag-side
decay. Its impact is conservatively estimated by posit-
ing that all events have been tagged with such hadronic
decays. The uncertainty due to VXD misalignment [36]
is evaluated by reconstructing events with different mis-
alignment hypotheses. Assuming all systematic sources
to be independent, we add their contributions in quadra-
ture to obtain the total systematic uncertainty of ±0.047
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FIG. 2. The �E distribution for (top) kaon- and (bot-
tom) pion-enhanced sample of B0 ! h+⇡0 candidates (h+ =
K+,⇡+). The result of a fit to the sample is shown as a solid
black curve. The fit components are shown as black dashed
curve (signal), blue shaded area (peaking background), red
shaded area (BB background), and purple shaded area
(continuum-background).

with the alternative and default fit model. The mean of440

the di↵erences between the fit results is assigned as sys-441

tematic uncertainty.442

We perform no best candidate selection in events with443

multiple reconstructed candidates (⇠1%). To assess a444

systematic uncertainty associated with a possible data-445

simulation mismatch in candidate multiplicity, we repeat446

the fit to the data by randomly selecting a single candi-447

date in each event. The di↵erence from the default fit448

result is taken as a systematic uncertainty.449

We estimate the instrumental asymmetry for charged450

pions by measuring the charge asymmetry in an abun-451

dant sample of D+ ! K0
S⇡

+ decays assuming negligible452

contributions from K0
S asymmetries and subtracting the453

known value of ACP (D+ ! K0
S ⇡+ ) [25]. To obtain454

the instrumental asymmetry for charged kaons, we de-455

termine the charge asymmetry in D0 ! K�⇡+ decays,456

which provides the joint K�⇡+ instrumental asymmetry.457

In D0 ! K�⇡+ decays, direct CP violation is expected458

FIG. 3. The �E distribution for (top) B+ ! K0
S⇡

+ and (bot-
tom) B0 ! K0

S⇡
0 candidates. The result of a fit to the sample

is shown as a solid black curve. The fit components are shown
as a black dashed curve (signal), blue shaded area (peaking
background), red shaded area (BB background), and purple
shaded area (continuum-background).

to be smaller than 0.1% [25]. We therefore attribute459

any nonzero asymmetry to instrumental charge asymme-460

tries. Combining the K�⇡+ and ⇡+ asymmetries, we ob-461

tain the kaon instrumental asymmetry. The instrumental462

asymmetries depend on the kinematic properties of the463

relevant charged particles and on the number of associ-464

ated hits. Tracks in control channel decays are selected465

to have kinematic and hit-multiplicity distributions as466

close as possible to those of the signal. The systematic467

uncertainty is due to possible residual di↵erences.468

To validate the fit, we perform simplified simulated469

experiments where the generated values of either B or470

ACP are changed. This validation shows a small bias for471

the CP asymmetry of B+ ! K0
S⇡

+ and B+ ! ⇡+⇡0.472

We assign this bias as systematic uncertainty.473

For B0 ! K0
S⇡

0, the BB̄ and continuum backgrounds474

are assumed to be flavor-symmetric in the default fit.475

We generate 100 simulated data sets with nonzero back-476

ground asymmetries, where we fix the BB̄ background477

asymmetry to ±1 or the continuum background asym-478
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FIG. 1: Distributions of (a) M 0
bc, (b) �E, and (c) C0

BDT with fit projections overlaid for both B0 and B0 candidates satisfying
the criteria 5.27 < M 0

bc < 5.29GeV, �0.15 < �E < 0.10GeV, |�t| < 10.0 ps, and C0
BDT > 0.0 (except for the variable

displayed). The solid curves represent the fit projection, while various fit components are explained in the legends. (d)
Projection of the fit results onto �t separately for tagged B0 and B0 candidates after subtracting background with the sPlot
method [33]; the asymmetry, defined as [N(B0

tag)�N(B0
tag)]/[N(B0

tag) +N(B0
tag)], is displayed underneath.

input values and assign it as a systematic uncertainty.
The systematic uncertainty due to best candidate selec-
tion is evaluated by performing an alternative fit with
all candidate and taking the difference with respect to
the nominal value. Uncertainties due to fixed ⌧B0 and
�md values are calculated by varying these quantities
by their uncertainties and repeating the fit; the resulting
maximum variations in ACP and SCP are assigned as sys-
tematic uncertainties. Tag-side interference [35] can arise

due to the presence of both CKM-favored and CKM-
suppressed tree amplitudes, contributing to the tag-side
decay. Its impact is conservatively estimated by posit-
ing that all events have been tagged with such hadronic
decays. The uncertainty due to VXD misalignment [36]
is evaluated by reconstructing events with different mis-
alignment hypotheses. Assuming all systematic sources
to be independent, we add their contributions in quadra-
ture to obtain the total systematic uncertainty of ±0.047 17Status of flavor anomalies with Belle & Belle II                  Youngjoon Kwon (Yonsei U.)                  PPC 2023 (June 12-16, 2023)
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TABLE I. Signal yields, feed-across yields, signal reconstruction e�ciencies, feed-across reconstruction e�ciencies, branching
fractions, and direct CP asymmetries. The signal and feed-across reconstruction e�ciencies are corrected for di↵erences between
data and simulation in the continuum suppression e�ciency, K0

S reconstruction e�ciency, and PID e�ciency. They are also
multiplied by the sub-decay branching fractions: for decays with a K0

S, a factor of 0.5 for K0 ! K0
S as well as the branching

fraction ofK0
S ! ⇡+⇡�; for those with a ⇡0, the branching fraction of ⇡0 ! ��. If a single error is given, it denotes the statistical

uncertainty. If multiple errors are given, the first is the statistical uncertainty and the second the systematic uncertainty. The
statistical correlations of the branching fraction and ACP between the B0 ! K0⇡0 measurements reported in this analysis and
in Ref. [11] are 76% and 21%, respectively.

Decay
Signal Feed-across Signal Feed-across B [10�6] ACP
yield yield ✏ [%] ✏ [%]

B0 ! K+⇡� 3868 ± 71 880 ± 16 49.91 11.37 20.67 ± 0.37 ± 0.62 �0.072 ± 0.019 ± 0.007
B0 ! ⇡+⇡� 1187 ± 43 327 ± 8 54.31 14.94 5.83 ± 0.22 ± 0.17 –
B+ ! K+⇡0 2052 ± 57 359 ± 10 36.91 6.46 13.93 ± 0.38 ± 0.84 0.013 ± 0.027 ± 0.005
B+ ! ⇡+⇡0 785 ± 44 136 ± 8 37.60 6.50 5.10 ± 0.29 ± 0.32 �0.081 ± 0.054 ± 0.008
B+ ! K0⇡+ 1547 ± 45 – 15.89 – 24.4 ± 0.71 ± 0.86 0.046 ± 0.029 ± 0.007
B0 ! K0⇡0

502 ± 32 – 12.67 – 10.16 ± 0.65 ± 0.67 �0.06 ± 0.15 ± 0.05
(this analysis)
B0 ! K0⇡0

415 ± 26 – 9.95 – 11.00 ± 0.67 0.04 ± 0.15 ± 0.05
(time-dependent analysis [11])
B0 ! K0⇡0

– – – – 10.50 ± 0.62 ± 0.69 �0.01 ± 0.12 ± 0.05
(combination with Ref. [11])

5. SYSTEMATIC UNCERTAINTIES394

Systematic uncertainties are summarized in Table II395

for the branching fractions and Table III for the direct396

CP asymmetries.397

We assign an uncertainty on the branching fractions398

of 0.24% per track in the final state, to accommo-399

date for tracking e�ciency uncertainties as derived from400

e+e� ! ⌧+⌧� events, where one ⌧ decays leptoni-401

cally ⌧+ ! `+⌫`⌫⌧ with ` = e, µ and one hadronically402

⌧� ! ⇡�⇡±(⇡⌥)⌫⌧ +n⇡0.A 1.5% systematic uncertainty403

is assigned to each branching fraction due to the un-404

certainty on the number N of BB pairs in Eq. 3. In405

addition, the uncertainty on f+�/00 (2.4% or 2.5%) is406

included as a systematic uncertainty.407

Several systematic uncertainties are related to the se-408

lection and reconstruction e�ciencies. The ⇡0 recon-409

struction e�ciency is assessed using D0 ! K�⇡+⇡0 and410

⌧+ ! ⇡+⇡�⇡+⇡0⌫⌧ decays; the K0
S reconstruction ef-411

ficiency is evaluated using D⇤+ ! D0(! K0
S⇡

+⇡�)⇡+
412

and D⇤+ ! D0(! K0
S⇡

0)⇡+ decays; and the con-413

tinuum suppression (CS) e�ciency is determined using414

B+ ! D0(! K+⇡�)⇡+, B+ ! D0(! K+⇡�⇡0)⇡+,415

and B+ ! D0(! K0
S⇡

0)⇡+ decays. Using these large-416

sample control channels, we measure the e�ciencies in417

data and simulation and scale the branching ratios by418

the ratio of e�ciencies. The uncertainty on the ratios is419

assigned as a systematic uncertainty.420

Corrections for e�ciencies and misidentification rates421

of the PID selections are obtained as a function of track422

momentum and polar angle from abundant control sam-423

ples of K0
S ! ⇡+⇡� and D⇤+ ! D0(! K�⇡+)⇡+ de-424

cays. To estimate uncertainties associated with these425

corrections for the relevant physics parameters, we prop-426

agate the uncertainties using pseudo-experiments, with427

nominal and alternative reconstruction e�ciencies. The428

standard deviation of the di↵erence of the distribution of429

the physics parameter is assigned as a systematic uncer-430

tainty.431

Systematic uncertainties associated with the PDF cor-432

rection factors, e.g., the shift and scaling parameters,433

are assessed by repeating the fit on pseudo-experiments434

100 times with alternative correction parameters. For435

each of the 100 fits, the correction factors are drawn436

within their uncertainties from a Gaussian distribution,437

taking correlations into account. The standard devia-438

tion of the di↵erence of the physics parameter distribu-439

tions is assigned as the systematic uncertainty for the440

correction factors. Similarly, for the signal, feed-across441

(CF) and K0
SK

+ peaking background shapes, 100 fits on442

pseudo-experiments are performed, each time with di↵er-443

ent shape parameters drawn within their uncertainties.444

The standard deviation of the di↵erence of the physics445

parameter distributions is assigned as a systematic un-446

certainty.447

To assess a systematic uncertainty for the BB shapes,448

we develop an alternative fit model with di↵erent �E449

PDFs and varying C 0 parameters for the BB background.450

We generate 100 pseudo-experiments around this alter-451

native fit model and fit the data sets with the alterna-452

tive and default fit model. The mean of the di↵erences453

between the fit results is assigned as a systematic uncer-454

tainty.455

We perform no best candidate selection in events456

with multiple reconstructed candidates. To assess a457

systematic uncertainty associated with a possible data-458

simulation mismatch in candidate multiplicity, we repeat459

the fit to the data by randomly selecting a single candi-460

time-integrated

time-dependent

combined

IKπ = − 0.03 ± 0.13 ± 0.05
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Figure 1: Distributions of (left) m2
miss and (right) E⇤

µ in the highest q2 bin (above 9.35GeV
2/c4)

of the (top) D0µ�
and (bottom) D⇤+µ�

signal data, overlaid with projections of the fit model.

The binned distributions of m2
miss ([�2, 10.6]GeV2

/c
4, 43 bins), E⇤

µ ([100, 2650]MeV,
34 bins), and q

2 ([�0.4, 12.6]GeV2
/c

4, 4 bins) for reconstructed D
0
µ
� and D

⇤+
µ
� candi-

dates in data are fit using a binned extended maximum-likelihood method with three-
dimensional templates representing the signal and normalization channels and the back-
ground sources. The model parameters extracted from the data include the yields of each
contributing process: signals, normalizations, B! D

⇤⇤
`
�
⌫` (with a Gaussian-constrained

fraction ofB! D
⇤⇤
⌧
�
⌫⌧ ), B ! D

⇤⇤
heavyµ

�
⌫µ, B0

s! D
⇤⇤
s µ

�
⌫µ , B ! D

⇤+
Hc(! µ

�
⌫µX

0)X

(with a Gaussian-constrained fraction of B! D
(⇤)
D

�
s (! ⌧

�
⌫⌧ )X), misID background,

and combinatorial backgrounds. The form-factor parameters for signal, normalization,
and D

⇤⇤
(s) backgrounds are allowed to vary in the fit, as is the level of momentum smearing

applied to the misID component to account for kaon or pion decays to muons. The same
fit model is applied to all selected regions with appropriately selected templates, with
form-factor parameters and shape correction parameters shared between regions, and
yield parameters allowed to vary independently by region. Statistical uncertainties in the
templates are folded into the likelihood via the Beeston-Barlow ‘lite’ prescription [31].
Projections of the fit in each control region are shown in the Supplemental Material [30].

Two approaches are used to incorporate the information from the control regions. For
the result presented here, all eight regions are fit simultaneously using a custom likelihood
implementation in the ROOT [32] software package to extract R(D0) and R(D⇤) including
all correlations. In the alternative fit, built using the RooFit [33] and HistFactory [34]
frameworks, the six control regions are fit simultaneously first to obtain corrections to
the most signal-like backgrounds in signal-depleted regions. The two signal samples are
then fit with shapes fixed (or likelihood-constrained in the case of the B! D

⇤⇤
µ
�
⌫µ and

B
0
s! D

⇤⇤
s µ

�
⌫µ form-factor parameters) according to the result of the control fit. The

two fitters have been extensively cross-validated and give consistent results within an
expected statistical spread determined using common pseudodatasets. As the two results
are compatible, only the results of the former fit are presented in this Letter.

The results of the fit to the isolated (signal) samples are shown in Fig. 1. The complete
set of projections for all q2 bins can be found in the Supplemental Material [30]. The ratios
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Measurement of the ratios of branching fractions R(D⇤) and R(D0)
arXiv:2302.02886, submitted to PRL

• used  mode

• ,    

•  away from SM

τ− → μ−νμντ

R(D*) = 0.281 ± 0.018 ± 0.024 R(D0) = 0.441 ± 0.060 ± 0.066
1.9σ



B semileptonic (1)
 from exclusive B decays (Belle, Belle II)

• by  shape (Belle)

• by  shape (Belle II) 

Simultaneous (incl. & excl.)  (Belle) 

|Vcb |

B → D*ℓ+ν

B → D*ℓ+ν

|Vub |
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Full Belle dataset ( )

B-tagging by hadronic decays

• ANN-based tagging


• allows reconstruction of  in 


 is suppressed using , and further by BDT

• 11 features for training ( , , , etc.)


use  thrust in the CM frame, for  significance

ℒint = 711 fb−1

Xu B → Xuℓ+ν

b → c MX

M2
m χ2

vtx N(K′￼s)

Xu B → πℓ+ν

arXiv:2303.17309
submitted to PRL

BELLE
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of B ! Xc ` ⌫̄` and other backgrounds in the extrac-
tion variables, q2 and N⇡± , we also utilize the events
failing the BDT selection and find good agreement. We
further separate events by the reconstructed MX , cat-
egorizing MX < 1.7GeV into five q2 bins ranging in
[0, 26.4]GeV2 as a function of the N⇡± multiplicity for
the interval of [0, 1, 2,� 3]. Events with MX � 1.7GeV
are analyzed only in bins of N⇡± as they are dominated
by background. To enhance the B ! ⇡ ` ⌫̄` purity in
the low-MX N⇡± = 0 and N⇡± = 1 events, we apply a
selection on the thrust of 0.92 and 0.85, respectively. It
is defined by max|n|=1 (

P
i |pi · n|/

P
i |pi|), when sum-

ming over the neutral and charged constituents of the
reconstructed X system in the center of mass frame. For
B ! ⇡ ` ⌫̄` events, we expect a more collimated Xu sys-
tem than for B ! Xc ` ⌫̄` and other B ! Xu ` ⌫̄` pro-
cesses, resulting in a higher thrust value.

The q2 : N⇡± bins and the MX � 1.7GeV N⇡± dis-
tribution are analyzed using a simultaneous likelihood
fit, which incorporates floating parameters for the mod-
eling of the B ! ⇡ ` ⌫̄` form factor, the binned tem-
plates, and systematic uncertainties as nuisance param-
eters. Specifically, the shape of B ! ⇡ ` ⌫̄` template is
linked to the form factors by correcting the e�ciency and
acceptance e↵ects. The fit components we probe are the
normalizations of B ! ⇡ ` ⌫̄` decays, other B ! Xu ` ⌫̄`
signal decays, and of background events dominated by
B ! Xc ` ⌫̄` decays. The f+ and f0 form factors describ-
ing the B ! ⇡ ` ⌫̄` decay dynamics are parameterized
with expansion coe�cients a+n and a0n using the BCL ex-
pansion,

f+(q
2) =

1

1� q2/m2
B⇤

N+�1X

n=0

a+n

h
zn � (�1)n�N+ n

N+
zN

+
i
,

f0(q
2) =

N0�1X

n=0

a0n z
n , (3)

at expansion order N+ = N0 = 3 in the conformal vari-
able z = z(q2) [20, 36], and a02 is expressed by the re-
maining coe�cients to keep the kinematical constraint
f+(0) = f0(0). We constrain the expansion coe�cients
to the lattice QCD (LQCD) values of Ref. [36], combin-
ing LQCD calculations from several groups [37, 38]. Note
that the measured distributions have no sensitivity for f0
and we thus neglect its e↵ects in the decay rate. The in-
clusion of the f0 expansion coe�cients, however, reduces
uncertainties on the B ! ⇡ ` ⌫̄` rate through the corre-
lation to the f+ shape. We also study a fit scenario that
constrains the B ! ⇡ form factors to the combined lat-
tice QCD and experimental information of Refs. [39–42],
representing the full experimental knowledge of its shape
to date.

We consider additive and multiplicative systematic un-
certainties in the likelihood fit by adding bin-wise nui-
sance parameters for each template. The parameters are

FIG. 1. The q2 : N⇡± spectrum after the 2D fit is shown for
the scenario that only uses LQCD information. The uncer-
tainties incorporate all postfit uncertainties discussed in the
text.

constrained to a multinormal Gaussian distribution with
a covariance reflecting the sum of all considered system-
atic e↵ects, and the correlation structure between tem-
plates from common sources is taken into account. This
includes detector and reconstruction related uncertain-
ties, such as the tracking e�ciency for low and high
momentum tracks, particle identification e�ciency un-
certainties, and the calibration of the Btag reconstruc-
tion e�ciency. We further consider uncertainties on the
B ! Xu ` ⌫̄` and B ! Xc ` ⌫̄` shapes from the form
factors, non-perturbative parameters, and their compo-
sitions. The u ! Xu fragmentation uncertainties are
evaluated by changing the default Belle tune of fragmen-
tation parameters to the values used in Ref. [43]. We fur-
ther vary the ss̄-production rate �s = 0.30± 0.09, span-
ning the range of Refs. [44, 45]. The largest uncertain-
ties on the exclusive branching fraction measurements are
from the calibration of the tagging e�ciency (±4.0%) and
the B ! Xu ` ⌫̄` modeling (±3.5%). The largest uncer-
tainties on the inclusive branching fraction measurement
are from the B ! Xu ` ⌫̄` (±12.1%) modeling and the
u ! Xu fragmentation (±5.3%). The uncertainties of
the modeling of the B ! Xc ` ⌫̄` background are ±1.2%
and ±2.8% for the B ! ⇡ ` ⌫̄` and B ! Xu ` ⌫̄` branching
fractions, respectively.

Figure 1 shows the q2 : N⇡± distribution of the signal
region after the fit and with only using LQCD informa-
tion: B+ ! ⇡0 `+ ⌫` and B0 ! ⇡� `+ ⌫` events are ag-
gregated in the N⇡+ = 0 and N⇡+ = 1 bins, respectively,
whereas contributions from other B ! Xu ` ⌫̄` processes
are in all multiplicity bins. The high MX bins constrain
the B ! Xc ` ⌫̄` and other background contributions. We
use the isospin relation and B0/B+ lifetime ratio to link

5 bins of 
for each 

q2

Nπ
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tion variables, q2 and N⇡± , we also utilize the events
failing the BDT selection and find good agreement. We
further separate events by the reconstructed MX , cat-
egorizing MX < 1.7GeV into five q2 bins ranging in
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eters. Specifically, the shape of B ! ⇡ ` ⌫̄` template is
linked to the form factors by correcting the e�ciency and
acceptance e↵ects. The fit components we probe are the
normalizations of B ! ⇡ ` ⌫̄` decays, other B ! Xu ` ⌫̄`
signal decays, and of background events dominated by
B ! Xc ` ⌫̄` decays. The f+ and f0 form factors describ-
ing the B ! ⇡ ` ⌫̄` decay dynamics are parameterized
with expansion coe�cients a+n and a0n using the BCL ex-
pansion,

f+(q
2) =

1

1� q2/m2
B⇤

N+�1X

n=0

a+n

h
zn � (�1)n�N+ n

N+
zN

+
i
,

f0(q
2) =

N0�1X

n=0

a0n z
n , (3)

at expansion order N+ = N0 = 3 in the conformal vari-
able z = z(q2) [20, 36], and a02 is expressed by the re-
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f+(0) = f0(0). We constrain the expansion coe�cients
to the lattice QCD (LQCD) values of Ref. [36], combin-
ing LQCD calculations from several groups [37, 38]. Note
that the measured distributions have no sensitivity for f0
and we thus neglect its e↵ects in the decay rate. The in-
clusion of the f0 expansion coe�cients, however, reduces
uncertainties on the B ! ⇡ ` ⌫̄` rate through the corre-
lation to the f+ shape. We also study a fit scenario that
constrains the B ! ⇡ form factors to the combined lat-
tice QCD and experimental information of Refs. [39–42],
representing the full experimental knowledge of its shape
to date.

We consider additive and multiplicative systematic un-
certainties in the likelihood fit by adding bin-wise nui-
sance parameters for each template. The parameters are

FIG. 1. The q2 : N⇡± spectrum after the 2D fit is shown for
the scenario that only uses LQCD information. The uncer-
tainties incorporate all postfit uncertainties discussed in the
text.

constrained to a multinormal Gaussian distribution with
a covariance reflecting the sum of all considered system-
atic e↵ects, and the correlation structure between tem-
plates from common sources is taken into account. This
includes detector and reconstruction related uncertain-
ties, such as the tracking e�ciency for low and high
momentum tracks, particle identification e�ciency un-
certainties, and the calibration of the Btag reconstruc-
tion e�ciency. We further consider uncertainties on the
B ! Xu ` ⌫̄` and B ! Xc ` ⌫̄` shapes from the form
factors, non-perturbative parameters, and their compo-
sitions. The u ! Xu fragmentation uncertainties are
evaluated by changing the default Belle tune of fragmen-
tation parameters to the values used in Ref. [43]. We fur-
ther vary the ss̄-production rate �s = 0.30± 0.09, span-
ning the range of Refs. [44, 45]. The largest uncertain-
ties on the exclusive branching fraction measurements are
from the calibration of the tagging e�ciency (±4.0%) and
the B ! Xu ` ⌫̄` modeling (±3.5%). The largest uncer-
tainties on the inclusive branching fraction measurement
are from the B ! Xu ` ⌫̄` (±12.1%) modeling and the
u ! Xu fragmentation (±5.3%). The uncertainties of
the modeling of the B ! Xc ` ⌫̄` background are ±1.2%
and ±2.8% for the B ! ⇡ ` ⌫̄` and B ! Xu ` ⌫̄` branching
fractions, respectively.

Figure 1 shows the q2 : N⇡± distribution of the signal
region after the fit and with only using LQCD informa-
tion: B+ ! ⇡0 `+ ⌫` and B0 ! ⇡� `+ ⌫` events are ag-
gregated in the N⇡+ = 0 and N⇡+ = 1 bins, respectively,
whereas contributions from other B ! Xu ` ⌫̄` processes
are in all multiplicity bins. The high MX bins constrain
the B ! Xc ` ⌫̄` and other background contributions. We
use the isospin relation and B0/B+ lifetime ratio to link

Signal yield is measured 
in 5 bins of q2

arXiv:2303.17309
submitted to PRL
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FIG. 2. The |Vub| values obtained with the fits using (top)
LQCD or (bottom) LQCD and experimental constraints for

the B
0 ! ⇡+`�⌫̄` form factor are shown. The inclusive |Vub|

value is based on the decay rate from the GGOU calculation.
The values obtained from the previous Belle measurement
[9] (grey band) and the world averages from Ref. [1] (black
marker) are also shown. The shown ellipses correspond to
39.3% confidence levels (��2 = 1).

the yields of B+ ! ⇡0 `+ ⌫` and B0 ! ⇡� `+ ⌫`. The fit
has a �2 of 12.6 with 21 degrees of freedom, correspond-
ing to a p-value of 92%. The measured B+ ! ⇡0 `+ ⌫`
and B0 ! ⇡� `+ ⌫` yields are corrected for e�ciency
e↵ects to determine the corresponding branching frac-
tions B. The measured inclusive yield is calculated from
the sum of B+ ! ⇡0 `+ ⌫`, B0 ! ⇡� `+ ⌫`, and other
B ! Xu ` ⌫̄` events and unfolded to correspond to a par-
tial branching fraction �B with EB

` > 1.0GeV, also cor-
recting for the e↵ect of final state radiation photons. We
find

B(B0 ! ⇡+`�⌫̄`) = (1.43± 0.19± 0.13)⇥ 10�4 , (4)

�B(B ! Xu`⌫̄`) = (1.40± 0.14± 0.23)⇥ 10�3 , (5)

with the errors denoting statistical and systematic
uncertainties. The recovered branching fraction for

B
0 ! ⇡+`�⌫̄` is compatible with the world average of

B(B0 ! ⇡+`�⌫̄`) = (1.50± 0.06)⇥ 10�4 [1]. The cor-
relation between the exclusive and inclusive branching
fractions is ⇢ = 0.10. Using calculations for the inclu-
sive partial rate and the fitted form factor parameters, we
can determine values for |Vub|. As our baseline we use the
GGOU [46] calculation for the inclusive partial rate with
EB

` > 1.0GeV (�� = 58.5± 2.7 ps�1), but other calcu-
lations result in similar values for inclusive |Vub|. We
find

��V excl.
ub

�� = (4.12± 0.30± 0.18± 0.16)⇥ 10�3 , (6)
��V incl.

ub

�� = (3.90± 0.20± 0.32± 0.09)⇥ 10�3 , (7)

for exclusive and inclusive |Vub| with the uncertainties
denoting the statistical error, systematic error, and error
from theory (either from LQCD or the inclusive calcula-
tion). The correlation between the exclusive and inclu-
sive |Vub| is ⇢ = 0.07. The determined value for inclusive
|Vub| is compatible with the determination of Ref. [9]. For
the ratio of inclusive and exclusive Vub values we find

��V excl.
ub

�� /
��V incl.

ub

�� = 1.06± 0.14 , (8)

which is compatible with the SM expectation of unity.
The value is higher and compatible with the current
world average of |V excl.

ub |/|V incl.
ub | = 0.84± 0.04 [1] within

1.6 standard deviations. Fig. 2 (top) compares the mea-
sured individual values with the SM expectation and the
current world average. We also test what happens if we
relax the isospin relation between B� ! ⇡0`�⌫̄` (red el-

lipse) and B
0 ! ⇡+`�⌫̄` (blue) branching fractions and

find compatible results for exclusive and inclusive |Vub|,
as well as for the exclusive |Vub| values.
In addition to this extraction, we can also utilize the

full theoretical and experimental knowledge of the B !
⇡ ` ⌫̄` form factor, combining shape information from the
measured q2 spectrum with LQCD predictions, as pro-
vided by Ref. [36]. The determined (partial) branching
fractions in this scenario are

B(B0 ! ⇡+`�⌫̄`) = (1.53± 0.18± 0.12)⇥ 10�4 , (9)

�B(B ! Xu`⌫̄`) = (1.40± 0.14± 0.23)⇥ 10�3 , (10)

with a correlation of ⇢ = 0.12 between inclusive and
exclusive branching fractions. This fit leads to a more
precise value of |Vub| from B ! ⇡ ` ⌫̄` and we find with
the same inclusive calculation

��V excl.
ub

�� = (3.78± 0.23± 0.16± 0.14)⇥ 10�3 , (11)
��V incl.

ub

�� = (3.90± 0.20± 0.32± 0.09)⇥ 10�3 , (12)

with a correlation ⇢ = 0.10 and a ratio of

��V excl.
ub

�� /
��V incl.

ub

�� = 0.97± 0.12 , (13)

Simultaneous (incl. & excl.) |Vub |
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•  results from fits using 
LQCD and experimental 
constraints for the  
form-factor

|Vub |

B → π+ℓν
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FIG. 2. The |Vub| values obtained with the fits using (top)
LQCD or (bottom) LQCD and experimental constraints for

the B
0 ! ⇡+`�⌫̄` form factor are shown. The inclusive |Vub|

value is based on the decay rate from the GGOU calculation.
The values obtained from the previous Belle measurement
[9] (grey band) and the world averages from Ref. [1] (black
marker) are also shown. The shown ellipses correspond to
39.3% confidence levels (��2 = 1).

the yields of B+ ! ⇡0 `+ ⌫` and B0 ! ⇡� `+ ⌫`. The fit
has a �2 of 12.6 with 21 degrees of freedom, correspond-
ing to a p-value of 92%. The measured B+ ! ⇡0 `+ ⌫`
and B0 ! ⇡� `+ ⌫` yields are corrected for e�ciency
e↵ects to determine the corresponding branching frac-
tions B. The measured inclusive yield is calculated from
the sum of B+ ! ⇡0 `+ ⌫`, B0 ! ⇡� `+ ⌫`, and other
B ! Xu ` ⌫̄` events and unfolded to correspond to a par-
tial branching fraction �B with EB

` > 1.0GeV, also cor-
recting for the e↵ect of final state radiation photons. We
find

B(B0 ! ⇡+`�⌫̄`) = (1.43± 0.19± 0.13)⇥ 10�4 , (4)

�B(B ! Xu`⌫̄`) = (1.40± 0.14± 0.23)⇥ 10�3 , (5)

with the errors denoting statistical and systematic
uncertainties. The recovered branching fraction for

B
0 ! ⇡+`�⌫̄` is compatible with the world average of

B(B0 ! ⇡+`�⌫̄`) = (1.50± 0.06)⇥ 10�4 [1]. The cor-
relation between the exclusive and inclusive branching
fractions is ⇢ = 0.10. Using calculations for the inclu-
sive partial rate and the fitted form factor parameters, we
can determine values for |Vub|. As our baseline we use the
GGOU [46] calculation for the inclusive partial rate with
EB

` > 1.0GeV (�� = 58.5± 2.7 ps�1), but other calcu-
lations result in similar values for inclusive |Vub|. We
find

��V excl.
ub

�� = (4.12± 0.30± 0.18± 0.16)⇥ 10�3 , (6)
��V incl.

ub

�� = (3.90± 0.20± 0.32± 0.09)⇥ 10�3 , (7)

for exclusive and inclusive |Vub| with the uncertainties
denoting the statistical error, systematic error, and error
from theory (either from LQCD or the inclusive calcula-
tion). The correlation between the exclusive and inclu-
sive |Vub| is ⇢ = 0.07. The determined value for inclusive
|Vub| is compatible with the determination of Ref. [9]. For
the ratio of inclusive and exclusive Vub values we find

��V excl.
ub

�� /
��V incl.

ub

�� = 1.06± 0.14 , (8)

which is compatible with the SM expectation of unity.
The value is higher and compatible with the current
world average of |V excl.

ub |/|V incl.
ub | = 0.84± 0.04 [1] within

1.6 standard deviations. Fig. 2 (top) compares the mea-
sured individual values with the SM expectation and the
current world average. We also test what happens if we
relax the isospin relation between B� ! ⇡0`�⌫̄` (red el-

lipse) and B
0 ! ⇡+`�⌫̄` (blue) branching fractions and

find compatible results for exclusive and inclusive |Vub|,
as well as for the exclusive |Vub| values.
In addition to this extraction, we can also utilize the

full theoretical and experimental knowledge of the B !
⇡ ` ⌫̄` form factor, combining shape information from the
measured q2 spectrum with LQCD predictions, as pro-
vided by Ref. [36]. The determined (partial) branching
fractions in this scenario are

B(B0 ! ⇡+`�⌫̄`) = (1.53± 0.18± 0.12)⇥ 10�4 , (9)

�B(B ! Xu`⌫̄`) = (1.40± 0.14± 0.23)⇥ 10�3 , (10)

with a correlation of ⇢ = 0.12 between inclusive and
exclusive branching fractions. This fit leads to a more
precise value of |Vub| from B ! ⇡ ` ⌫̄` and we find with
the same inclusive calculation

��V excl.
ub

�� = (3.78± 0.23± 0.16± 0.14)⇥ 10�3 , (11)
��V incl.

ub

�� = (3.90± 0.20± 0.32± 0.09)⇥ 10�3 , (12)

with a correlation ⇢ = 0.10 and a ratio of

��V excl.
ub

�� /
��V incl.

ub

�� = 0.97± 0.12 , (13)
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July 8, 2022 Henrik Junkerkalefeld / R(#!/#) measurement at Belle II / 1911

EVENT SELECTION
• Reconstruct                     
" #$ → &'()% ℓ&?
" #$ → '&'()* ℓ&?

• 2ℓ∗ > -. 4 GeV

• Only basic quality 
cuts on tracks and 
calorimeter signals

• Tight constraints on 
tag quality

( = O (+. -%)
Precise knowledge of 
0+,- kinematics

Tight 5ℓ∗ cut to suppress 
• hadrons faking leptons (“fakes”)
• secondary leptons from 6 → 7 → (ℓ, 9) cascades (“secondaries”)
• 0 → :;<
[53% (!) / 66% (=) of selected B → :ℓ< is retained]

July 8, 2022 Henrik Junkerkalefeld / R(#!/#) measurement at Belle II / 1912

EVENT SELECTION
• Reconstruct                     
" #$ → &'()% ℓ&?
" #$ → '&'()* ℓ&?

• 2ℓ∗ > -. 4 GeV

• Only basic quality 
cuts on tracks and 
calorimeter signals

• Tight constraints on 
tag quality

( = O (+. -%)
Precise knowledge of 
0+,- kinematics

Tight 5ℓ∗ cut to suppress 
• hadrons faking leptons (“fakes”)
• secondary leptons from 6 → 7 → (ℓ, 9) cascades (“secondaries”)
• 0 → :;<
[53% (!) / 66% (=) of selected B → :ℓ< is retained]

July 8, 2022 Henrik Junkerkalefeld / R(#!/#) measurement at Belle II / 1913

EVENT SELECTION
• Reconstruct                     
" #$ → &'()% ℓ&?
" #$ → '&'()* ℓ&?

• 2ℓ∗ > -. 4 GeV

• Only basic quality 
cuts on tracks and 
calorimeter signals

• Tight constraints on 
tag quality

( = O (+. -%)
Precise knowledge of 
0+,- kinematics

Tight 5ℓ∗ cut to suppress 
• hadrons faking leptons (“fakes”)
• secondary leptons from 6 → 7 → (ℓ, 9) cascades (“secondaries”)
• 0 → :;<
[53% (!) / 66% (=) of selected B → :ℓ< is retained]

slide taken from Belle II ICHEP2022 talk by H. Junkerkalefeld 

arXiv:2301.08266

accepted to PRLLFU test with inclusive B → Xℓν
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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
chosen 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 be-
tween 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

Signal extraction by fitting 

• continuum bkgd. is Gaussian-
constrained by off-resonance 
data

• fake & 2ndary leptons are 
Gaussian-constrained by 
simulatenously fitting the  in 
same-charge sample

pB
ℓ

pB
ℓ

LFU test with inclusive B → Xℓν
arXiv:2301.08266

accepted to PRL
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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
chosen 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 be-
tween 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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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
chosen 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 be-
tween 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

the most precise BF-based LFU test, 
and consistent with SM

LFU test with inclusive B → Xℓν

R(Xe/μ |pB
ℓ > 1.3 GeV)

= 1.007 ± 0.009 ± 0.019

arXiv:2301.08266

accepted to PRL



Status of RK(*)



31Status of flavor anomalies with Belle & Belle II                  Youngjoon Kwon (Yonsei U.)                  PPC 2023 (June 12-16, 2023)

LFU test with  at LHCb

as of Fall, 2022
b → sℓ+ℓ−
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Figure 28: Measured values of LU observables in B+
! K+`+`� and B0

! K⇤0`+`� decays and
their overall compatibility with the SM.

treatment of misidentified hadronic backgrounds in the electron mode are also evaluated
using pseudoexperiments. The biggest shift (0.064) is found to be due to the more stringent
PID, which enhances signal purity by the removal of contributions from processes that
were not previously modeled. Residual misidentified backgrounds are modeled in the
fit, resulting in a further shift (0.038) compared to the previous analysis. These shifts
add linearly. The systematic shift due to misidentified backgrounds to electrons, and
the uncertainties assigned to the results presented here, are greater than the systematic
uncertainties in the earlier publication of RK . The assigned systematic uncertainties on
the new measurements presented in this paper are smaller than in previous papers, except
for RK (central-q2) where the new result has a smaller overall relative uncertainty despite
an increase in the systematic uncertainty from that of Ref. [24]. In all cases, the statistical
uncertainties remain significantly larger than the systematic uncertainties and therefore
additional data will continue to challenge the Standard Model.
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LFU test with  at LHCb

as of now (updated Dec. 2022)

b → sℓ+ℓ−

arXiv:2212.09153

https://arxiv.org/abs/2212.09153
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Other EW-penguin(-like) 
B decays
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Figure 1. Distributions of Mbc (left) and �E (right) for B ! K⇤µ+µ� (top), B ! K⇤e+e�

(middle), and B ! K⇤`+`� (bottom). Points with error bars are superimposed on the blue (solid)
curve, which shows the total fit function, while red (solid) and black (dotted) lines represent
the signal and background components, respectively. Candidates shown in the �E distributions
are restricted to Mbc 2 [5.27, 5.29] GeV/c2 range and the Mbc distributions are restricted to
�E 2 [�0.05, 0.05] GeV.

We summarize the systematic uncertainties in Table I. The individual sources of uncer-
tainties are assumed to be independent and the corresponding uncertainties are added in
quadrature to determine the total uncertainty.

9

5.2 5.21 5.22 5.23 5.24 5.25 5.26 5.27 5.28 5.29

]2 [GeV/cbcM

0
2
4
6
8

10
12
14
16
18
20
22]2

En
tri

es
 / 

[0
.0

03
3 

G
eV

/c

Signal
Background
Total
Data

0.15− 0.1− 0.05− 0 0.05 0.1
E [GeV]∆

0

2

4

6

8

10

12

14

16

18

En
tri

es
 / 

[0
.0

07
8 

G
eV

]

Signal
Background
Total
Data

Belle II (Preliminary)R
L dt = 189 fb�1

Belle II (Preliminary)R
L dt = 189 fb�1

5.2 5.21 5.22 5.23 5.24 5.25 5.26 5.27 5.28 5.29

]2 [GeV/cbcM

0

2

4

6

8

10

12

14

]2
En

tri
es

 / 
[0

.0
03

3 
G

eV
/c

Signal
Background
Total
Data

0.15− 0.1− 0.05− 0 0.05 0.1
E [GeV]∆

0

2

4

6

8

10

12

14

16

En
tri

es
 / 

[0
.0

1 
G

eV
]

Signal
Background
Total
Data

Belle II (Preliminary)R
L dt = 189 fb�1

Belle II (Preliminary)R
L dt = 189 fb�1

5.2 5.21 5.22 5.23 5.24 5.25 5.26 5.27 5.28 5.29

]2 [GeV/cbcM

0

5

10

15

20

25

30
]2

En
tri

es
 / 

[0
.0

03
3 

G
eV

/c

Signal
Background
Total
Data

0.15− 0.1− 0.05− 0 0.05 0.1
E [GeV]∆

0
2
4
6
8

10
12
14
16
18
20
22
24

En
tri

es
 / 

[0
.0

07
8 

G
eV

]

Signal
Background
Total
Data

Belle II (Preliminary)R
L dt = 189 fb�1

Belle II (Preliminary)R
L dt = 189 fb�1

Figure 1. Distributions of Mbc (left) and �E (right) for B ! K⇤µ+µ� (top), B ! K⇤e+e�

(middle), and B ! K⇤`+`� (bottom). Points with error bars are superimposed on the blue (solid)
curve, which shows the total fit function, while red (solid) and black (dotted) lines represent
the signal and background components, respectively. Candidates shown in the �E distributions
are restricted to Mbc 2 [5.27, 5.29] GeV/c2 range and the Mbc distributions are restricted to
�E 2 [�0.05, 0.05] GeV.

We summarize the systematic uncertainties in Table I. The individual sources of uncer-
tainties are assumed to be independent and the corresponding uncertainties are added in
quadrature to determine the total uncertainty.
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 from Belle II B → K*ℓ+ℓ−

Belle II can do independent check of 
 with 


Measure  with 




charmonium veto; BDT for 
continuum ( ) suppression


similar precision for  and  
(unlike LHCb)

RK(*) ℒint ∼ 𝒪(1) ab−1

B → K*ℓ+ℓ−

∫ ℒdt = 189 fb−1

e+e− → qq̄
ee μμ

34

arXiv:2206.05946

Preparing for  (I)R(K(*))
Belle II can provide independent check of !("(*)) anomalies with few ab-1 

Belle II search for #→"*(892)%+%- (% = &, ') with 189 fb-1 

Challenge: limited by sample size 

• Reconstruct "*→"+(-, "+(0, "0S(+ + 2 same-flavor leptons 

• Background suppression: charm veto (e.g )/*→%%), BDT to suppress 

candidates from &+&-→++ ̅and other &+&-→##̅  

• Signal yield extracted from the fit of  and  

Precision for & and ' channels in same ballpark, ~25—30%

Mbc = E2
beam − p*2

B ΔE = E*B − Ebeam

7

B → K*e+e−

B → K*μ+μ−

arXiv:2206.05946

Table I. Relative systematic uncertainties (in %) for B ! K⇤``.

Source Systematic (%)

Kaon identification 0.4

Pion identification 2.5

Muon identification +1.9
�0.8

Electron identification +0.9
�0.5

K0
S identification 2.0

⇡0 identification 3.4

Tracking 1.2� 1.5

MVA selection 1.3� 1.7

Simulated sample size < 0.5

Signal cross feed < 1%

Signal PDF shape 0.5� 1.0%

B(⌥ (4S) ! B+B�)[(B(⌥ (4S) ! B0B0)) 1.2

Number of BB pairs 2.9

Total +6.7
�6.0

7. RESULTS AND SUMMARY

We reconstruct 22± 6, 18± 6, and 38± 9 signal events for B ! K⇤µ+µ�, B ! K⇤e+e�,
and B ! K⇤`+`� corresponding to 4.8�, 3.6�, and 5.9�, respectively, here � denotes the
significance from a null yield and is defined as � =

p
�2 ln(L0/L), where L0 is the likelihood

with Nsig constrained to be zero and L is the maximum likelihood, using 189 fb�1 data
collected in the 2019–2021 run period. Here, the uncertainties are statistical only. The
branching fraction is calculated using the formula

B(B ! K⇤`+`�) =
Nsig

2⇥ f+�(00) ⇥ "⇥NBB

,

where, Nsig, f+�(00), ", and NBB are the signal yields extracted from the fit, branching
fraction of B(⌥ (4S) ! B+B�(B0B0)), signal e�ciency corrected for data-MC di↵erence as
detailed in section 6, and number of BB pairs derived from a data-driven subtraction of the
non-resonant contribution from the recorded data, respectively. We use f+� = (51.4±0.6)%
and f 00 = (48.6± 0.6)% for charged and neutral B mesons [17]. The e�ciency varies from
6�16% depending on the decay mode and NBB = 197⇥106. The branching fractions for the
entire q2 region, excluding the charmonium resonances (J/ and  (2S)) and low q2 region
to remove B ! K⇤�(! e+e�) background, are

B(B ! K⇤µ+µ�) = (1.19± 0.31+0.08
�0.07)⇥ 10�6,

B(B ! K⇤e+e�) = (1.42± 0.48± 0.09)⇥ 10�6,

B(B ! K⇤`+`�) = (1.25± 0.30+0.08
�0.07)⇥ 10�6.

Here, the first and second uncertainties are statistical and systematic, respectively. The
precision of the result is limited by sample size and compatible with world average values [17].
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FIG. 1: Distributions of (black markers with error bars) beam-constrained mass for
tag-side B meson candidates restricted to eight EB

�
bins, with (curves) fit projections

overlaid. The orange dotted curve corresponds to the BB peaking tags. The dashed and
dash-dotted curves correspond to the qq and misreconstructed BB components, modelled
by ARGUS and Chebyshev PDFs, respectively. The solid red curve corresponds to the
total fit. The lower panels show the di↵erence between fit results and measured values,
divided by its statistical uncertainty (pull).

9

FIG. 2: Yield of BB events as a function of photon energy in the signal B meson rest
frame. The data points correspond to the yields from the fits on the data Mbc

distributions. The histogram shows the luminosity-scaled yields from the background-only
simulated sample. The gray bands correspond to systematic uncertainties on the BB
background prediction. The excess of events in data with respect to the BB background is
the B ! Xs+d� contribution.

are defined as the ratios between the expected number of events of the generated spectrum
and the expected number of corresponding events of the reconstructed spectrum within an
EB

�
interval. The measured B ! Xs� yields are multiplied by the unfolding factors (see

Section 10). The bulk of the unfolding factors do not exceed 10-20%, and only the edge bins
have 30-60% corrections.

9 Uncertainties

Multiple sources of systematic uncertainty are considered and are grouped as follows: uncer-
tainties due to assumptions in the fit; uncertainties a↵ecting the signal e�ciency estimation;
data-MC normalisation in the background estimation; and other sources, such as unfolding
procedure, branching fraction normalization and the subtraction of B ! Xd� component.
The statistical uncertainties of the yields extracted from the fit on data are dominant.

9.1 Uncertainties due to assumptions in the fit

To account for assumptions on the values of model parameters, we repeat the fits by varying
the Chebyshev polynomial coe�cients by their one-standard-deviation uncertainties, and
take the maximum shift in signal yield as the uncertainty. We account for a known data-
simulation mismodelling of theMbc endpoint due to non-simulated run-dependant variations
of the collision energy. The signal yields observed in data using alternative models of back-
ground shapes with various Mbc endpoints are compared. The maximum variation with
respect to the central result is taken as uncertainty.

9.2 Signal e�ciency uncertainties

The signal e�ciency is calculated using the simulated hybrid-model signal sample. The
values are corrected using FEI simulation-to-data calibration factors, CB0/B+ [22], as well as
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 (inclusive) from Belle II B → Xsγ
measure  (inclusive) 

with 


FEI for hadronic B-tagging 


•fit  (tag side) for signal yield in 
bins of 


dominant continuum bkgd. are 
suppressed with  veto (BDT)

use MC to subtract leftover bkgd. in 
each  bin


 is subtracted using 


The measured  spectrum is 
unfolded to correct for smearing, etc.

ℬ(B → Xsγ)

∫ ℒdt = 189 fb−1

Mbc
Eγ

π0/η

Eγ

b → dγ |Vtd /Vts |
Eγ
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• NB ⌘ 2⇥ (198± 3)⇥ 106 is the number of B mesons in the 189 fb�1 data sample,

• �B on the left-hand-side of Equation 3 signifies the total decay width of the B-meson.

The resulting partial branching fractions are shown in Figure 3. The various contributions
from the major sources of systematic uncertainties as functions of EB

�
are shown in Table I.

FIG. 3: Measured partial branching fractions (1/�B)(d�i/dEB

�
) as a function of EB

�
. The

outer (inner) uncertainty bar shows the total (statistical) uncertainty. The overlaid model
and uncertainty corresponds to the hybrid model.

TABLE I: Results of the partial branching fraction measurements. The right-hand part of
the table shows the main contributions to the systematic uncertainty. Signal e�ciency and
background modelling uncertainties are correlated (see Sections 9.2 and 9.3).

EB
� [ GeV ] 1

�B

d�i
dEB

�
(10�4) Statistical Systematic

Fit
procedure

Signal
e�ciency

Background
modelling

Other

1.8� 2.0 0.48 0.54 0.64 0.42 0.03 0.49 0.09

2.0� 2.1 0.57 0.31 0.25 0.17 0.06 0.17 0.07

2.1� 2.2 0.13 0.26 0.16 0.13 0.01 0.11 0.01

2.2� 2.3 0.41 0.22 0.10 0.07 0.05 0.04 0.02

2.3� 2.4 0.48 0.22 0.10 0.06 0.06 0.02 0.05

2.4� 2.5 0.75 0.19 0.14 0.04 0.09 0.02 0.09

2.5� 2.6 0.71 0.13 0.10 0.02 0.09 0.00 0.04

The integrated branching ratios for various EB

�
thresholds are calculated and shown in

Table II. The systematic uncertainties are computed taking the bin-by-bin correlations into
account.

11 Conclusion

We present a measurement of the photon-energy spectrum in the B meson rest frame from
B ! Xs� decays using hadronic-tagging of the partner B meson. We also report the
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TABLE II: Integrated partial branching fractions for three EB

�
thresholds. The number of

observed events before unfolding and e�ciency corrections are also given for each threshold.

EB
� threshold [GeV] B(B ! Xs�) [10�4] Observed signal yield (tot. unc.)

1.8 3.54± 0.78 (stat.) ± 0.83 (syst.) 343± 122

2.0 3.06± 0.56 (stat.) ± 0.47 (syst.) 285± 68

2.1 2.49± 0.46 (stat.) ± 0.35 (syst.) 219± 50

inclusive branching ratio B(B ! Xs�) for various thresholds, starting at EB

�
> 1.8 GeV.

The results are consistent with the Standard Model and world averages [28].
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Ø Once LFU is violated, lepton flavor violation (LFV) is
no longer forbidden in the model;

R(D(*))
preferred

b→sℓ+ℓ-

preferred

+ , → ./0 ~2 34'5 is preferred in 
a certain VLQ model, for example.

PRD.98.115002

Searching LFV is also
a fascinating topic!

LQ LQ

Motivation

• If there is LUV, there is no natural 
mechanism to prevent LFV

Analysis feature

• hadronic B-tagging (FEI[1])


• OS vs. SS (very different bkgd.)


• fit for recoil mass for  


• use FBDT[2] to suppress bkgd.

Mτ Ø 2 types of signal decay with charge combination of primary tracks.
– As long as staying on model-independence, we must consider both channels.

Ø The reconstruction strategy is same.
Ø However main BG types are different, thus cut strategies are also differently 

optimized.

Ø SS has huger size of BG, hardly separate signal/BG, etc...

→ Much more difficult channel !
S. Watanuki @Saga-Yonsei Workshop 2022
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No signal excess in any mode!
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FIG. 2: Observed Mrecoil distributions for the four B → Kτ" modes, along with projections of the

fit result. The black dots show the data, the dashed blue curve shows the background component,

and the solid red curve shows the overall fit result. The dash-dotted green curve shows the signal

PDF, with a normalization corresponding to the 90% C.L. upper limit.

TABLE I: Efficiencies, fit yields, and branching fraction upper limits at the 90% C.L. for PHSP

(and NP) case.

Mode ε (%) εNP (%) Nsig BUL (10−5)

B+ → K+τ+µ− 0.064 0.058 −2.1± 2.9 0.59 (0.65)

B+ → K+τ+e− 0.084 0.074 1.5± 5.5 1.51 (1.71)

B+ → K+τ−µ+ 0.046 0.038 2.3± 4.1 2.45 (2.97)

B+ → K+τ−e+ 0.079 0.058 −1.1± 7.4 1.53 (2.08)

uncertainties arise from the signal yield, while multiplicative uncertainties are from the

efficiency. Uncertainties in the shape of the PDFs used for the signal are evaluated by

varying all fixed parameters by ±1σ, including the correction factors to the shapes obtained

10
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FIG. 2: Observed Mrecoil distributions for the four B → Kτ" modes, along with projections of the

fit result. The black dots show the data, the dashed blue curve shows the background component,

and the solid red curve shows the overall fit result. The dash-dotted green curve shows the signal

PDF, with a normalization corresponding to the 90% C.L. upper limit.

TABLE I: Efficiencies, fit yields, and branching fraction upper limits at the 90% C.L. for PHSP

(and NP) case.

Mode ε (%) εNP (%) Nsig BUL (10−5)

B+ → K+τ+µ− 0.064 0.058 −2.1± 2.9 0.59 (0.65)

B+ → K+τ+e− 0.084 0.074 1.5± 5.5 1.51 (1.71)

B+ → K+τ−µ+ 0.046 0.038 2.3± 4.1 2.45 (2.97)

B+ → K+τ−e+ 0.079 0.058 −1.1± 7.4 1.53 (2.08)

uncertainties arise from the signal yield, while multiplicative uncertainties are from the

efficiency. Uncertainties in the shape of the PDFs used for the signal are evaluated by

varying all fixed parameters by ±1σ, including the correction factors to the shapes obtained
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• The most stringent limit on  in all four 
modes, based on PHSP model

• NP upper limits are also estimated for models that give 
lowest efficiency

• paper has been accepted to PRL
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FIG. 2: Observed Mrecoil distributions for the four B → Kτ" modes, along with projections of the

fit result. The black dots show the data, the dashed blue curve shows the background component,

and the solid red curve shows the overall fit result. The dash-dotted green curve shows the signal

PDF, with a normalization corresponding to the 90% C.L. upper limit.

TABLE I: Efficiencies, fit yields, and branching fraction upper limits at the 90% C.L. for PHSP

(and NP) case.

Mode ε (%) εNP (%) Nsig BUL (10−5)

B+ → K+τ+µ− 0.064 0.058 −2.1± 2.9 0.59 (0.65)

B+ → K+τ+e− 0.084 0.074 1.5± 5.5 1.51 (1.71)

B+ → K+τ−µ+ 0.046 0.038 2.3± 4.1 2.45 (2.97)

B+ → K+τ−e+ 0.079 0.058 −1.1± 7.4 1.53 (2.08)

uncertainties arise from the signal yield, while multiplicative uncertainties are from the

efficiency. Uncertainties in the shape of the PDFs used for the signal are evaluated by

varying all fixed parameters by ±1σ, including the correction factors to the shapes obtained

10

a D∗+ → D0(K−π+)π+ sample. The uncertainty due to lepton identification is evaluated

using J/ψ → #+#− events, resulting in an uncertainty of 0.3% for muons and 0.4% for

electrons. The systematic uncertainty arising from the number of BB pairs is 1.4%. We

compare the efficiency of the BDT selection between data and MC samples with the control

channel B+ → D−π+π+ for BB suppression and B+ → J/ψK+ for continuum suppression,

the differences between data and MC simulation are assigned as a systematic uncertainty.

We use a systematic uncertainty of 1.2% in the fraction f+− [13].

We have searched for the lepton-flavour-violating decays B+ → K+τ±#∓ using the full

Belle data set. We find no evidence for these decays and set the following upper limits on

the branching fractions at the 90% C.L.:

B(B+ → K+τ+µ−) < 0.59× 10−5

B(B+ → K+τ+e−) < 1.51× 10−5

B(B+ → K+τ−µ+) < 2.45× 10−5

B(B+ → K+τ−e+) < 1.53× 10−5

(6)

Our results are the most stringent limits to date.
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Search for  at Belle IIB+ → K+νν
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In the SM,

•  

sensitive to new physics BSM, e.g.

• leptoquarks,
• axions,
• DM particles, etc. 

ℬ(B+ → K+νν̄) = (4.6 ± 0.5) × 10−6 [4]

8

responding to 9 fb�1. No statistically significant signal
is observed and an upper limit on the branching frac-
tion of 4.1⇥ 10�5 at the 90% CL is set, assuming an SM
signal. This measurement is competitive with previous
results for similar integrated luminosities, demonstrating
the capability of the inclusive tagging approach, which is
widely applicable and expands the future physics reach
of Belle II.
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A search for the flavor-changing neutral-current decay B+ ! K+⌫⌫̄ is performed at the Belle II ex-
periment at the SuperKEKB asymmetric energy electron-positron collider. The results are based on
a data sample corresponding to an integrated luminosity of 63 fb�1 collected at the ⌥ (4S) resonance
and a sample of 9 fb�1 collected at an energy 60MeV below the resonance. A novel measurement
method is employed, which exploits topological properties of the B+ ! K+⌫⌫̄ decay that di↵er
from both generic bottom-meson decays and light-quark pair production. This inclusive tagging
approach o↵ers a higher signal e�ciency compared to previous searches. No significant signal is
observed. An upper limit on the branching fraction of B+ ! K+⌫⌫̄ of 4.1⇥ 10�5 is set at the 90%
confidence level.

PACS numbers: 13.25.Hw, 14.40.Nd, 12.15.Mm

Flavor-changing neutral-current transitions, such as
b ! s⌫⌫̄, are suppressed in the Standard Model (SM)
by the extended Glashow–Iliopoulos–Maiani mechanism
[1]. These transitions can only occur at higher orders in
SM perturbation theory via weak amplitudes involving
the exchange of at least two gauge bosons, as illustrated
in Fig. 1. The absence of charged leptons in the final
state reduces the corresponding theoretical uncertainty
compared to b ! s`+`� transitions, which su↵er from a
breaking of factorization caused by photon exchange [2].
The branching fraction of the B+ ! K+⌫⌫̄ decay [3],
which involves a b ! s⌫⌫̄ transition, is predicted to be
(4.6± 0.5)⇥ 10�6 [4].

b s

⌫

⌫

u, c, t

Z

W�

(a) Penguin diagram

b s

⌫ ⌫

u, c, t

`�

W� W+

(b) Box diagram

FIG. 1: Lowest-order quark-level diagrams for the b ! s⌫⌫̄
transition in the SM.

Studies of this rare decay are currently of particular in-
terest, as this process o↵ers a complementary probe of po-
tential non-SM physics scenarios that are proposed to ex-
plain the tensions with the SM predictions in b ! s`+`�

transitions [5] observed in Refs. [6–11]. More generally,
measurements of the B+ ! K+⌫⌫̄ decay help constrain
models that predict new particles, such as leptoquarks
[12], axions [13], or dark matter particles [14].

The study of the B+ ! K+⌫⌫̄ decay is experimen-
tally challenging as the final state contains two neutri-
nos, which leave no signature in the detector and cannot
be used to derive information about the signal B-meson.
Previous searches used tagged approaches, where the sec-
ond B meson produced in the e+e� ! ⌥ (4S) ! BB̄
event is explicitly reconstructed in a hadronic decay [15–
17] or in a semileptonic decay [18, 19]. This tagging
suppresses background events but results in a low sig-
nal reconstruction e�ciency, typically well below 1%. In
all analyses reported to date, no evidence for a signal is
found, and the current experimental upper limit on the

branching fraction is estimated to be 1.6⇥ 10�5 at 90%
confidence level [20].
In this search, a novel and independent inclusive tag-

ging approach is used, inspired by Ref. [21]. This ap-
proach has the benefit of a larger signal e�ciency of
about 4%, at the cost of higher background levels. The
method exploits the distinctive topological features of the
B+ ! K+⌫⌫̄ decay that distinguish this process from
the seven dominant background processes, i.e., other de-
cays of charged and neutral B mesons and continuum
processes (e+e� ! qq̄ with q = u, d, s, c quarks and
e+e� ! ⌧+⌧�). The signal candidates are reconstructed
as a single charged-particle trajectory (track) generated
by the kaon, typically carrying higher momentum than
background particles. The remaining tracks and energy
deposits, referred to as the rest of the event (ROE), can
thus be associated to the decay of the accompanying B
meson. Furthermore, the neutrinos produced in the sig-
nal B-meson decay typically carry a significant fraction
of its energy. The resulting missing momentum is defined
as the momentum needed to cancel the sum of the three-
momenta of all reconstructed tracks and energy deposits
in the center-of-mass system of the incoming beams. The
specific properties of signal events are captured in a va-
riety of discriminating variables used as inputs for event
classifiers to separate signal from background.

This search uses data from e+e� collisions produced
in 2019 and 2020 by the SuperKEKB collider [22].
The data, corresponding to an integrated luminosity of
63 fb�1 [23], are recorded by the Belle II detector at a
center-of-mass energy of

p
s = 10.58GeV, which cor-

responds to the ⌥ (4S) resonance, and contain 68 mil-
lion BB̄ pairs [24]. An additional o↵-resonance sample
of 9 fb�1 integrated luminosity, collected at an energy
60MeV lower than the ⌥ (4S) resonance, is used to con-
strain the yields of continuum processes.
Seven simulated background samples are used to study

the corresponding seven dominant background processes
introduced previously. The decays of charged and neu-
tral B mesons are simulated using the EVTGEN event
generator [25]. KKMC [26] is used to generate the qq̄
pairs, with PYTHIA8 [27] to simulate their hadroniza-
tion and EVTGEN to model the decays of the generated
mesons. KKMC and TAUOLA [28] are employed to simu-
late e+e� ! ⌧+⌧� events. The simulated B+ ! K+⌫⌫̄

profile likelihood scan, where the fit is performed with µ fixed at values around the best fit value
and the remaining parameters free. The systematic uncertainty is calculated by subtraction in
quadrature of the statistical uncertainty from the total uncertainty. The result is translated into
an observed branching ratio of [1.9+1.6

�1.5]⇥ 10�5 = [1.9+1.3
�1.3(stat)

+0.8
�0.7(syst)]⇥ 10�5. No significant

signal is observed and the expected and observed upper limits on the B+ ! K+⌫⌫̄ branching
fraction are estimated using the CLs method 19. Figure 8 shows that at the 90% confidence
level the expected upper limit, derived in the background only hypothesis, is 2.3⇥ 10�5 and the
observed upper limit is 4.1⇥ 10�5.

5 Conclusion

This contribution illustrates the first search for the B+ ! K+⌫⌫̄ decay with an inclusive tagging
method. The study is performed on the data corresponding to 63 fb�1 integrated luminosity
collected at the ⌥(4S) resonance by the Belle II detector, together with an additional sample of
9 fb�1 of o↵-resonance data. No statistically significant signal is observed and an upper limit of
4.1⇥10�5 on the B+ ! K+⌫⌫̄ branching ratio is set at the 90% confidence level. As illustrated
in Fig. 9, the measurement is competitive with the previous searches, thus proving the capability
of the inclusive tagging method.

Figure 8 – CLs value as a function of the branching
fraction of B+ ! K+⌫⌫̄ for the expected and ob-
served signal yields. In red the corresponding upper
limits at the 90% confidence level. The expected
limit is derived for the background-only hypothesis.

Figure 9 – Comparison of the branching fraction
measured by Belle II and the previous experiments.
The values reported for Belle are computed based
on the quoted observed number of events and e�-
ciency. The weighted average is computed assum-
ing that uncertainties are uncorrelated.
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B(B+ ! K+⌫⌫) = (1.9+1.3+0.8
�1.3�0.7)⇥ 10�5

< 4.1⇥ 10�5 @ 90% CL

PRL 127, 181802 (2021)
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Closing remarks
With the original B-factories (Belle & BaBar), we have learned a lot, e.g. CP 
violations in B systems and confirmation of CKM mechanism, discoveries of 
many rare decays, and many exotic hadrons.

Moreover, there have been several anomalies and/or tensions in B meson 
systems, some historic and others on-going.

In this talk, we went through the current status of Belle II (and Belle as well) for 
some of these tensions/anomalies.
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With the Belle II experiment to resume operation 
around the end of this year, we expect much 
more to come, and it will be exciting.



Thank you!
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Appendix 0  The apparatuses
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18#countries#
84#institutes#
~400#members

Z L dt
=
10
39

fb
�1

Lpeak = 21.1 nb�1s�1

Y. Kwon (Yonsei Univ./Belle) Physics Highlights from Belle Aug. 25, 2015 4

counter

Si Vtx. det. 
4(3) lyr. DSSD

		20	countries	
		90	institutions	
~450	members
100
22

~450
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SuperKEKB                         Belle II

injector 

to Linac

<latexit sha1_base64="laRUtirPKCAfEsaLcQ1gFWKAzeA="></latexit>

L = 6.5⇥ 1035 cm�2s�1

Z goal

L dt = 50 ab�1
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Belle II

Belle II has been in 
operation through the 
Pandemic era, with 
modified working mode 
in accordance with the 
anti-pandemic policy. 

peak luminosity 
world record

4.7 × 1034 cm−2s−1

Collected luminosity before LS1 (2019-2022)
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Appendix 1  time-dependent CPV 
in one slide
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Flavor Physics and

the Belle II Experiment
S. Nishida (KEK) Physics of the Two Infinites
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CP Violation in B Meson
Mixing-induced CP asymmetry of B mesons

B0

B0

fCP

• B0 and B0 decay to a common CP eigenstate fCP.
• CP violation appears as a decay time difference.

(B0(t) → fCP) − (B0(t) → fCP)
ACP(t) =

= S sin(mt) + A cos(mt)
(B0(t) → fCP) + (B0(t) → fCP)

S : mixing induced CPV
A : direct CPV (=−C)S = − sin(21) for B → J/ KS

Flavor-tag
(B0 or B0 ?) eeff ~30%

~ 130m

e− e+

t=0 z KS

J/
fCP

(1=)

=0.287

B0 B0

t ~ z/c

measure position instead of time

mixing-induced time-dependent CPV
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Appendix 2  Exclusive  
for 

B → D(*)ℓ+ν
Vcb
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 shapes & B → D*ℓ+ν |Vcb |

51

Differential shapes (normalized) of 

• as input to determine the non-perturbative form factor

• once FF shape is known, it can be combined with L-QCD (or other methods) 

for the absolute normalization to determine 


• use hadronic B-tagging via FEI 


• L-QCD at zero recoil ( ) is used for 

B → D*ℓ+ν

|Vcb |

w = 1 |Vcb |

2

tial distributions of B0
! D⇤+`⌫` and B�

! D⇤0`⌫` are
presented.1 These distributions provide the necessary ex-
perimental input to determine the non-perturbative form
factors governing the strong decay dynamics of the pro-
cess. Knowledge of the functional form of the form fac-
tors in combination with information from Lattice QCD
or other non-perturbative methods on their absolute nor-
malization, allow the determination of |Vcb| using

|Vcb| =

s
B(B ! D⇤`⌫̄`)

⌧B �(B ! D⇤`⌫̄`)
. (1)

Here B denotes an externally measured branching frac-
tion of the process, � is the predicted decay rate omitting
the CKM factor |Vcb|

2 , and ⌧B is the B meson lifetime.
To retain a high resolution in the kinematic quantities

of interest and a high signal purity, we make use of the
improved hadronic tagging algorithm of Ref. [12]. This
algorithm hierarchically reconstructs the accompanying
Btag meson in the ⌥(4S) ! BsigBtag decay in O(10000)
exclusive hadronic decay channels and selects candidates
based on a multivariate method. With this the signalBsig

kinematic properties are accessible, allowing for the di-
rect calculation of the four-momentum transfer squared,
q2 = (pB � pD⇤)2, with the B (D⇤) meson momentum
pB (pD⇤), and the three angular relations necessary to
describe the full B ! D⇤`⌫̄` decay cascade (illustrated
in Fig. 1). Due to the challenges of understanding ab-
solute e�ciencies when using algorithms such as that of
Ref. [12], we only focus on measuring normalized di↵er-
ential shapes. To determine |Vcb| we make use of external
inputs for the branching fraction. We report 1D projec-
tions of the decay angles and hadronic recoil parameter
w, which are fully corrected for detector e↵ects and ef-
ficiencies, and we provide the correlations to allow for a
simultaneous analysis of the decay angles and w in all
considered decay modes.

This paper is organized as follows: Section II provides
a brief overview on the theory of B ! D⇤ ` ⌫̄` decays,
including definitions for the measured angular relations
and the hadronic recoil parameter. Sections III and IV
summarize the analyzed data set, event reconstruction,
and selection. Section V describes the background sub-
traction fit and Section VI the unfolding of detector res-
olution e↵ects. In Section VII an overview of the eval-
uated systematic uncertainties is given. Section VIII
presents our results and our conclusions are presented
in Section IX.

II. THEORY OF B ! D⇤`⌫̄` DECAYS

In the SM, semileptonic B ! D⇤`⌫̄` decays are medi-
ated by a weak charged current interaction. The dom-
inant theory uncertainty in predicting the semileptonic

1
Charge conjugation is implied and ` = e, µ.

FIG. 1. Visualization of the decay angles in B ! D⇤ ` ⌫̄`. For
definitions see text.

decay rate arises in the description of the hadronic ma-
trix elements. These matrix elements can be represented
in terms of four independent form factors hA1�3,V in the
heavy quark symmetry basis [13]:

hD⇤
|c̄ �µb|Bi

p
mBmD

⇤
= i hV "µ⌫↵� ✏⇤⌫ v

0
↵ v� (2)

hD⇤
|c̄ �µ �5b|Bi

p
mBmD

⇤
= hA1

(w + 1) ✏⇤µ
� hA2

(✏⇤ · v) vµ

� hA3
(✏⇤ · v) v0µ . (3)

Here w = v · v0 = (m2
B + m2

D
⇤ � q2)/(2mBmD

⇤) is the
hadronic recoil parameter, which can be expressed as the
product of the two four-velocities v = pB/mB and v0 =
pD⇤/mD

⇤ . Further, ✏⇤ denotes theD⇤ polarization vector

and "µ⌫↵� is the Levi-Civita tensor. The form factors
are functions of q2, or equivalently w. For ` = e, µ the
B ! D⇤ transition can be fully described by the form
factor hA1 and the two form factor ratios,

R1(w) =
hV

hA1

, R2(w) =
hA3

+ r⇤hA2

hA1

, (4)

with r⇤ = mD
⇤/mB .

An alternative common choice to describe the B !

D⇤ decay transition is to represent the decay with form
factors g, f, F1 [14, 15], which are related to the form
factors of the heavy quark symmetry basis as

hA1
=

f

mB

p

r⇤(w + 1)
, hV = gmB

p

r⇤ , (5)

hA1
(w � r⇤ � (w � 1)R2) =

F1

m2
B

p

r⇤(w + 1)
. (6)

The functional forms of the form factors have to be
obtained using fits to di↵erential distributions and/or
to input from non-perturbative methods such as Lattice

<latexit sha1_base64="WBCf4lszBEgH56RcwGHb5ZMHb3I="></latexit>

B – externally determined
<latexit sha1_base64="fHMK+htjNh+Q8uAh/XHHGTyp/7g="></latexit>

� = decay width/|Vcb|2 (theory)

<latexit sha1_base64="b5HGyW/NPBswXU0m1w6dqIysYmQ="></latexit>

w = v · v0

=
m2

B +m2
D⇤ � q2

2mBmD⇤
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FIG. 2. The di↵erential distributions of the kinematic variables describing the di↵erential decay rate of B ! D⇤ ` ⌫̄` are shown
in our four considered decay modes. The MC expectation was normalized to the number of observed events in data.

in the large sample limit [38] with

�2
P = 2

NX

i=0

✓
ni log

ni

⌫̂i
+ ⌫̂i � ni

◆
, (21)

where ⌫̂i is the estimated number of events in bin i. The
p-value is calculated as

Z 1

�
2
P

f�2(x|k = 3)dx , (22)

with k = 3 degrees of freedom and f�2 denoting the �2

distribution. The corresponding p-value distribution for
all 160 fits is shown in Fig. 5 and is compatible with the
expected uniform behavior.

We determine the statistical correlation between the
marginalized distributions of the full four-dimensional
rate by considering:

1. The statistical correlation of the data.

2. The sample overlap in the MC distributions and
the systematic uncertainties on the signal and back-
ground shapes on M2

miss. This is used to correlate
the fit shape uncertainties between measured bins
associated with the finite sample size of the MC
simulation.

3. The other systematic shape uncertainties, discussed
further in Sec. VII, are negligibly small and we treat
them as fully correlated between individually mea-
sured bins.

The statistical correlation of the data between di↵erent
bins of di↵erent observables is determined by sampling
with replacement from the selected recorded data and
repeated fits to resolve Pearson correlation coe�cients

w cos θℓ cos θV χ
 shapes & B → D*ℓ+ν |Vcb |

• Full correlations b/w the 
projections are also determined 

• Bkgd. subtraction, with binned 
likelihood fits to M2

miss
7

FIG. 3. The reconstructed M2
miss distribution after our final

selection for the B̄0 ! D⇤+`⌫̄` (top) channel and the B� !
D⇤0`⌫̄` (bottom) channel. In this plot we average over the
electron and muon mode. The grey dotted lines indicate the
binning used for the signal extraction described in the text.

as small as rdata ⇡ 0.01. For cases without statistical
overlap, e.g. neighbouring bins in the same marginal dis-
tribution, we set the correlation to zero.

We further determine the expected correlation in the
MC distributions by using the sample overlap

rMC =
nxy

p
nx

p
ny

(23)

in the peak region �0.25GeV2/c4 < M2
miss <

0.25GeV2/c4. Here, nx/y refers to the number of events
in a given bin of an observable x, y = w, cos ✓`, cos ✓V ,�
and nxy refers to the events that are in both bins of both
observables under consideration.

FIG. 4. The post-fit M2
miss distribution in the B̄0 ! D⇤e⌫̄e

mode, in the 1 < w < 1.05 bin.

FIG. 5. The p-value distribution for the 160 fits performed in
di↵erent decay channels and kinematic regions. The distribu-
tion is compatible with the expected uniform behavior.

VI. UNFOLDING OF DIFFERENTIAL YIELDS

The resolution caused by detector e↵ects and mis-
reconstructedD⇤ mesons causes migrations of events into
neighbouring bins in the kinematic distributions. These
e↵ects must be corrected for in order to compare the mea-
sured distribution with a theoretical distribution. We
proceed by unfolding our measured spectrum, but also
provide all components necessary to forward fold a theo-
retical distribution.
The migrations can be quantified by determining a de-

tector response matrix R, which encodes the probability
P of an event within a true bin to migrate into a recon-
structed bin:

Rij = P (reco bin i | true bin j) . (24)

arXiv:2301.07529
submitted to PRD
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B(B̄0
! D⇤+`⌫̄`) = (4.97± 0.12)% . (30)

We combine these branching fractions assuming isospin
and by using the B+/0 lifetimes ⌧B̄0 = 1.520 ps and
⌧
B

� = 1.638 ps from Ref. [3]. Expressing this average

as a B̄0 branching fraction we find:

B(B̄0
! D⇤+`⌫̄`) = (5.03± 0.10)% . (31)

The form factor normalization is constrained at zero-
recoil with hX = hA1

(1) = 0.906 ± 0.013 from Ref. [17]
for our nominal fit scenario. For the BGL form factor
fit, we truncate the series based on the result of a nested
hypothesis test (NHT) [39] with the additional constraint
that the inclusion of additional coe�cients do not result
in correlations of larger than r = 0.95. This leads to the
choice of na = 1, nb = 2, nc = 1 free parameters, with the
constraint for c0 defined in Eq. (12). More details about
the NHT can be found in Appendix B. For the CLN type
parameterization we determine three coe�cients: ⇢2 ,
R1(1), and R2(1).

Both form factor parameterizations are able to describe
the data with p-values of 7% and 6% for BGL and CLN,
respectively, and the extracted |Vcb| values of both deter-
minations are compatible. The fitted shapes are shown
in Fig. 9 (red and blue bands) and the numerical values
for the coe�cients and |Vcb| are listed in Table III and
Table IV for BGL and CLN, respectively. In the figure
we also show the recent beyond zero-recoil prediction of
Ref. [16] as a green band. Its agreement with the mea-
sured spectra has a p-value of 11%. We also perform fits
to our measured B̄0 and B� shapes separately, with the
corresponding external branching fraction input. The re-
sults are compatible with each other, and the individual
extracted |Vcb| values are listed in Table V. We observe a
discrepancy between the |Vcb| values from the charged-
and neutral-only fits (p = 5%). Correcting for the exist-
ing disagreement between the charged and neutral input
branching fractions from HFLAV [11] and comparing the
full set of BGL coe�cients and |Vcb| we recover a p-value
of 20%.

Additionally, we tested explicitly the impact of the
d’Agostini bias [40] on the reported results. The impact
of this bias on our quoted values of |Vcb| and the form
factor parameters is approximately a factor of 30 smaller
than the quoted uncertainties and we thus do not apply
an additional correction.

We also test the impact of the preliminary lattice re-
sults that constrain the B ! D⇤ form factors beyond
zero recoil of Ref. [16] using two scenarios:

1. Inclusion of hA1
beyond zero recoil:

hX ⌘ hA1
(w) ,

2. Inclusion of the full lattice information:
hX ⌘ hX(w) = {hA1

(w), R1(w), R2(w)},

where we consider the points at w = {1.03, 1.10, 1.17}
and use the provided correlations between the lattice
data points. We translate the lattice data points and

FIG. 9. The fitted shapes for both BGL (blue) and CLN (or-
ange) parametrization. Both parametrizations are able to ex-
plain the data, and are compatible with each other. Note that
the BGL (blue) band almost completely overlays the CLN
(orange) band. The green band is the prediction using BGL
coe�cients from lattice QCD calculations in [16].

TABLE III. Fitted BGL121 coe�cients and correlations.

Value Correlation

a0 ⇥ 103 25.98± 1.40 1.00 0.26 �0.23 0.28 �0.31

b0 ⇥ 103 13.11± 0.18 0.26 1.00 �0.01 �0.01 �0.62

b1 ⇥ 103 �7.86± 12.51 �0.23 �0.01 1.00 0.26 �0.47

c1 ⇥ 103 �0.92± 0.97 0.28 �0.01 0.26 1.00 �0.49

|Vcb|⇥ 103 40.55± 0.91 �0.31 �0.62 �0.47 �0.49 1.00

propagate their uncertainty and correlation into pre-
dictions of R1(w) = (w + 1)mBmD

⇤g(w)/f(w) and
R2(w) = (w� r)/(w�1)�F1(w)/(mB(w�1)f(w)) with
r = mD

⇤/mB .
Including lattice points for hA1

beyond zero-recoil re-
sults in a good fit (pBGL = 11%, pCLN = 9%) compatible
with our nominal scenario. Including the full lattice in-
formation results in a poor fit (pBGL = 2%, pCLN = 2%),
where the disagreement is predominantly generated in
R2(w). The extracted |Vcb| values in the di↵erent lat-
tice scenarios are compatible with each other, as shown
in Table VI. We also investigate the beyond zero-recoil
lattice data for an equivalent number of BGL coe�cients
Na = 3, Nb = 3, Nc = 2 as used in Ref. [16]. We find a
much higher value of |Vcb| = (42.67 ± 0.98) ⇥ 10�3 with
a p-value of 5%. The full details of the fit can be found
in Appendix C.
Using on our measured cos ✓` shapes we determine

the forward-backward asymmetry over the full w phase-
space,

AFB =

R 1
0 d cos` d�/d cos` �

R 0
�1 d cos` d�/d cos`R 1

0 d cos` d�/d cos` +
R 0
�1 d cos` d�/d cos`

, (32)

by summing the last five and first five bins in the mea-
sured shape of cos ✓` considering the correlations of the

fitted shapes to BGL & CLN models
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FIG. 7. Acceptance functions for the four decay modes con-
sidered. As expected they behave di↵erently for charged and
neutral B mesons, due to the charged and neutral slow pion
reconstruction. The uncertainty on the acceptance is statisti-
cal only and calculated using normal approximation intervals.
Additional systematic uncertainties are considered, for details
see the text.

FIG. 8. Our determined shapes for the four decay modes using
matrix inversion to correct for the migrations and applying
the acceptance correction.

TABLE II. The compatibility of the measurements from the
di↵erent decay modes determined with the statistical and sys-
tematic covariance matrix and the statistical covariance ma-
trix only. All modes agree well with each other.

�2 / dof p �2
stat / ndf pstat

B ! D⇤`⌫̄` 94.7 / 108 0.82 102.0 / 108 0.65

B̄0 ! D⇤+`⌫̄` 26.3 / 36 0.88 27.7 / 36 0.84

B� ! D⇤0`⌫̄` 31.6 / 36 0.68 33.8 / 36 0.57

B(0,�) ! D⇤(+,0)e⌫̄e 27.4 / 36 0.85 29.2 / 36 0.78

B(0,�) ! D⇤(+,0)µ⌫̄µ 42.5 / 36 0.21 45.7 / 36 0.13

to take into account shape uncertainties. Here ✓ik repre-
sents the nuisance parameter vector element of bin i and
⌘MC
ik the expected number of events in the same bin for
event type k as estimated from the simulation. The sys-
tematic e↵ects on the shape of M2

miss have a small impact
on the yields in M2

miss with the largest uncertainty from
the finite sample size of the simulated MC templates.
For the unfolding and acceptance correction procedure

we consider uncertainties originating from the D decay
branching fractions, the B ! D⇤ ` ⌫̄` form factors, the
limited MC statistics, the lepton identification e�ciency,
and the e�ciencies for reconstruction of tracks, neutral
pions, slow pions, and K0

S mesons. The impact of these
systematic e↵ects on the unfolding and acceptance cor-
rection is determined by varying the MC sample used to
determine the migration matrices and acceptance func-
tion within the uncertainty of the given systematic e↵ect,
and repeating the unfolding and acceptance correction
procedure.
The calibration factors for the FEI are determined

from a study of hadronically tagged inclusive B ! Xc`⌫̄`
decays. The study is performed in bins of the FEI signal
probability and the tag-side channels. The calibration
factors are defined as the ratio of expected and measured
number of events in each bin. The absolute e�ciency of
the FEI cancels in the measurement of the shapes. The
impact of the FEI on the measured shapes is determined
by weighting the events after removing FEI calibration
factors and determining the di↵erence after applying un-
folding and acceptance correction. We treat this uncer-
tainty as fully correlated.
The individual contributions of the uncertainties to the

normalized shapes are listed in Appendix A.

VIII. DETERMINATION OF THE FORM
FACTORS AND IMPLICATIONS ON |Vcb|

We use the averaged B ! D⇤`⌫̄` shapes to fit the BGL
and CLN form factor parameterizations to the data. We
minimize the �2 defined by

�2 =

 
�~�m

�m �
� ~�p(~x)

�p(~x)

!
C�1

exp

 
�~�m

�m �
�~�p(~x)

�p(~x)

!T

+ (�ext
� �p(~x))2/�(�ext)2

+ (hX � hLQCD
X )C�1

LQCD(hX � hLQCD
X ) , (28)

with the measured (predicted) di↵erential rate

�~�m(p)/�m(p), where the predicted rate is a func-
tion of the form factor coe�cients ~x and |Vcb|. The
rate is calculated assuming the meson masses of
mB = 5.28GeV and mD

⇤ = 2.01GeV, and the lepton as
massless. Cexp (CLQCD) is the covariance matrix of the
experimental (lattice) data.
We rely on external branching fractions provided by

HFLAV [11] to determine |Vcb| :

B(B�
! D⇤0`⌫̄`) = (5.58± 0.22)% , (29)

 shapes & B → D*ℓ+ν |Vcb |
arXiv:2301.07529
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TABLE IX. The longitudinal polarization fractions for the
four decay modes and various averages. The first uncertainty
is statistical and the second uncertainty is systematic.

FD
⇤

L

B̄0 ! D⇤+e⌫̄e 0.471± 0.024± 0.007

B̄0 ! D⇤+µ⌫̄µ 0.503± 0.023± 0.007

B� ! D⇤0e⌫̄e 0.501± 0.025± 0.007

B� ! D⇤0µ⌫̄µ 0.526± 0.024± 0.007

B(0,�) ! D⇤(+,0)e⌫̄e 0.485± 0.017± 0.005

B(0,�) ! D⇤(+,0)µ⌫̄µ 0.518± 0.017± 0.005

B̄0 ! D⇤+`⌫̄` 0.487± 0.017± 0.005

B� ! D⇤0`⌫̄` 0.514± 0.017± 0.005

B ! D⇤`⌫̄` 0.501± 0.012± 0.003

TABLE X. The di↵erence of the longitudinal polarization
fractions for the B̄0 and B� modes, and for the B̄0B� av-
erages. The first uncertainty is statistical and the second
uncertainty is systematics.

�FD
⇤

L

B̄0 ! D⇤+`⌫̄` 0.032± 0.033± 0.010

B� ! D⇤0`⌫̄` 0.025± 0.035± 0.010

B ! D⇤`⌫̄` 0.034± 0.024± 0.007

recoil parameter w, and the angles cos ✓`, cos ✓V , and �.
In addition, the full experimental correlations between
the projections were determined, allowing for a simulta-
neous analysis of all bins. The lattice QCD calculation of
Ref. [17] at zero recoil was used for the |Vcb| extraction.
The value of the CKM matrix element |Vcb| was deter-
mined using external input for the branching fraction and
we find for our fit with the BGL parameterization, with
the number of floating BGL parameters determined using
a nested-hypothesis test,

|Vcb| = (40.6± 0.9)⇥ 10�3 , (37)

in agreement with |Vcb| from inclusive determinations [8,
9]. A study of the recent lattice QCD calculations from
Ref. [16] was performed, and the impact on |Vcb| is shown
in Fig. 11, together with other determinations of |Vcb| .

The measured di↵erential distribution of cos ✓` is used
to determine the forward-backward asymmetry AFB for
electron and muon final states, as well as their di↵erence.

TABLE XI. The lepton flavor universality ratios for the B̄0

and B� modes, and for the B̄0B� average. The first uncer-
tainty is statistical and the second uncertainty is systematic.

Reµ

B̄0 ! D⇤+`⌫̄` 1.010± 0.034± 0.025

B� ! D⇤0`⌫̄` 0.971± 0.025± 0.023

B ! D⇤`⌫̄` 0.990± 0.021± 0.023

FIG. 11. Our extracted |Vcb| values using the lattice input
from Ref. [17] (black) and Ref. [16] (blue), together with the
latest exclusive HFLAV average [42] (purple), determinations
from inclusive approaches [8, 9] (orange), and from CKM uni-
tarity (grey).

We find values which are compatible with the predic-
tion from lattice QCD from Ref. [16], the predictions of
Refs. [43, 44], and the experimental value from Ref. [45]
determined in Ref. [44]. Similarly the longitudinal D⇤

polarization fraction can be determined from the mea-
sured distribution of cos ✓V and we find good agreement
with Refs. [16, 43, 44]. Lastly, we obtain the lepton-flavor
universality ratio

Reµ =
B(B ! D⇤e⌫̄e)

B(B ! D⇤µ⌫̄µ)
= 0.990± 0.021± 0.023 , (38)

which is in good agreement with Refs. [43, 44].
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TABLE IV. Fitted CLN coe�cients and correlations.

Value Correlation

⇢2 1.22± 0.09 1.00 0.58 �0.88 0.37

R1(1) 1.37± 0.08 0.58 1.00 �0.66 �0.03

R2(1) 0.88± 0.07 �0.88 �0.66 1.00 �0.14

|Vcb|⇥ 103 40.11± 0.85 0.37 �0.03 �0.14 1.00

TABLE V. Extracted |Vcb|⇥ 103 values with our fitted form
factor coe�cients to the averaged B� ! D⇤`⌫, B̄0 ! D⇤`⌫,
and B ! D⇤ ` ⌫̄` shapes, with the external input for the abso-
lute branching fractions described in the text, and our nom-
inal scenario for the lattice input: hA1

(1) = 0.906 ± 0.013
from [17].

BGL121 CLN

B+ ! D⇤0`⌫̄` 42.0± 1.2 41.4± 1.2

B̄0 ! D⇤+`⌫̄` 38.5± 1.3 38.3± 1.1

B ! D⇤`⌫̄` 40.6± 0.9 40.1± 0.9

uncertainties. We also determine the di↵erences

�AFB = Aµ
FB �Ae

FB . (33)

The numerical values are tabulated in Table VII and Ta-
ble VIII for AFB and �AFB respectively.

Using our measured cos ✓V shapes we determine the

longitudinal polarization fraction FD
⇤

L by fitting the re-
lation [41]:

1

�

d�

d cos ✓V
=

3

2

✓
FL cos2 ✓V +

1� FL

2
sin2 ✓V

◆
. (34)

The fit to the fully averaged spectrum, together with the
expectation from LQCD (green band) using Ref. [16], is
shown in Fig. 10. We also determine the di↵erences

�FL = Fµ
L � F e

L . (35)

The numerical values are tabulated in Table IX and Ta-
ble X for FL and �FL respectively.

Finally, we determine the lepton flavor universality ra-
tios

Reµ =
B(B ! D⇤e⌫̄e)

B(B ! D⇤µ⌫̄µ)
, (36)

TABLE VI. Extracted |Vcb|⇥ 103 values with our fitted form
factor coe�cients to the averaged B ! D⇤ ` ⌫̄` shape, with the
external input for the absolute branching fractions described
in the text, and di↵erent scenarios for the lattice input.

BGL121 CLN

hA1
(1) 40.6± 0.9 40.1± 0.9

hA1
(w) 40.2± 0.9 40.0± 0.9

hA1
(w), R1(w), R2(w) 39.3± 0.8 39.4± 0.9

TABLE VII. The forward-backward asymmetries for the four
decay modes and B̄0B� averages. The first uncertainty is
statistical and the second uncertainty is systematic.

AFB

B̄0 ! D⇤+e⌫̄e 0.218± 0.030± 0.008

B̄0 ! D⇤+µ⌫̄µ 0.280± 0.032± 0.009

B� ! D⇤0e⌫̄e 0.239± 0.023± 0.007

B� ! D⇤0µ⌫̄µ 0.236± 0.023± 0.006

B(0,�) ! D⇤(+,0)e⌫̄e 0.230± 0.018± 0.005

B(0,�) ! D⇤(+,0)µ⌫̄µ 0.252± 0.019± 0.005

TABLE VIII. The di↵erence of the forward-backward asym-
metries for the B̄0 and B� modes, and for the B̄0B� averages.
The first uncertainty is statistical and the second uncertainty
is systematic.

�AFB

B̄0 ! D⇤+`⌫̄` 0.062± 0.044± 0.011

B� ! D⇤0`⌫̄` �0.003± 0.033± 0.009

B ! D⇤`⌫̄` 0.022± 0.026± 0.007

where we assume that the e�ciency from the tag side
reconstruction fully cancels in the ratio. The numerical
values are tabulated in Table XI.

IX. SUMMARY AND CONCLUSIONS

We presented measurements of di↵erential distribu-
tions of B ! D⇤ ` ⌫̄` probing both B̄0 and B� modes.
In total, we measure the signal yield in 160 di↵erential
bins, characterizing the 1D projections of the hadronic

FIG. 10. A representative fit of the longitudinal polarization
fraction to the cos ✓V shape of the average spectrum B !
D⇤ ` ⌫̄`. The green band is the prediction using the BGL
coe�cients from lattice QCD calculations from [16]. The blue
band is our fit result.
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TABLE IV. Fitted CLN coe�cients and correlations.

Value Correlation

⇢2 1.22± 0.09 1.00 0.58 �0.88 0.37

R1(1) 1.37± 0.08 0.58 1.00 �0.66 �0.03

R2(1) 0.88± 0.07 �0.88 �0.66 1.00 �0.14

|Vcb|⇥ 103 40.11± 0.85 0.37 �0.03 �0.14 1.00

TABLE V. Extracted |Vcb|⇥ 103 values with our fitted form
factor coe�cients to the averaged B� ! D⇤`⌫, B̄0 ! D⇤`⌫,
and B ! D⇤ ` ⌫̄` shapes, with the external input for the abso-
lute branching fractions described in the text, and our nom-
inal scenario for the lattice input: hA1

(1) = 0.906 ± 0.013
from [17].

BGL121 CLN

B+ ! D⇤0`⌫̄` 42.0± 1.2 41.4± 1.2

B̄0 ! D⇤+`⌫̄` 38.5± 1.3 38.3± 1.1

B ! D⇤`⌫̄` 40.6± 0.9 40.1± 0.9

uncertainties. We also determine the di↵erences

�AFB = Aµ
FB �Ae

FB . (33)

The numerical values are tabulated in Table VII and Ta-
ble VIII for AFB and �AFB respectively.

Using our measured cos ✓V shapes we determine the

longitudinal polarization fraction FD
⇤

L by fitting the re-
lation [41]:

1

�

d�

d cos ✓V
=

3

2

✓
FL cos2 ✓V +

1� FL

2
sin2 ✓V

◆
. (34)

The fit to the fully averaged spectrum, together with the
expectation from LQCD (green band) using Ref. [16], is
shown in Fig. 10. We also determine the di↵erences

�FL = Fµ
L � F e

L . (35)

The numerical values are tabulated in Table IX and Ta-
ble X for FL and �FL respectively.

Finally, we determine the lepton flavor universality ra-
tios

Reµ =
B(B ! D⇤e⌫̄e)

B(B ! D⇤µ⌫̄µ)
, (36)

TABLE VI. Extracted |Vcb|⇥ 103 values with our fitted form
factor coe�cients to the averaged B ! D⇤ ` ⌫̄` shape, with the
external input for the absolute branching fractions described
in the text, and di↵erent scenarios for the lattice input.

BGL121 CLN

hA1
(1) 40.6± 0.9 40.1± 0.9

hA1
(w) 40.2± 0.9 40.0± 0.9

hA1
(w), R1(w), R2(w) 39.3± 0.8 39.4± 0.9

TABLE VII. The forward-backward asymmetries for the four
decay modes and B̄0B� averages. The first uncertainty is
statistical and the second uncertainty is systematic.

AFB

B̄0 ! D⇤+e⌫̄e 0.218± 0.030± 0.008

B̄0 ! D⇤+µ⌫̄µ 0.280± 0.032± 0.009

B� ! D⇤0e⌫̄e 0.239± 0.023± 0.007

B� ! D⇤0µ⌫̄µ 0.236± 0.023± 0.006

B(0,�) ! D⇤(+,0)e⌫̄e 0.230± 0.018± 0.005

B(0,�) ! D⇤(+,0)µ⌫̄µ 0.252± 0.019± 0.005

TABLE VIII. The di↵erence of the forward-backward asym-
metries for the B̄0 and B� modes, and for the B̄0B� averages.
The first uncertainty is statistical and the second uncertainty
is systematic.

�AFB

B̄0 ! D⇤+`⌫̄` 0.062± 0.044± 0.011

B� ! D⇤0`⌫̄` �0.003± 0.033± 0.009

B ! D⇤`⌫̄` 0.022± 0.026± 0.007

where we assume that the e�ciency from the tag side
reconstruction fully cancels in the ratio. The numerical
values are tabulated in Table XI.

IX. SUMMARY AND CONCLUSIONS

We presented measurements of di↵erential distribu-
tions of B ! D⇤ ` ⌫̄` probing both B̄0 and B� modes.
In total, we measure the signal yield in 160 di↵erential
bins, characterizing the 1D projections of the hadronic

FIG. 10. A representative fit of the longitudinal polarization
fraction to the cos ✓V shape of the average spectrum B !
D⇤ ` ⌫̄`. The green band is the prediction using the BGL
coe�cients from lattice QCD calculations from [16]. The blue
band is our fit result.
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TABLE IX. The longitudinal polarization fractions for the
four decay modes and various averages. The first uncertainty
is statistical and the second uncertainty is systematic.

FD
⇤

L

B̄0 ! D⇤+e⌫̄e 0.471± 0.024± 0.007

B̄0 ! D⇤+µ⌫̄µ 0.503± 0.023± 0.007

B� ! D⇤0e⌫̄e 0.501± 0.025± 0.007

B� ! D⇤0µ⌫̄µ 0.526± 0.024± 0.007

B(0,�) ! D⇤(+,0)e⌫̄e 0.485± 0.017± 0.005

B(0,�) ! D⇤(+,0)µ⌫̄µ 0.518± 0.017± 0.005

B̄0 ! D⇤+`⌫̄` 0.487± 0.017± 0.005

B� ! D⇤0`⌫̄` 0.514± 0.017± 0.005

B ! D⇤`⌫̄` 0.501± 0.012± 0.003

TABLE X. The di↵erence of the longitudinal polarization
fractions for the B̄0 and B� modes, and for the B̄0B� av-
erages. The first uncertainty is statistical and the second
uncertainty is systematics.

�FD
⇤

L

B̄0 ! D⇤+`⌫̄` 0.032± 0.033± 0.010

B� ! D⇤0`⌫̄` 0.025± 0.035± 0.010

B ! D⇤`⌫̄` 0.034± 0.024± 0.007

recoil parameter w, and the angles cos ✓`, cos ✓V , and �.
In addition, the full experimental correlations between
the projections were determined, allowing for a simulta-
neous analysis of all bins. The lattice QCD calculation of
Ref. [17] at zero recoil was used for the |Vcb| extraction.
The value of the CKM matrix element |Vcb| was deter-
mined using external input for the branching fraction and
we find for our fit with the BGL parameterization, with
the number of floating BGL parameters determined using
a nested-hypothesis test,

|Vcb| = (40.6± 0.9)⇥ 10�3 , (37)

in agreement with |Vcb| from inclusive determinations [8,
9]. A study of the recent lattice QCD calculations from
Ref. [16] was performed, and the impact on |Vcb| is shown
in Fig. 11, together with other determinations of |Vcb| .

The measured di↵erential distribution of cos ✓` is used
to determine the forward-backward asymmetry AFB for
electron and muon final states, as well as their di↵erence.

TABLE XI. The lepton flavor universality ratios for the B̄0

and B� modes, and for the B̄0B� average. The first uncer-
tainty is statistical and the second uncertainty is systematic.

Reµ

B̄0 ! D⇤+`⌫̄` 1.010± 0.034± 0.025

B� ! D⇤0`⌫̄` 0.971± 0.025± 0.023

B ! D⇤`⌫̄` 0.990± 0.021± 0.023

FIG. 11. Our extracted |Vcb| values using the lattice input
from Ref. [17] (black) and Ref. [16] (blue), together with the
latest exclusive HFLAV average [42] (purple), determinations
from inclusive approaches [8, 9] (orange), and from CKM uni-
tarity (grey).

We find values which are compatible with the predic-
tion from lattice QCD from Ref. [16], the predictions of
Refs. [43, 44], and the experimental value from Ref. [45]
determined in Ref. [44]. Similarly the longitudinal D⇤

polarization fraction can be determined from the mea-
sured distribution of cos ✓V and we find good agreement
with Refs. [16, 43, 44]. Lastly, we obtain the lepton-flavor
universality ratio

Reµ =
B(B ! D⇤e⌫̄e)

B(B ! D⇤µ⌫̄µ)
= 0.990± 0.021± 0.023 , (38)

which is in good agreement with Refs. [43, 44].
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Measurement

•  is reconstructed and combined with 
an appropriately charged lepton (  or )


• The neutrino direction is reconstructed inclusively using the 
known angle  between the  and the  
direction 
 
 

• The yield in 10 (8) bins of , ,  and  is extracted by 
fitting  and  


• Bin-to-bin migration is corrected with SVD unfolding 
[arXiv:hep-ph/9509307]


• Main challenges: accurate background model, slow pion tracking 
and statistical correlations between bins

D*+ → D0( → K−π+)π+

e μ

cos θBY B Y = D* + ℓ

w cos θℓ cos θV χ
cos θBY ΔM = M(Kππ) − M(Kπ)

9

• The yield in 10 (8) bin of  and the three cosine angles 
is extracted by fitting  and  for 


• Bin-to-bin migration is corrected with SVD unfolding


• main challenges: background modeling, slow-pion 
tracking, and stat. correlations b/w bins

w
cos θBY ΔM D*
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BGL fit result
BGL truncation order determined by  
Nested Hypothesis Test [Phys. Rev. D100, 013005]

Relative uncertainty (%)

LQCD used only for normalisation at zero recoil ( )w = 1

10

Preliminary

Preliminary

Preliminary

Preliminary

CKM	Triangle	Side	|Vcb|
10

B⁰	→	D*⁻ℓ⁺νℓ differential	cross	section

Belle	II	189	fb⁻¹
New	for	2023

!Γ
!#! cos 'ℓ ! cos ') !*

∝ ,-. /0/ #, cos 'ℓ , cos ') , *

|Vcb|	result

')
*

'ℓ

Recoil	parameter	w
≡ ⁄45 ⋅ 47∗ 9597∗

- Split	w,	χ,	cos ')
distributions	into	10	
and	cos 'ℓ into	8 slices.

- Estimate	the	signal	yield	
from	kinematic	variable	
distributions	for	each	
slice.

w

:;< =>? = AB. D ± B. F ± G. B ± B. H ×GBJF

:;< K?L = AB. A ± B. F ± G. B ± B. H ×GBJF

Reports	on	Belle/Belle	II	physics	studies CKM	unitarity	test

BGL, CLN … options	for	the	form-factor	bases

D*⁺MNO
D⁰

π⁺

ℓ⁻

Q̅ℓ

Preliminary Preliminary

Preliminary Preliminary

(QCD	input)
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from our unitary rotation matrices. The standard loop
functions Dx ≡DxðMLQ;MLQ;ms;mtÞ are defined as

16π2

i
Dxðm1;m2;m3;m4Þ

¼
Z

ddk
ð2πÞd

ðk2Þx=2

ðk2−m2
1Þðk2−m2

2Þðk2−m2
3Þðk2−m2

4Þ
ð23Þ

IV. PHENOMENOLOGICAL ANALYSIS

Let us first consider RðDÞ and RðD$Þ where the least
number of free parameters enters. In order to get a sizable
effect, the mixing of LL

3 with the tau lepton lL
3 should be

large. Assuming it to be maximal (i.e., ML
33 ¼ mL

33), we
show the regions preferred by RðDð$ÞÞ in the left plot of
Fig. 2 forMLQ ¼ 2 TeV. From this we can see that also the
mixing between QL

3 and qL3 (sQ3 ), as well as the misalign-
ment between the quark and lepton Yukawa couplings of
the second and third generations (sql23 ) should be sizable.
Our model predicts a significant enhancement of Bs →
τþτ− [25,28,59,60] compared to the SM prediction since
this process is in our setup mediated at tree-level with order
one couplings.
Let us now turn to the explanation of b → slþl− data.

Assuming the absence of mixing with leptons of the first
generation, we are safe from processes like μ → eγ or b →
sμe [47] and get the right effect in RðKÞ and RðK$Þ.
Assuming maximal mixing for the third generation quarks
and leptons, we show the preferred region from b → slþl−

in the right plot of Fig. 2. This region overlaps with the one
from RðDð$ÞÞ for small mixing between the second gen-
eration fermions (sQ;L

2 ) where the predicted branching ratio

for B → Kτμ is automatically compatible with the exper-
imental bounds. However, the predicted rate is still sizable
and well within the reach of future measurements.
So far, we did not specify the absolute mass scale of the

vectorlike fermions since it did not enter any of the
observables. However, for Bs − B̄s mixing, the masses of
the vectorlike leptons are crucial. In fact, since we calcu-
lated Bs − B̄s mixing in unitary gauge, the effects of
Goldstone bosons are automatically included and, there-
fore, the result scales proportional to ðMLÞ2 (like the SM
contribution is proportional tom2

t ). Thus, in order to respect
the Bs − B̄s mixing bounds while still accounting for
RðDð$ÞÞ, rather light vectorlike leptons are required. We
checked that the Bs − B̄s mixing bounds are respected for
masses around 500 GeV. Since these are third generation
leptons, this is compatible with the bounds from direct LHC
searches [61,62]. Anyway, since we only included the
effect of the Goldstone bosons and not of physical Higgses
in this calculation, this should only be understood as a
proof that Bs − B̄s mixing does not rule out large effects in
RðDð$ÞÞ. A more precise prediction would require to
specify the Higgs sector explicitly and would be, therefore,
subject to more model dependence.

V. INCLUDING THE EW SYMMETRY BREAKING

Finally let us outline a possible UV completion of the
Higgs sector which can lead to the desired EW symmetry
breaking extending the previously considered particle
content to that shown in Table II. Here we introduced
two approximate global symmetries Uð1ÞL;Q and four
Higgs fields ΣLa

and ΣQa
, a ¼ 1, 2, which generate the

vectorlike masses for (QL, Q0
R), (LL, L0

R), (QR, Q0
L), and

(LR, L0
L) as in Sec. II. Φq and Φl will generate the SM

FIG. 2. Left: Allowed regions from RðDð$ÞÞ for MLQ ¼ 2 TeV and sL3 ¼ 1=
ffiffiffi
2

p
. Here we used the weighted average for RðDÞ and

RðD$Þ. The contour lines denote BrðBs → τþτ−Þ × 104. Right: Combined results for RðDð$ÞÞ and b → slþl−, and contours for
½BrðB → Kτþμ−Þ þ BrðB → Kτ−μþÞ'=2. The red region is preferred by the global fit to b → slþl− data.
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the q2 distribution in RðDð"ÞÞ invariant (which is in good
agreement with data [37–39]) and does not lead to an huge
enhancement of Bc → τν which is incompatible with
experiments [38,40–42]. Finally, it gives a C9 ¼ −C10-like
effect in b → slþl− transitions and, therefore, gives a
good fit to data. However, a compelling renormalizable
model giving rise to this leptoquark is still missing.
Interestingly, the vector leptoquark singlet with hyper-

charge −4=3 is contained within the theoretically very
appealing PS model as a SUð4Þ gauge boson. However, in
the conventional model, the bounds on the symmetry
breaking scale from KL → μe and K → πμe are so strong
(at the PeV scale) [43,44] that any other observable effects
in flavor physics are ruled out from the outset. Therefore, it
must be extended if one aims at a realization at the TeV
scale. In this article, we will construct a model based on the
Pati-Salam gauge group in which the bounds from KL →
μe and K → πμe can be avoided. Furthermore, another
crucial feature of the PS leptoquarks is that it allows for a
low-energy realization since it does not lead to proton
decay at any loop level.
For this purpose, we add to the original PS model three

pairs of fermions in the fundamental representation of
SUð4Þ with vectorlike mass terms. These fermions can be
considered as heavy vectorlike generations. The mixing
between them and the light SM particles is in general flavor
dependent. Therefore, the model can have interesting
effects in flavor physics, in particular, it could explain
the hints for new physics in b → slþl−, RðDð"ÞÞ and also
the measurement of the anomalous magnetic moment
(AMM) of the muon.

II. THE MODEL

Our starting point is the PS model [45] with the gauge
group SUð4Þ × SUð2ÞL × SUð2ÞR. Thus, left-handed fer-
mions are SUð2ÞL doublets and right-handed fermions
form SUð2ÞR doublets. This necessarily leads to the
introduction of three right-handed neutrinos. In our model,
we extend the fermion content of the original model having
now 6 fermion fields XL;R

i , YL;R
i , ZL;R

i as well as (at least)
two more Higgs field Σ1;2. These fields transform under the
PS gauge group and one additional Peccei-Quinn-likeUð1Þ
group as shown in Table I.
Here, the superscripts L and R label the chirality of the

fields and i ¼ 1, 2, 3 is a flavor index. In the absence of the
fields Y and Z, the fields X would be chiral fermions
resembling the SM fermions.
In the following, we will not explicitly specify the

EW symmetry breaking sector whose Higgs fields are,
therefore, not included in Table I. However, we know that
due to the decoupling theorem, the symmetry breaking
sector must reduce, in the limit of heavy additional
Higgses, to one light SUð2Þ doublet with vev v giving
rise the chiral fermion and weak gauge boson masses.

A possible completion of the above-sketched model,
including the EW-breaking sector, will be given in
Sec. V. In our phenomenological discussion, we are not
considering the implications of the extended Higgs sector,
but rather we only include the pseudo-Goldstone bosons
by working in unitary gauge. This approach is model
independent in the sense that including additional physical
Higgses would imply focusing on a specific UV realization
of the model.

A. Fermion masses

Let us consider for simplicity only the SUð2ÞL doublet
fermions (XL

i , YL;R
i ). The corresponding results for the

SUð2ÞR follow in a straightforward way and they are not
necessary for explaining the flavor anomalies as we will see
later. Therefore, we canwrite down the followingmass terms
after the new scalar fields ΣX;Y

1;2 acquire their vevs vΣX;Y
1;2

−L ⊃ vabΣX
1

xijX̄aL
i YbR

j þ vabΣY
1

yijȲaL
i YbR

j

þ vabΣX
2

x0ijX̄
aL
i YbR

j þ vabΣY
2

y0ijȲ
aL
i YbR

j þ H:c: ð1Þ

Herea andb areSUð4Þ indices, andwe denoted theYukawa-
like couplings by xð0Þij and yð0Þij . Note that our assignment for
the PQ charges was choosen in such a way that it avoids bare
mass terms for the fermions before PS symmetry breaking.
Therefore, the masses of the vectorlike fermions are, for
perturbative couplings, at most of the order of the SUð4Þ
breaking scale, which we assume to be around the TeV scale.
After ΣX;Y

1;2 acquire their vevs SUð4Þ is broken down to
SUð3Þc × Uð1ÞB−L and quarks and leptons become distin-
guishable. Decomposing the SUð4Þ multiplets as

YR¼
!
Q0

R

L0
R

"

i
; YL¼

!
QL

lL

"

i
; XL¼

!
qL
LL

"

i
ð2Þ

TABLE I. Field content of the model. Alternatively, one could
use instead of ΣX;Y

1;2 two fields ΣX
ij, which transforms as 3̄ ⊗ 3

under a possible flavor symmetry.

SUð4Þ SUð2ÞL SUð2ÞR Uð1ÞPQ
XL
i 4 2 1 0

YL
i 4 2 1 −1

YR
i 4 2 1 1

XR
i 4 1 2 0

ZR
i 4 1 2 −1

ZL
i 4 1 2 1

ΣX
1 4̄ ⊗ 4 1 1 −1

ΣX
2 4̄ ⊗ 4 1 1 −1

ΣY
1 4̄ ⊗ 4 1 1 −2

ΣY
2 4̄ ⊗ 4 1 1 −2
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 is preferred in a certain 
VLQ model, for instance. 

ℬ(B → Kτμ) ∼ 𝒪(10−6)

we see that Q and q are SUð3Þc triplets corresponding
to quarks, while l and L are SUð3Þc singlets and, thus,
correspond to leptons. Expanding Eq. (1) into components,
we find

L⊃−ðmQ
ijq̄iLþMQ

ijQ̄iLÞQ0
jR− ðML

ijL̄iLþmL
ijl̄iLÞL0

jR; ð3Þ

with

mQ
ij ¼ v11ΣX

1

xij þ v11ΣX
2

x0ij; mL
ij ¼ v22ΣY

1

yij þ v22ΣY
2

y0ij

ML
ij ¼ v22ΣX

1

xij þ v22ΣX
2

x0ij; MQ
ij ¼ v11ΣY

1

yij þ v11ΣY
2

y0ij ð4Þ

Here the superscript 11 corresponds to a 3 × 3 unit matrix in
color space while 22 represents only a single number. Here
v12ΣX;Y

1;2
¼ v21ΣX;Y

1;2
¼ 0 such that SUð3Þc remains unbroken. We

further assume v11ΣX;Y
1

≫ v11ΣX;Y
2

and v22ΣX;Y
1

≪ v22ΣX;Y
2

, such that the

mass terms are dominantly given by

mQ
ij ≃ v11ΣX

1

xij; mL
ij ≃ v22ΣY

2

y0ij

ML
ij ≃ v22ΣX

2

x0ij; MQ
ij ≃ v11ΣY

1

yij ð5Þ

Therefore, ML;Q
ij are the vectorlike mass terms while mL;Q

ij

provides the mixing of the vectorlike fermions with the light
(SM) ones. The study of the corresponding scalar potential is
not trivial and requires future studies.
Without loss of generality, one can choose MQ and ML

to be diagonal in flavor space. In addition, we assume that
mQ;L is diagonal in the same basis and for simplicity
(without affecting the final results) that MQ;L is propor-
tional to the unit matrix:

MQ;L
ij ¼ MQ;Lδij;

mQ;L
ij ¼

0

BB@

mQ;L
1 0 0

0 mQ;L
2 0

0 0 mQ;L
3

1

CCA

ij

: ð6Þ

While the structure above is certainly not generic, it can be
the consequence of an underlying flavor symmetry. In fact, if
QL andQ0

R (QL andL0
R) are triplets ofSUð3Þ,MQ (ML) does

not break the symmetry and is, thus, proportional to the unit
matrix. If on the contrary, qL and lL are antitriplets,mQ;L are
generated by SUð3Þ-breaking terms ϕϕ=Λ, where ϕ collec-
tively denote the SUð3Þ-triplet scalar fields (flavons) whose
vevs break SUð3Þ and Λ a cutoff scale. The texture of mQ;L

then follows from the flavor directions of the flavons’ vevs.
As an example, one can introduce two flavons, ϕ3 and ϕ2,
with hϕ3i ¼ ð0; 0; v3Þ, hϕ2i ¼ ð0; v2; 0Þ. Distinguishing
these two fields by an additional parity, the texture in
Eq. (6) is obtained with mQ;L

3 ∼ v23=Λ, mQ;L
2 ∼ v22=Λ,

mQ;L
1 ∼ 0. Therefore, the mixing with electrons is absent,

and thus the vector LQs will not couple to them.2

Given the structure in Eq. (6), the mass matrices for
quarks and leptons decompose each into three (one for each
generation) rank one matrices diagonalized by the rotations

!
qiL
QiL

"
→

!
ciQ −siQ
siQ ciQ

"!
qiL
QiL

"

!
liL

LiL

"
→

!
ciL −siL
siL ciL

"!
liL

LiL

"
: ð7Þ

As stated above, we do not explicitly specify the UV
completion of the Higgs sector responsible for the EW
symmetry breaking but rather use the decoupling theorem
asserting that there is one light SUð2ÞL doublet with vev v
giving rise to the chiral fermion and weak gauge boson
masses. We can now write down the usual Yukawa
couplings and diagonalize the resulting 3 × 3 matrices
using biunitary transformations

qiL → UqL
ij qjL; liL → UlL

ij ljL; ð8Þ

with q ¼ u, d and the corresponding expression for right-
handed fields. For our final results, only the misalignment
between left-handed quark and leptons

UqlL
fi ¼ UqL%

jf UlL
ji ; ð9Þ

as well as the CKM matrix VCKM
fi ¼ UuL%

jf UdL
ji are impor-

tant. Note that in the following, we work in the down basis,
i.e., CKM rotations are only present once left-handed up-
quarks are involved. We neglect Higgs couplings involving
chiral and vectorlike fermions in our phenomenological
analysis.
In analogy to the SUð2ÞL sector, we embedded

the fermions charged under SUð2ÞR in the following
representations:

ZL ¼
!
Q0

L

L0
L

"

i
; ZR ¼

!
QR

lR

"

i
; XR ¼

!
qR
LR

"

i
ð10Þ

and the above discussion about masses and mixing can be
replicated for the RH fermions of the SM.

B. Couplings of fermions to gauge bosons

After breaking of the SUð4Þ symmetry, its 15 generators
correspond to 8 massless gluons, 6 leptoquarks (Vμ þ V̄μ),

2The absence of couplings to the electron at tree-level could
alternatively be assured by an Abelian flavor symmetry under
which all fermions are equally charged except the electron.
Furthermore, even though electron couplings will be generated at
the loop level [46], the absence of μe couplings is RGE invariant
and, therefore, no effect in μ → eγ [47] or K → μe is generated.
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