
30 March 2023, DIS2023, Michigan State University

Recent BelleII results on 
BSM physics

Roberta Volpe (Perugia University and INFN)
 for the Belle2 Collaboration



DIS2023

 

Roberta Volpe: Recent BelleII results on BSM physics

log(Mass)

lo
g(
co
up
lin
gs
)

Large masses

Small 
couplings

Intensity 
frontier

Energy
frontier

2

Intensity frontier 

  SuperKEKB and BelleII  

 Tests of light-lepton 
universality and angular 
asymmetries

 Search for a long-lived 
scalar in b → s transitions
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Figure 3. Kaon, B meson, and radiative Υ decays involving h.

3.2 Meson decays

The effective s̄dh (b̄sh) vertex contributing to kaon (B meson) decay is obtained by inte-

grating out the top-W loop from the diagram shown in figure 3. This effective vertex leads

to the decays K → πh → πµ+µ− and B → Kh → Kµ+µ−, with branchings [57, 58]

Br(K+ → π+h) ≈ sin2 ρ× 0.002×
2|#ph|
mK

, (3.1)

Br(B+ → K+h) ≈ sin2 ρ× 0.5×
2|#ph|
mB

× F2
K(mh), (3.2)

where |#ph| is found using two-body kinematics and the form factor F2
K(mh) =

(

1−m2
h/38 GeV2

)−1
[59].

In applying experimental constraints from these decays one must properly take into

account the lifetime of h; either h decays “promptly enough” so that the muons are re-

constructed with the associated meson, or it does not and the experiment sees missing

momentum. In the following, we take into account lifetime by requiring h to decay within

a certain (experiment-dependent) distance of the meson decay. For simplicity, and be-

cause we only expect a small correction, we do not impose any angular constraints. We

stress that, where lifetime has an effect, these can only be considered order of magnitude

estimates.

As discussed in section 2, there is large uncertainty in the lifetime of h above the ππ

threshold. We find that the dependence of the following bounds on h lifetime above this

threshold is small, and certainly negligible for mh > 400MeV with the existing experimen-

tal reach. We therefore present results as bounds on sin2 ρ assuming the model of ref. [46]

below 400MeV, and unambiguously on sin2 ρ×Br(h → l+l−) above, where l corresponds

to either µ or τ , depending on the channel.

3.2.1 Kaon decays

The NA48/2 collaboration has measured Br(K± → π±µ+µ−) = (9.62±0.25)×10−8 [60], in

good agreement with the theoretical predictions (8.7±2.8)×10−8 and (12±3)×10−8 [61, 62].

To derive limits on sin2 ρ we assume that a πµµ vertex is reconstructed if the h → µ+µ−
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A search for the flavor-changing neutral-current decay Bþ → Kþνν̄ is performed at the Belle II
experiment at the SuperKEKB asymmetric energy electron-positron collider. The data sample corresponds
to an integrated luminosity of 63 fb−1 collected at the ϒð4SÞ resonance and a sample of 9 fb−1 collected at
an energy 60 MeV below the resonance. Because the measurable decay signature involves only a single
charged kaon, a novel measurement approach is used that exploits not only the properties of the Bþ →
Kþνν̄ decay, but also the inclusive properties of the other B meson in the ϒð4SÞ → BB̄ event, to suppress
the background from other B meson decays and light-quark pair production. This inclusive tagging
approach offers a higher signal efficiency compared to previous searches. No significant signal is observed.
An upper limit on the branching fraction of Bþ → Kþνν̄ of 4.1 × 10−5 is set at the 90% confidence level.

DOI: 10.1103/PhysRevLett.127.181802

Flavor-changing neutral-current transitions, such as
b → sνν̄, 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 theoretical uncertainty compared to similar b →
sll transitions, which are affected by the breakdown of
factorization due to photon exchange [2]. The branching
fraction of the Bþ → Kþνν̄ decay [3], which involves a
b → sνν̄ transition, is predicted to be ð4.6$ 0.5Þ × 10−6,
where the main contribution to the uncertainty arises from
the Bþ → Kþ transition form factor [4].
Studies of this rare decay are currently of particular

interest, as this process offers a complementary probe of
potential non-SM physics scenarios that are proposed to
explain the tensions with the SM predictions in b → slþl−

transitions [5] observed in Refs. [6–11]. More generally,
measurements of the Bþ → Kþνν̄ decay help constrain
models that predict new particles, such as leptoquarks [12],
axions [13], or dark matter particles [14].
The study of the Bþ → Kþνν̄ decay is experimentally

challenging as the final state contains two neutrinos, 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 second B
meson produced in the eþe− → ϒð4SÞ → 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 signal reconstruction
efficiency, 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 tagging

approach is used, inspired by Ref. [21]. This approach has
the benefit of a larger signal efficiency of about 4%, at the
cost of higher background levels. The method exploits the
distinctive topological and kinematic features of the Bþ →
Kþνν̄ decay that distinguish this process from the seven
dominant background categories. These are other decays of
charged Bmesons, decays of neutral Bmesons, and the five
continuum categories eþe− → qq̄ with q ¼ u, d, s, c
quarks and eþe− → τþτ−. The signal candidates are
reconstructed as a single charged-particle trajectory (track)
generated by the kaon, typically carrying higher momen-
tum than background particles. The remaining tracks and
energy deposits, referred to as the “rest of the event”
(ROE), can thus be associated with the decay of the
accompanying B meson. Furthermore, the neutrinos pro-
duced in the signal B meson decay typically carry a
significant fraction of its energy. The resulting “missing
momentum” is defined as the momentum needed to cancel

FIG. 1. The lowest-order quark-level diagrams for the b → sνν̄
transition in the SM are either of the penguin (a) or the box (b) type.
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 BelleII detector

Pixel Detector
Silicon Vertex Detector

Central Drift 
Chamber 
Spacial res. 100 μm

σ( dE
dx ) : 5 %

TOP Counter
Aerogel RICH Counter

Electromagnetic 
Calorimeter 

[BELLE2-NOTE-PL-2021-008]

σ(E)
E

: 2 % - 4 %

KL/Muon Detector

LER e+

4 GeV

LER e-

7 GeV

 Excellent hermeticity
 Upgraded from the Belle 

detector ID efficiency ~ 90%
π mis-ID rate ~ 5%
μ

Magnet

σ(vertex) ∼ 15μm

[BELLE2-CONF-PH-2022-003]

K-ID efficiency ~ 90%
π mis-ID rate ~ 5%

https://docs.belle2.org/record/2604/files/BELLE2-NOTE-PL-2021-008.pdf
https://docs.belle2.org/record/2895/files/Lepton_identification_Moriond_2022__v2.pdf
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  B-tagging

Efficiency

Purity

Not available at
hadron colliders

Hadronic (and semi-leptonic) 
B-tagging: Full Event 
Interpretation (FEI)
Comp. and Soft. For Big Sci. 3, 6 (2019)
arXiv:2008.06096

kinematical constraints in 
reconstruction for the signal side 
with neutrinos in the final state

Inclusive (no B-tagging)
Only reconstruct the signal B final state,
no request on the other B

ϵ(had-tag FEI) ∼ 𝒪(0.1% − 0.5%)

Rest of 
the event

D(*),…  

Less precise reconstruction of final states 
with neutrinos, but higher efficiency

Hadronic B-tagging 

https://arxiv.org/abs/2008.06096
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Analyses related to Lepton Universality
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  Tensions in lepton flavor universality 

R(D(*)) =
B(B → D(*)τν)
B(B → D(*)lν)

Anomalies in ! → # Decays

R(D(⇤)) =
B(B ! D(⇤)⌧⌫)

B(B ! D(⇤)`⌫)
, (` = e or µ)
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Example of 
new physics
Leptoquarks (LQ)

Gauge lagrangian ==> universality of the 
lepton couplings to the W bosons

Some hints of lepton flavor universality (LFU) violation:
Flavor changing charged currents in  decaysb → clν

If there is a violation, some new 
physics should be there

Eur. Phys. J. C           (2021) 81:226 Page 123 of 326   226 

Table 92 Measurements of
R(D∗) and R(D), their
correlations and the combined
average

Experiment R(D∗) R(D) ρ

BABAR [617,623] 0.332 ± 0.024stat ± 0.018syst 0.440 ± 0.058stat ± 0.042syst −0.27

Belle [618] 0.293 ± 0.038stat ± 0.015syst 0.375 ± 0.064stat ± 0.026syst −0.49

LHCb [621] 0.336 ± 0.027stat ± 0.030syst

Belle [620] 0.270 ± 0.035stat
+0.028
−0.025syst

LHCb [622,624] 0.280 ± 0.018stat ± 0.029syst

Belle [619] 0.283 ± 0.018stat ± 0.014syst 0.307 ± 0.037stat ± 0.016syst −0.51

Average 0.295± 0.011± 0.008 0.340± 0.027 ± 0.013 −0.38

Fig. 67 Measurements of
R(D) and R(D∗) listed in Table
92 and their two-dimensional
average. Contours correspond to
"χ2 = 1, i.e., 68% CL for the
bands and 39% CL for the
ellipses. The black point with
errors is the SM prediction for
R(D∗) and R(D). The SM
prediction is based on results
from Refs. [607–609], as
explained in the text. The
prediction and the experimental
average deviate from each other
by 3.08σ . The dashed ellipse
correspond to a 3σ contour
(99.73% CL)

The most important source of systematic uncertainties
that are correlated among the different measurement is the
B → D∗∗ background components, which are difficult to
disentangle from the signal. In our average, the systematic
uncertainties due to the B → D∗∗ composition and kinemat-
ics are considered fully correlated among the measurements.

The results of the individual measurements, their averages
and correlations are presented in Table 92 and Fig.67. The
combined results, projected separately onR(D) and R(D∗),
are reported in Fig.68a and b respectively.

The averaged R(D) and R(D∗) exceed the SM pre-
dictions by 1.4σ and 2.5σ respectively. Considering the
R(D) and R(D∗) total correlation of −0.38, the difference
with respect to the SM is about 3.08 σ , and the combined
χ2 = 12.33 for 2 degrees of freedom corresponds to a p-
value of 2.07×10−3, assuming Gaussian error distributions.

123

Fresh update from LHCb 
https://indico.cern.ch/event/1231797/

2019

R(D⇤) with hadronic ⌧ decays

0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55
R(D)

0.2

0.25

0.3

0.35

0.4

R
(D

*)

HFLAV SM Prediction
 0.004±R(D) = 0.298 
 0.005±R(D*) = 0.254 

 = 1.0 contours2χΔ

World Average
total 0.029±R(D) = 0.356 

total 0.013±R(D*) = 0.284 
 = -0.37ρ

) = 25%2χP(

HFLAV

PRELIMINARY

σ3

LHCb22LHCb23

Belle17

Belle19

Belle15
BaBar12

Average

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

HFLAV

2021

HFLAV
Prelim. 2023

• Including this result, the world average becomes

R(D⇤) = 0.284 ± 0.013; R(D) = 0.356 ± 0.029 [HFLAV]

• The deviation w.r.t. the SM is at 3.2� for the combination of R(D)-R(D⇤)
Resmi P K (Oxford) CERN Seminar 47

Prelim. 2023

~3.1 σ away from the SM
Combined R(D) and R(D*) measurements average  is  

l = e, μ

https://indico.cern.ch/event/1231797/
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R(Xeμ) measurement

Anomalies in ! → # Decays
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arXiv:2301.08266

R(Xe/μ) =
B(B → Xeν)
B(B → Xμν)

R(X) =
B(B → Xτν)
B(B → Xlν)

BelleII performed the  measurementR(Xe/μ)

inclusive measurements possible only at  colliderse+e−

Useful also as a preparation
 for the R(X) measurement

X: generic hadronic final state

Fully hadronic reconstruction 
of B-tag with FEI 

Additional sample (L = 18 fb-1) of “off-resonance”
 data to estimate the 
 background (continuum)

e+e− → qq̄, q = u, d, s, c

l = e, μ

R(D(*)) → R(X)D(*) → X

L = 189 fb-1  for on-resonant sample 

http://www.apple.com
https://arxiv.org/abs/2301.08266
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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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Control sample with same flavor/charge for tag and signal 
B to obtain corrections to normalization 

‣ SM  J. High Energy Phys. 007 (2022), 

‣ Belle exclusive : 
 Phys.Rev. D 100, 052007 (2019) and arXiv:2301.07529 

R(D*e/μ)

R(Xeμ) measurement: Results

Compatible 
with:

Simultaneous fit to lepton momentum in the B 
centre of mass frame for e and μ channels

arXiv:2301.08266

Main systematic sources:
Lepton-id efficiencies and 
mis-id probabilities: 1.9%

•BB with hadron mis-id as leptons or 
real leptons from hadrons

• Continuum:  e+e− → qq̄, q = u, d, s, c

Background composition :

Result:

{

https://link.springer.com/article/10.1007/JHEP11(2022)007
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.052007
https://arxiv.org/abs/2301.07529
http://www.apple.com
https://arxiv.org/abs/2301.08266
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• The signal yields are extracted through a binned
maximum-likelihood fit to eDEFF
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For convenience, we note that these disjoint one-or two-dimensional asymmetric integrals
can be reinterpreted as simple one-dimensional asymmetries A of the form

A(w) =

✓
d�

dw

◆�1

2

4
1Z

0

�

0Z

�1

3

5 dX
d�

dwdX
, (22)

using appropriate di�erential elements dX determined by the angular function associated
with each coe�cient. These are given by:

A
FB

: dX ! d(cos ✓
l
) (23)

S
3
: dX ! d(cos 2�) (24)

S
5
: dX ! d(cos� cos ✓

V
) (25)

S
7
: dX ! d(sin� cos ✓

V
) (26)

S
9
: dX ! d(sin 2�) (27)

10
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Tests of light-lepton universality in angular asymmetries of hadronically tagged6

B0 ! D⇤�`+⌫ decays at Belle II7

We present the first comprehensive test of light-lepton universality in the angular distributions8

of semileptonic B-meson decays to vector charmed mesons. We measure five angular asymmetry9

observables that are sensitive to lepton-universality-violating new physics. We use events where the10

partner B is fully reconstructed in data corresponding to 189 fb�1 from electron-positron collisions11

collected with the Belle II detector. We find no significant deviation from the standard model12

expectation.13

In the standard model, all charged leptons share the14

same electroweak coupling, a symmetry known as lepton15

universality (LU). Semileptonic B-meson decays involv-16

ing the quark transition b ! c (e, µ, ⌧) ⌫ provide excel-17

lent sensitivity to potential new interactions that would18

violate this symmetry. Evidence for lepton-universality19

violation (LUV) in the ratio of semileptonic decay rates20

to ⌧ leptons relative to the light leptons (e, µ) has been21

observed in the combination of results from the BaBar,22

Belle, and LHCb collaborations [1–8]. Recently, 4� ev-23

idence of LUV between the light leptons has emerged24

from differences in their angular distributions in semilep-25

tonic B decays to D⇤ mesons [9]. However, this analysis26

relied on a reinterpretation of published Belle data that27

contained only one-dimensional projections of the multi-28

dimensional angular distributions that are needed to fully29

characterize such events. Therefore, we present here the30

first dedicated light-lepton LU test using a complete set31

of angular asymmetry observables that are designed to32

cancel most theoretical and experimental uncertainties33

and are maximally sensitive to LUV [10].34

The semileptonic decay B0 ! D⇤�
(e+, µ+

)⌫ is medi-
ated in the standard model via W exchange. Due to the
spin of the final-state D⇤ meson, much of the properties
of the V � A coupling and the spin of the virtual W
boson are encoded in angular distributions of the final-
state particles. These can be fully characterized in terms
of a recoil parameter and three helicity angles. The recoil
parameter, w, is defined as

w =
m2

B +m2
D⇤ � q2c2

2mBmD⇤
, (1)

where mB and mD⇤ are the B and D⇤ masses and q35

is the four-vector of the momentum transfer. The angle36

between the direction of the charged lepton in the virtual37

W frame and the W in the B frame is ✓`. The angle38

between the D in the D⇤ frame and the D⇤ in the B39

frame is ✓V . The angle between the decay planes formed40

by the virtual W and the D⇤ in the B frame is �.41

The four-dimensional standard model differential42

rate [11, 12] can be represented in terms of eight he-43

licity amplitudes and as a function of w, cos ✓`, cos ✓V ,44

and �. It is possible [13] to construct disjoint one- or45

two-dimensional asymmetric integrals of these differen-46

tial rates to isolate angular asymmetries that are sensitive47

to LUV, called AFB, S3, S5, S7, and S9. The forward-48

backward asymmetry of the lepton AFB measures the49

propensity for the charged lepton to travel in the same50

direction as the virtual W . The S3 and S9 asymmetries51

are sensitive to propensities in the alignment of the lep-52

ton and D⇤ systems, while S5 and S7 measure coupled53

propensities in such alignment with the orientation of the54

D meson with respect to the D⇤. We find that these inte-55

grals can be reinterpreted for convenience as asymmetries56

of the form57

Ax(w) ⌘
✓
d�

dw

◆�1 Z 1

0
�
Z 0

�1

�
dx

d
2
�

dwdx
, (2)58

with x = cos ✓` for AFB, cos 2� for S3, cos� cos ✓V for S5,59

sin� cos ✓V for S7, and sin 2� for S9. The determination60

of each of the five asymmetries then reduces to measuring61

the numbers of events N�
x with x 2 [�1, 0] and N+

x with62

x 2 [0, 1] after accounting for experimental effects such63

as resolution and detector acceptance. Then64

Ax(w) =
N+

x (w)�N�
x (w)

N+
x (w) +N�

x (w)
. (3)65

We test lepton universality by comparing the angular66

asymmetries of electrons and muons:67

�Ax(w) = Aµ
x(w)�Ae

x(w). (4)68

Most experimental uncertainties cancel in the asymme-69

tries A, and standard model contributions, including70

hadronic uncertainties in the form factors, largely cancel71

in �A, only arising from the lepton masses. Therefore,72

the �A provide theoretically and experimentally clean73

probes of LUV. We measure them integrated over three74

w ranges: the full phase-space (wincl.), the low w region75

(wlow) from 1 up to 1.275, and the high w region (whigh)76

from 1.275 to the kinematic endpoint above 1.5.77

Of the five asymmetries, only AFB and S3 have been78

measured, but not differentially in w [9, 14, 15]. In the79

standard model or any extention thereof, S9 is always80

zero [9]. Similarly, S7 is always zero in the standard81

model and has reduced sensitivity to its extensions [13].82

First dedicated light-LU test using a complete set of angular observables 

Integrals of differential rates sensitive to LU violations (LUV): 

Recoil parameter w

To be submitted to PRL

NEW

B0 → D*−l+ν

2

Furthermore, we report the determined total rate and the81

values of form factors and |Vcb|.82

The remainder of this paper is organized as follows:83

Section II introduces the theory formalism describing the84

B0 ! D⇤+`�⌫̄` decay and the measured observables. An85

overview of the Belle II sub-detectors and the analyzed86

data set is given in Sec. III. In Sec. IV and V, we summa-87

rize the event selection and the reconstruction of the four88

kinematic variables. Section VI details the signal extrac-89

tion and employed unfolding procedure and Sec. VII lists90

the systematic uncertainties affecting the measurement.91

The measured value of |Vcb| and form factor parameters92

are discussed in Sec. VIII. Finally, Sec. IX presents a93

summary and our conclusions.94

II. THEORY OF B0 ! D⇤+`�⌫̄` DECAYS95

In the SM and the heavy quark symmetry basis [14]96

the semileptonic transition between B and D⇤ mesons97

is represented in terms of four independent form factors98

hA1�3,V :99

hD⇤(pD⇤)|c̄�µb|B̄(pB)ip
mBmD

⇤
= i hV "

µ⌫↵�✏⇤⌫v
0
↵v� , (4)

hD⇤(pD⇤)|c̄�µ�5b|B̄(pB)ip
mBmD

⇤
= hA1

(w + 1)✏⇤µ � hA2
(✏⇤ · v)

(5)
⇥ vµ � hA3

(✏⇤ · v)v0µ .

Here v = pB/mB and v0 = pD⇤/mD
⇤ denote the four-100

velocities of the B and D⇤ mesons, respectively. Fur-101

ther, ✏⇤ is the polarization of the D⇤ meson and "µ⌫↵� is102

the Levi-Civita tensor. The four transition form factors103

hA1�3,V parameterize the non-perturbative physics of the104

B ! D⇤ transition as a function of the recoil parameter105

w = v · v0, which is related to the four-momentum trans-106

fer squared from the B meson to the D⇤ meson system107

as108

q2 = (pB � pD⇤)2 = m2

B +m2

D
⇤ � 2mB mD

⇤ w . (6)

For ` = e, µ the B0 ! D⇤+`�⌫̄` decay is fully described109

by hA1
and the form factor ratios110

R1 =
hV

hA1

, R2 =
hA3

+ r⇤hA2

hA1

, (7)

with r⇤ = mD
⇤/mB .111

An alternative parametrization is given by the helicity112

basis [15, 16]. The three form factors in this basis g, f,F1113

are related to the heavy quark basis via114

f = mB

p
r⇤(w + 1)hA1

, g =
1

mB

p
r⇤

hV , (8)

F1 = m2

B

p
r⇤(w + 1)

�
w � r⇤ � (w � 1)R2

�
hA1

(9)

FIG. 1. The helicity angles that characterize the B0 !
D⇤+`�⌫̄` decay are shown.

The B0 ! D⇤+`�⌫̄` decay rate is fully parametrized115

by the recoil parameter w and three decay angles ✓`, ✓V ,116

� (cf. Figure 1). The angles are defined as follows:117

- The angle ✓` is formed by the direction of the118

charged lepton in the virtual W rest frame and the119

direction of the W in the B rest frame.120

- The angle ✓V is formed by the direction of the D121

meson in the D⇤ rest frame and the direction of the122

D⇤ meson in the B rest frame.123

- The angle � is the azimuthal angle between the two124

decay planes spanned by the W and the D⇤ decay125

products and defined in the rest frame of the B126

meson.127

A. BGL parameterization128

Boyd-Grinstein-Lebed (BGL) [15, 16] utilize dispersive129

bounds and expand the helicity basis form factors with130

a conformal parameter z,131

z =

p
w + 1�

p
2

p
w + 1 +

p
2
, (10)

in terms of coefficients {an, bn, cn} as [17]132

g(z) =
1

Pg(z)�g(z)

na�1X

n=0

anz
n, (11)

f(z) =
1

Pf (z)�f (z)

nb�1X

n=0

bnz
n, (12)

F1(z) =
1

PF1
(z)�F1

(z)

nc�1X

n=0

cnz
n, (13)

with na/b/c the order of the expansion. Further, P and �133

denote the corresponding Blaschke factors and the outer134

functions, respectively. Note that in the expansion b0135

and c0 are not independent quantities but related via136

c0 =

✓
(mB �mD

⇤)�F1
(0)

�f (0)

◆
b0 . (14)
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expectation.13
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same electroweak coupling, a symmetry known as lepton15

universality (LU). Semileptonic B-meson decays involv-16

ing the quark transition b ! c (e, µ, ⌧) ⌫ provide excel-17

lent sensitivity to potential new interactions that would18

violate this symmetry. Evidence for lepton-universality19

violation (LUV) in the ratio of semileptonic decay rates20

to ⌧ leptons relative to the light leptons (e, µ) has been21

observed in the combination of results from the BaBar,22

Belle, and LHCb collaborations [1–8]. Recently, 4� ev-23

idence of LUV between the light leptons has emerged24

from differences in their angular distributions in semilep-25

tonic B decays to D⇤ mesons [9]. However, this analysis26

relied on a reinterpretation of published Belle data that27

contained only one-dimensional projections of the multi-28

dimensional angular distributions that are needed to fully29

characterize such events. Therefore, we present here the30

first dedicated light-lepton LU test using a complete set31

of angular asymmetry observables that are designed to32

cancel most theoretical and experimental uncertainties33

and are maximally sensitive to LUV [10].34

The semileptonic decay B0 ! D⇤�
(e+, µ+

)⌫ is medi-
ated in the standard model via W exchange. Due to the
spin of the final-state D⇤ meson, much of the properties
of the V � A coupling and the spin of the virtual W
boson are encoded in angular distributions of the final-
state particles. These can be fully characterized in terms
of a recoil parameter and three helicity angles. The recoil
parameter, w, is defined as

w =
m2

B +m2
D⇤ � q2c2

2mBmD⇤
, (1)

where mB and mD⇤ are the B and D⇤ masses and q35

is the four-vector of the momentum transfer. The angle36

between the direction of the charged lepton in the virtual37

W frame and the W in the B frame is ✓`. The angle38

between the D in the D⇤ frame and the D⇤ in the B39

frame is ✓V . The angle between the decay planes formed40

by the virtual W and the D⇤ in the B frame is �.41

The four-dimensional standard model differential42

rate [11, 12] can be represented in terms of eight he-43

licity amplitudes and as a function of w, cos ✓`, cos ✓V ,44

and �. It is possible [13] to construct disjoint one- or45

two-dimensional asymmetric integrals of these differen-46

tial rates to isolate angular asymmetries that are sensitive47

to LUV, called AFB, S3, S5, S7, and S9. The forward-48

backward asymmetry of the lepton AFB measures the49

propensity for the charged lepton to travel in the same50

direction as the virtual W . The S3 and S9 asymmetries51

are sensitive to propensities in the alignment of the lep-52

ton and D⇤ systems, while S5 and S7 measure coupled53

propensities in such alignment with the orientation of the54

D meson with respect to the D⇤. We find that these inte-55

grals can be reinterpreted for convenience as asymmetries56

of the form57

Ax(w) ⌘
✓
d�

dw

◆�1 Z 1

0
�
Z 0

�1

�
dx

d
2
�

dwdx
, (2)58

with x = cos ✓` for AFB, cos 2� for S3, cos� cos ✓V for S5,59

sin� cos ✓V for S7, and sin 2� for S9. The determination60

of each of the five asymmetries then reduces to measuring61

the numbers of events N�
x with x 2 [�1, 0] and N+

x with62

x 2 [0, 1] after accounting for experimental effects such63

as resolution and detector acceptance. Then64

Ax(w) =
N+

x (w)�N�
x (w)

N+
x (w) +N�

x (w)
. (3)65

We test lepton universality by comparing the angular66

asymmetries of electrons and muons:67

�Ax(w) = Aµ
x(w)�Ae

x(w). (4)68

Most experimental uncertainties cancel in the asymme-69

tries A, and standard model contributions, including70

hadronic uncertainties in the form factors, largely cancel71

in �A, only arising from the lepton masses. Therefore,72

the �A provide theoretically and experimentally clean73

probes of LUV. We measure them integrated over three74

w ranges: the full phase-space (wincl.), the low w region75

(wlow) from 1 up to 1.275, and the high w region (whigh)76

from 1.275 to the kinematic endpoint above 1.5.77

Of the five asymmetries, only AFB and S3 have been78

measured, but not differentially in w [9, 14, 15]. In the79

standard model or any extention thereof, S9 is always80

zero [9]. Similarly, S7 is always zero in the standard81

model and has reduced sensitivity to its extensions [13].82

3 ranges in the recoil parameter w: 
[1,1.275],  :[1.275,1.6]  and [1,1.6]wlow : whigh winc :
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Figure 1: Muon-mode M2
miss distributions and fit results

for � (left) and + (right) categories of cos ✓`,
corresponding to Aµ

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

B candidates and use the TreeFit [30] algorithm to re-190

ject candidates that cannot be fit to consistent vertices.191

We then combine the signal and tag B candidates and192

require that the missing energy in the event is greater193

than 0.3GeV. If more than one candidate passes these194

requirements, we select only the one with the smallest195

value of |MD⇤ � MD|. For each asymmetry variable196

Ax and w range, we separate our signal candidates into197

+ and � categories based on the measured value of x.198

We determine the numbers of signal events with binned199

maximum-likelihood fits to distributions of M2
miss, the200

squared difference between the four-momenta of the colli-201

sion and the sum of the reconstructed particles. This dis-202

tribution for correctly reconstructed signal events peaks203

near 0. This distribution for backgrounds, which come204

mostly from B ! D⇤⇤`⌫ decays, do not. The distribu-205

tions of both of these contributions are determined by206

simulation. An example fit can be seen in Fig. 1.207

We correct the fitted yields N±
x (w) for selection and208

detector acceptance losses using efficiency estimates from209

simulation. We further correct for migration of candi-210

dates between the + and � categories and different w211

bins by inverting a detector response matrix constructed212

from the conditional probabilities that events generated213

in a particular kinematic bin are reconstructed in each214

kinematic bin.215

The largest systematic uncertainty affecting the mea-216

surement is from the limited size of the simulated sam-217

ples, which limits the precision of the bin migration and218

efficiency corrections. We determine the uncertainties219

from this source by resampling the simulated data with220

replacement, repeating the measurement, and observing221

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

Obs. w bin Measurement SM⇥105

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

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

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

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

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

how it varies. This uncertainty is in general one order of222

magnitude smaller than the statistical uncertainty, which223

ranges from 0.003� 0.017. We determine the uncertain-224

ties from other systematic effects by varying their contri-225

bution within their known uncertainties or bounds [31]226

or from independent control data. Lepton identification227

uncertainties mostly cancel in the asymmetries A and are228

at most 0.004. The uncertainty on the reconstruction ef-229

ficiency of ⇡slow and uncertainties from modeling of other230

background processes, such as B ! D⇤⇤`⌫̄`, are negligi-231

ble. The supplemental material for this article contains a232

full description of all of the systematic uncertainties [32].233

We show our measurements of the asymmetries and the234

LU-sensitive differences in Fig. 2, and a summary of the235

differences in Table I. We compare our measurements to236

predictions from Ref. [33] and measurements from Ref. [9,237

14, 15]. The results in Ref. [9] are obtained in a slightly238

reduced w range, (1, 1.5), which makes them not directly239

comparable to the other results. However, the standard240

model expectations in these two w ranges differ only in241

the fourth decimal place.242

To test agreement with the standard model expecta-243

tion, we perform three different �2 tests, accounting for244

the statistical and systematic covariances between all of245

the variables. Tests of the asymmetries A in the full w246

range (wincl.) yield �2/Ndof = 15.0/10 (p = 0.13) and247

in w subranges (wlow, whigh) yield 27.7/20 (p = 0.12).248

Tests of the LUV-sensitive asymmetry differences �AFB,249

�S3, and �S5 in the full w range yield �2/Ndof = 2.1/3250

(p = 0.56) and in w subranges yield 10.2/6 (p = 0.12).251

11

M2
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We present the first comprehensive test of light-lepton universality in the angular distributions8

of semileptonic B-meson decays to vector charmed mesons. We measure five angular asymmetry9

observables that are sensitive to lepton-universality-violating new physics. We use events where the10

partner B is fully reconstructed in data corresponding to 189 fb�1 from electron-positron collisions11

collected with the Belle II detector. We find no significant deviation from the standard model12

expectation.13

In the standard model, all charged leptons share the14

same electroweak coupling, a symmetry known as lepton15

universality (LU). Semileptonic B-meson decays involv-16

ing the quark transition b ! c (e, µ, ⌧) ⌫ provide excel-17

lent sensitivity to potential new interactions that would18

violate this symmetry. Evidence for lepton-universality19

violation (LUV) in the ratio of semileptonic decay rates20

to ⌧ leptons relative to the light leptons (e, µ) has been21

observed in the combination of results from the BaBar,22

Belle, and LHCb collaborations [1–8]. Recently, 4� ev-23

idence of LUV between the light leptons has emerged24

from differences in their angular distributions in semilep-25

tonic B decays to D⇤ mesons [9]. However, this analysis26

relied on a reinterpretation of published Belle data that27

contained only one-dimensional projections of the multi-28

dimensional angular distributions that are needed to fully29

characterize such events. Therefore, we present here the30

first dedicated light-lepton LU test using a complete set31

of angular asymmetry observables that are designed to32

cancel most theoretical and experimental uncertainties33

and are maximally sensitive to LUV [10].34

The semileptonic decay B0 ! D⇤�
(e+, µ+

)⌫ is medi-
ated in the standard model via W exchange. Due to the
spin of the final-state D⇤ meson, much of the properties
of the V � A coupling and the spin of the virtual W
boson are encoded in angular distributions of the final-
state particles. These can be fully characterized in terms
of a recoil parameter and three helicity angles. The recoil
parameter, w, is defined as

w =
m2

B +m2
D⇤ � q2c2

2mBmD⇤
, (1)

where mB and mD⇤ are the B and D⇤ masses and q35

is the four-vector of the momentum transfer. The angle36

between the direction of the charged lepton in the virtual37

W frame and the W in the B frame is ✓`. The angle38

between the D in the D⇤ frame and the D⇤ in the B39

frame is ✓V . The angle between the decay planes formed40

by the virtual W and the D⇤ in the B frame is �.41

The four-dimensional standard model differential42

rate [11, 12] can be represented in terms of eight he-43

licity amplitudes and as a function of w, cos ✓`, cos ✓V ,44

and �. It is possible [13] to construct disjoint one- or45

two-dimensional asymmetric integrals of these differen-46

tial rates to isolate angular asymmetries that are sensitive47

to LUV, called AFB, S3, S5, S7, and S9. The forward-48

backward asymmetry of the lepton AFB measures the49

propensity for the charged lepton to travel in the same50

direction as the virtual W . The S3 and S9 asymmetries51

are sensitive to propensities in the alignment of the lep-52

ton and D⇤ systems, while S5 and S7 measure coupled53

propensities in such alignment with the orientation of the54

D meson with respect to the D⇤. We find that these inte-55

grals can be reinterpreted for convenience as asymmetries56

of the form57

Ax(w) ⌘
✓
d�

dw

◆�1 Z 1

0
�
Z 0

�1

�
dx

d
2
�

dwdx
, (2)58

with x = cos ✓` for AFB, cos 2� for S3, cos� cos ✓V for S5,59

sin� cos ✓V for S7, and sin 2� for S9. The determination60

of each of the five asymmetries then reduces to measuring61

the numbers of events N�
x with x 2 [�1, 0] and N+

x with62

x 2 [0, 1] after accounting for experimental effects such63

as resolution and detector acceptance. Then64

Ax(w) =
N+

x (w)�N�
x (w)

N+
x (w) +N�

x (w)
. (3)65

We test lepton universality by comparing the angular66

asymmetries of electrons and muons:67

�Ax(w) = Aµ
x(w)�Ae

x(w). (4)68

Most experimental uncertainties cancel in the asymme-69

tries A, and standard model contributions, including70

hadronic uncertainties in the form factors, largely cancel71

in �A, only arising from the lepton masses. Therefore,72

the �A provide theoretically and experimentally clean73

probes of LUV. We measure them integrated over three74

w ranges: the full phase-space (wincl.), the low w region75

(wlow) from 1 up to 1.275, and the high w region (whigh)76

from 1.275 to the kinematic endpoint above 1.5.77

Of the five asymmetries, only AFB and S3 have been78

measured, but not differentially in w [9, 14, 15]. In the79

standard model or any extention thereof, S9 is always80

zero [9]. Similarly, S7 is always zero in the standard81

model and has reduced sensitivity to its extensions [13].82
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Light-Lepton Universality Test: Angular Asymmetry
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We tested lepton universality by comparing five angular asymmetries of % and ', 
u8% q = 8%

' q −8%
&(q) using exclusive -.( → 2∗2ℓ"1̅ℓ decays.
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Figure 2: Measured asymmetries and asymmetry differences (points), one-standard-deviation bands from the
previous Belle [14] and Belle II [15] measurements (hatched boxes) and calculations from Bobeth et al. [9] based on
a previous measurement from Belle [25](empty boxes), and standard-model expectations (solid boxes). The
standard-model expectation is drawn with a dashed line when its uncertainty is too small to display.
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Figure 1: Muon-mode M2
miss distributions and fit results

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

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

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

ject candidates that cannot be fit to consistent vertices.202

We then combine the signal and tag B candidates and203

require that the missing energy in the event be greater204

than 0.3GeV. If more than one candidate passes these205

requirements, we select only the one with the smallest206

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

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

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

mine the numbers of signal events with binned maximum-210

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

ference between the four-momenta of the collision and212

the sum of the reconstructed particles. This distribution213

for correctly reconstructed signal events peaks near zero.214

This distribution for backgrounds, which come mostly215

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

of both of these contributions are determined by simula-217

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

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

detector acceptance losses using efficiency estimates from220

simulation. We further correct for migration of candi-221

dates between the + and � categories and different w222

bins by inverting a detector response matrix constructed223

from the conditional probabilities that events generated224

in a particular kinematic bin are reconstructed in each225

kinematic bin.226

The largest systematic uncertainty affecting the mea-227

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

ples, which limits the precision of the bin migration and229

efficiency corrections. We determine the uncertainties230

from this source by resampling the simulated data with231

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

Obs. w bin Measurement SM⇥105

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

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

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

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

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

replacement, repeating the measurement, and observing232

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

magnitude smaller than the statistical uncertainty, which234

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

ties from other systematic effects by varying their contri-236

bution within their known uncertainties or bounds [31]237

or from independent control data. Lepton identification238

uncertainties mostly cancel in the asymmetries A and are239

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

ficiency of ⇡slow and uncertainties from modeling of other241

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

ble. The supplemental material for this article contains a243

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

We show our measurements of the asymmetries and the245

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

differences in Table I. We compare our measurements to247

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

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

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

comparable to the other results. However, the standard251

model expectations in these two w ranges differ only in252

the fourth decimal place.253

To test agreement with the standard model expecta-254

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

the statistical and systematic covariances between all of256

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

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

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

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

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

The signal yields are extracted through a binned maximum-likelihood fit to vE733
F distributions.

cos Eℓ < 0 cos Eℓ > 0

+
1.51.2751.0

qA78Aq456
q7BC4.
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Figure 2: Measured asymmetries and asymmetry differences (points), one-standard-deviation bands from the
previous Belle [14] and Belle II [15] measurements (hatched boxes) and calculations from Bobeth et al. [9] based on
a previous measurement from Belle [25](empty boxes), and standard-model expectations (solid boxes). The
standard-model expectation is drawn with a dashed line when its uncertainty is too small to display.

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

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

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

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

with the standard-model expectations, give no evidence266

for LUV, and demonstrate good experimental control.267

These measurements are the first comprehensive tests268

of lepton universality in the angular distributions of269

semileptonic B decays. We have additionally introduced270

a procedure to reduce the dimensionality of the angular271

distributions such that one-dimensional projections now272

contain the complete angular information necessary to273

derive all five angular asymmetries.274

The numerical values and full covariance matrices of275

the measured observables will be made available on HEP-276

Data (https://www.hepdata.net).277
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Figure 2: Measured asymmetries and asymmetry differences (points), one-standard-deviation bands from the
previous Belle [14] and Belle II [15] measurements (hatched boxes) and Bobeth et al. [9] (empty boxes), and
standard-model expectations (solid boxes). When the uncertainty on the standard-model expectation is too small to
display, it is shown with a dashed line.
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 Search for a long-lived particle in b → s transitions

First long lived particle search at BelleII   
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Search for a Long Lived Particle

Rest of 
the event

K(*)

S: LLP

x+
x-

Dark sector mediators can be long-lived particles (LLP) 
due to their small coupling with SM particles

Search for Dark long-lived particle S in b → s transitions 

SM charged 
particles

8 exclusive channels:

B+ → K+S
B0 → K*0S , with K*0 → K+π−

S → e+e−, μ+μ−, π+π−, K+K−

Bump hunting in S mass distribution  using unbinned 
maximum likelihood fits
Dedicated study of displaced vertex performance, 
corrections determined with  control sample

MS

K0
S

Inclusive
(No B-tag)

NEW
PreliminaryL = 189 fb-1
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Figure 123: Upper limits on the signal BF determined using data in the combined fit
using a signal lifetime hypothesis of c⌧LLP = 1 cm.

Figure 124: Observed upper limits on the signal BF determined using data in the analysis
channels using a signal lifetime hypothesis of c⌧LLP = 1, 10, 50 cm [(Paper draft figure)].
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LLP: model independent results
Figure 123: Upper limits on the signal BF determined using data in the combined fit
using a signal lifetime hypothesis of c⌧LLP = 1 cm.

Figure 124: Observed upper limits on the signal BF determined using data in the analysis
channels using a signal lifetime hypothesis of c⌧LLP = 1, 10, 50 cm [(Paper draft figure)].
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Figure 124: Observed upper limits on the signal BF determined using data in the analysis
channels using a signal lifetime hypothesis of c⌧LLP = 1, 10, 50 cm [(Paper draft figure)].
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resonances including potential glueball states could still
have significant impact [47].
Around the two-charm threshold, the scalar mixes with

the CP even quarkonia χc0ðnPÞ. In Appendix A, we assess
the effect on the scalar decay rates due to χc0ð1PÞ and
χc0ð2PÞ within a nonrelativistic potential approach [48].
Since nonperturbative corrections to the simple quantum
mechanical picture are unknown10 and due to the sparse-
ness of experimental data on the heavier charmonium
resonances, this should only be seen as a very qualitative
estimate. For masses mϕ ∼ 10 GeV, which are not in the
main focus of this work, the bottomonium resonances cause
analogous mixing effects [48].
In Fig. 4, we depict the leptonic and hadronic decay rates

of the light scalar below the b̄b-threshold. These were
obtained from the dispersive results matched to the spec-
tator model as described above. The possible distortion of
the hadronic decay rate due to the charmonium resonances
(see Appendix A) is also indicated for illustration. Due
to the mentioned uncertainties, we will mask the regions
mϕ ¼ 3.3–3.5 GeV and mϕ ¼ 3.75–4.0 around the char-
monium peaks in the experimental analysis.

IV. EXPERIMENTAL CONSTRAINTS
AND FUTURE SENSITIVITIES

Experimental limits on light scalars as well as future
sensitivities have been summarized various times, recently
in [24,26,50–53]. These crucially depend on the decay
properties of the scalar. In many instances, constraints with
different assumptions on the hadronic decay rate have been
combined. We will, therefore, reevaluate the existing limits
on light scalars consistently using our new set of decay
rates. Sensitivities of some important future searches will
also be discussed. Our focus is on the mass window mϕ ≃
0.01–9.8 GeV which is accessible to accelerator probes
(and below the threshold of bottomonium resonances).

A. Rare decays

Light scalars can mediate rare meson decays. The most
relevant processes include radiative ϒ-decays as well as
flavor changing B and K meson decays (see Fig. 5). The
calculation of the corresponding branching ratios is sum-
marized in Appendix B.
BABAR has performed various searches for radiative ϒ

decays mediated by a light scalar. The most important
channel is ϒ → γ þ jets triggered by a hadronically
decaying ϕ [54].11

Below the B threshold, searches for semileptonic B
decays become relevant. LHCb measured the branching

ratio Bþ → Kþ þ μ̄μ in several bins of dilepton invariant
mass [56]. The corresponding upper limit on the ϕ-induced
branching ratio in each bin is determined as in [14]. It must
be taken into account that LHCb triggered on prompt decays
in this search. Following [14], we estimate that events with a
(boosted) scalar decay length d < dmax ≃ 5 mm are recon-
structed. This translates to an efficiency factor

η ¼
Z

∞

0
dpϕfðpϕÞð1 − e−mϕΓϕdmax=pϕÞ; ð36Þ

where fðpϕÞ denotes the momentum distribution of ϕ which
is obtained with PYTHIA [57].12 LHCb has subsequently
performed dedicated searches for light scalars with macro-
scopic decay lengths. In [58,59] constraints on BrB0→K%0ϕ ×
Brϕ→μ̄μ and BrBþ→Kþϕ × Brϕ→μ̄μ have been set as a function
of the intermediate scalar mass and lifetime. We digitized the
provided images and derived the corresponding constraints
on sθ.

13 As can be seen in Fig. 6, the inclusion of displaced
decays has significantly increased the LHCb sensitivity to
light scalars in most of the mass range. A search for long-
lived particles in B decays was also performed by BABAR
which looked for the inclusive process B → Xsϕ with ϕ
further decaying into leptons or hadrons [60]. The pion
channel is most relevant since it excludes a small parameter
region not covered by the previously mentioned LHCb
searches.
Scalar masses of up to a few hundred MeV can be

probed by rare kaon decays. We include the upper
limit BrKL→π0þμ̄μ< 3.8×10−10 stemming from the KTeV
experiment [61] in our analysis. Again, ϕ-mediated proc-
esses only contribute to the rate if ϕ decays sufficiently
promptly. Since KTeV is a fixed-target experiment, event
reconstruction mostly depends on the transverse vertex
location. Following [62] we assume that events with a
(boosted) transverse scalar decay length below 4 mm pass
the trigger. The corresponding efficiency factor is calcu-
lated using (36) with pϕ replaced by the transverse

FIG. 5. Radiative ϒ decays and flavor changing B decays
mediated by a light scalar.

10The decay width of χc0ð1PÞ is e.g., strongly underestimated
in the potential models which might suggest the importance of
instanton effects [49].

11For mϕ ≳ 4 GeV a very similar sensitivity to light scalars is
achieved in the channel ϒ → γ þ τ̄τ [55].

12We generated a large sample of B mesons with PYTHIA and
decayed each B further to ϕ using the appropriate kinematics.

13The case of a light scalar mixing with the Higgs has been
covered explicitly in the two references. We, nevertheless,
rederive the constraints on sθ since a different set of scalar decay
rates has been employed in [58,59].
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LLP: interpretation in the Higgs-mixing model 

9.2 Scalar Portal

9.2.1 Dark scalar mixing with the Higgs (BC4 and BC5)

A light scalar particle mixing with the Higgs with the angle ◊ can be a mediator between
DM and SM particles. The Langrangian to be added to the SM one is in the form:

Lscalar = LSM + LDS ≠ (µS + ⁄S2)H†H. (9.1)

The minimal scenario (BC4) assumes for simplicity that ⁄ = 0 and all production and decay
processes of the dark scalars are controlled by the same parameter µ = sin ◊. Therefore,
the parameter space for this model is (◊, mS). A more general approach (BC5) consists
in having both ⁄ and µ being di�erent from zero: in this case, the parameter space is
{⁄, ◊, mS}, and ⁄ is assumed to dominate the production via e.g. h æ SS, B æ K(ú)SS,
B0

æ SS etc. In the following we will assume the branching fraction BR(h æ SS) ≥ 10≠2

in order to be complementary to the LHC searches for the Higgs to invisible channels.

A key feature of the scalar portal is that its production is often proportional to one of
the larger Yukawa couplings, yt, in the case of the electro-weak penguin, while its decay is
controlled by one of the smaller Yukawa’s or the induced gluon coupling. This means that
it is natural for dark scalars to be both long-lived and be produced at a relatively large
rate, which makes them an excellent target for the proposals discussed in this study.

Current bounds and future experimental landscape

Figure 26 shows the current bounds on the mixing parameter sin2 ◊ versus mass of
the dark scalar mS . Bound on this scenario come from re-interpratation of data from old
beam dump experiments [240, 241], bump hunt in visible B meson decays [242–244] and
cosmological and astrophysical arguments, as explained below.

- CHARM
The CHARM Collaboration has put bounds on light axion-like particles using a
400 GeV proton beam impinging on a copper target [195]. Figure 26 shows the
reinterpretation of the CHARM data from Ref. [241] as yellow shaded region.

- Visible Meson Decays
A visibly decaying scalar mediator can contribute to the processes B+

æ K+µ+µ≠

and B0
æ Kú0µ+µ≠, which are tightly constrained by LHCb [242, 243] and Belle [244]

measurements. In the same parameter space, we also show bounds computed by
us based on the measurement of the K+

æ fi+‹‹ branching fraction from E949
experiment [245].

- BBN
A su�ciently light (m < 10 MeV), weakly coupled scalar particle with a thermal
number density can decay appreciable during Big Bang Nucleosynthesis (BBN) and
spoil the successful predictions of light element yields accumulated in the early
universe.

– 93 –

BC4 of  PBC  [ J. Phys. G: Nucl. Part. Phys. 47 010501]

With:

For example Winkler [Phys. Rev. D 101, 095006 (2020)]

NEW
Preliminary

Preliminary, L = 189 fb-1

λ = 0
S

Dark-Sector and  results from Belle IIτSascha Dreyer

6Search for a long-lived (pseudo-)scalar in  transitions.b → s
• Setting model independent limits on 

(pseudo-)scalar LLP branching fraction 

• First limits for LLP decays into hadrons 

• Dark Higgs-like scalar  [1] (PBC BC4 [2]) 
model interpretation

S

[1]: Phys. Rev. D 101, 
095006 (2020)


[2]: J. Phys. G: Nucl. 
Part. Phys. 47 010501

orange: 
blue: 

purple: 

cτ = 1 cm
cτ = 10 cm
cτ = 50 cm

cτS ∝
1

sin2θ
nm

cτS = f(θ, mS)

 μ = sinθ

Strongest bound for   mS ∼ 0.3 GeV

Combination of the 8 channels:

https://iopscience.iop.org/article/10.1088/1361-6471/ab4cd2
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Summary

  Tests of light-lepton universality:   

 Measurement of

 First dedicated light-LU test using a set of angular observables 
with the   decay

  Search for a long-lived scalar in b → s transitions

B0 → D*−l+ν

Presented recent results from BelleII

5

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

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

Source Uncertainty [%]

Sample size 1.0

Lepton identification 1.9

Xc ` ⌫ branching fractions 0.1

Xc ` ⌫ form factors 0.2

Total 2.2

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

We find an R(Xe/µ) value of

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

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

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

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

± 0.019 (syst).
(3)

In order to test the dependence of the result on the
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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Analyses using the full dataset (362 fb-1 ) are ongoing and 
a new data taking run will start next winter Thank you
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Determination of |Vcb|with B0 → D*+l−νl
2

Furthermore, we report the determined total rate and the81

values of form factors and |Vcb|.82

The remainder of this paper is organized as follows:83

Section II introduces the theory formalism describing the84

B0 ! D⇤+`�⌫̄` decay and the measured observables. An85

overview of the Belle II sub-detectors and the analyzed86

data set is given in Sec. III. In Sec. IV and V, we summa-87

rize the event selection and the reconstruction of the four88

kinematic variables. Section VI details the signal extrac-89

tion and employed unfolding procedure and Sec. VII lists90

the systematic uncertainties affecting the measurement.91

The measured value of |Vcb| and form factor parameters92

are discussed in Sec. VIII. Finally, Sec. IX presents a93

summary and our conclusions.94

II. THEORY OF B0 ! D⇤+`�⌫̄` DECAYS95

In the SM and the heavy quark symmetry basis [14]96

the semileptonic transition between B and D⇤ mesons97

is represented in terms of four independent form factors98

hA1�3,V :99

hD⇤(pD⇤)|c̄�µb|B̄(pB)ip
mBmD

⇤
= i hV "

µ⌫↵�✏⇤⌫v
0
↵v� , (4)

hD⇤(pD⇤)|c̄�µ�5b|B̄(pB)ip
mBmD

⇤
= hA1

(w + 1)✏⇤µ � hA2
(✏⇤ · v)

(5)
⇥ vµ � hA3

(✏⇤ · v)v0µ .

Here v = pB/mB and v0 = pD⇤/mD
⇤ denote the four-100

velocities of the B and D⇤ mesons, respectively. Fur-101

ther, ✏⇤ is the polarization of the D⇤ meson and "µ⌫↵� is102

the Levi-Civita tensor. The four transition form factors103

hA1�3,V parameterize the non-perturbative physics of the104

B ! D⇤ transition as a function of the recoil parameter105

w = v · v0, which is related to the four-momentum trans-106

fer squared from the B meson to the D⇤ meson system107

as108

q2 = (pB � pD⇤)2 = m2

B +m2

D
⇤ � 2mB mD

⇤ w . (6)

For ` = e, µ the B0 ! D⇤+`�⌫̄` decay is fully described109

by hA1
and the form factor ratios110

R1 =
hV

hA1

, R2 =
hA3

+ r⇤hA2

hA1

, (7)

with r⇤ = mD
⇤/mB .111

An alternative parametrization is given by the helicity112

basis [15, 16]. The three form factors in this basis g, f,F1113

are related to the heavy quark basis via114

f = mB

p
r⇤(w + 1)hA1

, g =
1

mB

p
r⇤

hV , (8)

F1 = m2

B

p
r⇤(w + 1)

�
w � r⇤ � (w � 1)R2

�
hA1

(9)

FIG. 1. The helicity angles that characterize the B0 !
D⇤+`�⌫̄` decay are shown.

The B0 ! D⇤+`�⌫̄` decay rate is fully parametrized115

by the recoil parameter w and three decay angles ✓`, ✓V ,116

� (cf. Figure 1). The angles are defined as follows:117

- The angle ✓` is formed by the direction of the118

charged lepton in the virtual W rest frame and the119

direction of the W in the B rest frame.120

- The angle ✓V is formed by the direction of the D121

meson in the D⇤ rest frame and the direction of the122

D⇤ meson in the B rest frame.123

- The angle � is the azimuthal angle between the two124

decay planes spanned by the W and the D⇤ decay125

products and defined in the rest frame of the B126

meson.127

A. BGL parameterization128

Boyd-Grinstein-Lebed (BGL) [15, 16] utilize dispersive129

bounds and expand the helicity basis form factors with130

a conformal parameter z,131

z =

p
w + 1�

p
2

p
w + 1 +

p
2
, (10)

in terms of coefficients {an, bn, cn} as [17]132

g(z) =
1

Pg(z)�g(z)

na�1X

n=0

anz
n, (11)

f(z) =
1

Pf (z)�f (z)

nb�1X

n=0

bnz
n, (12)

F1(z) =
1

PF1
(z)�F1

(z)

nc�1X

n=0

cnz
n, (13)

with na/b/c the order of the expansion. Further, P and �133

denote the corresponding Blaschke factors and the outer134

functions, respectively. Note that in the expansion b0135

and c0 are not independent quantities but related via136

c0 =

✓
(mB �mD

⇤)�F1
(0)

�f (0)

◆
b0 . (14)

5

FIG. 2. The distributions of the reconstructed kinematic variables w, cos ✓`, cos ✓V , and � for the B0 ! D⇤+e�⌫̄e (left) and
B0 ! D⇤+µ�⌫̄µ (right) decays. In all the plots simulated samples are categorized into signal events, background events with
correctly and incorrectly reconstructed D⇤ mesons, and are weighed by the ratio of luminosities between experimental data
and simulated samples.

Rest of 
the event

D* 

Inclusive
(No B-tag) 

D*+ → D0π+

D0 → K−π+

π+

D0
π+

K−

The neutrino direction is 
reconstructed inclusively 
using   angle between 
the B and D*l system

θBY

w, cosθl, cosθν, χThe analysis is performed in bins of
For each bin fit to the variables  and  cosθBY ΔM = M(D*) − M(D0)

7

FIG. 3. The reconstructed overall distributions of cos ✓BY and �M . The B0 ! D⇤+e�⌫̄e channel is shown on the top row and
the B0 ! D⇤+µ�⌫̄µ is shown on the bottom row. The simulated samples are weighed based on integrated luminosities.

with ✏x denoting the reconstruction efficiency and accep-389

tance, and ⌧B0 denoting the B0 meson lifetime [33]. NB
0390

is the number of B0 mesons in the analyzed data set and391

further discussed in Sec. VII. The resulting partial decay392

rates and uncertainties are listed in Table II.393

C. Statistical Correlations394

To analyze the measured partial decay rates simulta-395

neously, we determine the full statistical correlation of396

the four measured projections. This is done using a boot-397

strapping approach [34], which samples the analyzed data398

set by creating 10000 replicas using sampling with re-399

placement. Furthermore, the total number of sampled400

events in each replica is varied according to the statis-401

tical uncertainty of the full data set. Each replica is402

analyzed using the full analysis procedure (background403

subtraction, unfolding).404

VII. SYSTEMATIC UNCERTAINTIES405

Several systematic uncertainties affect the measured406

partial rates. They are grouped into uncertainties stem-407

ming from the background subtraction and uncertain-408

ties affecting the unfolding procedure and the efficiency409

corrections. A detailed breakdown for each measured410

differential decay rate is given in Appendix B. The sta-411

tistical and systematic covariance matrices are given in412

Appendix C.413

A. Background Subtraction414

The background subtraction is sensitive to the signal415

and background template shapes in cos ✓BY and �M . To416

validate the modeling, we reconstruct a sample of same-417

sign D⇤+`+ events, which are free of our signal decay.418

We observe a fair agreement in the analyzed range of419

cos ✓BY , but observe some deviations from the MC pre-420

diction for cos ✓BY > 2.5. We derive correction factors421

L = 189 fb-1

NEW
To be submitted to PRD
Preliminary
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Vcb: results
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G. External Branching Fractions477

In Eq. (25), the values of B(D⇤+ ! D0⇡+) = (67.7 ±478

0.5)%, B(D0 ! K�⇡+) = (3.947± 0.030)%, and the B0
479

lifetime ⌧B0 = (1.519±0.004) ps are taken from Ref. [33].480

The uncertainties from each source across bins of kine-481

matic variables are fully correlated.482

H. Signal Model dependence483

The simulated B0 ! D⇤+`�⌫̄` samples is used to de-484

rive migration matrices and efficiency corrections. This485

introduces a residual dependence on the assumed model486

into the presented results. We use the central values and487

3� uncertainties of [36] to assess the size of this error.488

The size of this uncertainty is smaller than the experi-489

mental uncertainties and in most bins does not exceed490

1%. In the cos ✓` bin of [�1,�0.4] it is 4% and compara-491

ble to other uncertainties due to the low reconstruction492

efficiency.493

VIII. RESULTS494

By summing the partial decay rates of all kinematic
variables we obtain the total rate and by averaging over
the total rates of w, cos ✓`, cos ✓V , and � we obtain the
branching fractions

B(B0 ! D⇤+e�⌫̄e) = (4.94± 0.03± 0.22)% , (27)

B(B0 ! D⇤+µ�⌫̄µ) = (4.94± 0.03± 0.24)% , (28)

where the first and second errors are the statistical and
systematic uncertainties. The average is calculated as

B(B0 ! D⇤+`�⌫̄`) = (4.94± 0.02± 0.22)% . (29)

As we determine the projections to the same data, re-495

dundant degrees of freedom are present in the measured496

partial decay rates for electrons and muons. These are re-497

moved before analyzing the measured distributions: We498

normalize the decay rates and use the total averaged de-499

cay rate in the following. To determine form factors and500

|Vcb| we further average the electron and muon rates, un-501

less stated otherwise.502

We analyze the observed averaged normalized decay503

rates ��obs
i /� and total rate �obs by constructing a �2

504

function of the form505

�2 =
34X

i,j

 
��obs

i

�obs � ��pre
i

�pre

!
C�1

ij

 
��obs

j

�obs �
��pre

j

�pre

!

(30)

+
(�obs � �pre)2

�2

�

,

where i and j denote the bin indices of the measured506

bins in w, cos ✓`, cos ✓V , and � and ��pre
i /� and �pre the507

TABLE III. Fitted BGL expansion coefficients and their cor-
relations.

Values Correlations �2/ndf
ã0 ⇥ 103 0.89± 0.05 1.00 0.26 �0.27 0.07

40/31
b̃0 ⇥ 103 0.54± 0.01 0.26 1.00 �0.41 �0.46

b̃1 ⇥ 103 �0.44± 0.34 �0.27 �0.41 1.00 0.56

c̃1 ⇥ 103 �0.05± 0.03 0.07 �0.46 0.56 1.00

predicted values expressed as functions of the form factor508

parameters and |Vcb|. Further, C is the experimental509

covariance matrix on the normalized rates.510

The expansion of BGL form factors must be truncated
at a given order. For this we use a nested hypothesis
test as proposed in Ref. [37]. We accept a more com-
plex model with one additional expansion parameter over
a simpler one if the improvement in �2 is at least one.
We further test that the inclusion of the new expansion
paramter does not introduce a correlation of more than
95% in any of the fitted parameters to avoid over-fitting
and blind directions (i.e. flat directions in the �2 con-
tour). We identify na = 1, nb = 2, nc = 2 and in the fits
absorb |Vcb| and the form factor normalization into the
fitted expansion coefficients xi,

x̃i = |Vcb| ⌘EW F(1)xi , (31)

where ⌘EW is a small electroweak correction. The ob-
tained values and correlations are listed in Table III and
|Vcb| is determined with the relationship:

|Vcb|⌘EWF(1) =
1

p
mBmD

⇤

 
|b̃0|

Pf (0)�f (0)

!
: (32)

Using F(1) = 0.906±0.013 [9] and ⌘EW = 1.0066 [38] we
determine

|Vcb|BGL = (40.9± 0.3± 1.0± 0.6)⇥ 10�3. (33)

where the first, second, and third error are statistical,511

systematic, and from the LQCD prediction of F(1), re-512

spectively. We find a p-value of 13% for the fit.513

Fitting the normalized decay rates and the total decay
rate with the CLN parametrization we find

|Vcb|CLN = (40.4± 0.3± 1.0± 0.6)⇥ 10�3 , (34)

with a p-value of 16%. The fitted parameters and cor-514

relations are listed in Table IV. Figure 5 compares the515

measured partial decay rates with the fitted shapes.516

A breakdown of the systematic uncertainties for both517

fits are provided in Table V and Table VI for the BGL518

and CLN parameterizations respectively. The largest un-519

certainty on |Vcb| stems from the knowledge of the slow520

pion reconstruction efficiency followed by the uncertainty521

in the external input f±/f00, which is used to convert the522

number of counted B-meson pairs into the number of B0
523

mesons.524
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into the presented results. We use the central values and487
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mental uncertainties and in most bins does not exceed490

1%. In the cos ✓` bin of [�1,�0.4] it is 4% and compara-491

ble to other uncertainties due to the low reconstruction492

efficiency.493

VIII. RESULTS494

By summing the partial decay rates of all kinematic
variables we obtain the total rate and by averaging over
the total rates of w, cos ✓`, cos ✓V , and � we obtain the
branching fractions

B(B0 ! D⇤+e�⌫̄e) = (4.94± 0.03± 0.22)% , (27)

B(B0 ! D⇤+µ�⌫̄µ) = (4.94± 0.03± 0.24)% , (28)

where the first and second errors are the statistical and
systematic uncertainties. The average is calculated as

B(B0 ! D⇤+`�⌫̄`) = (4.94± 0.02± 0.22)% . (29)

As we determine the projections to the same data, re-495

dundant degrees of freedom are present in the measured496

partial decay rates for electrons and muons. These are re-497

moved before analyzing the measured distributions: We498

normalize the decay rates and use the total averaged de-499

cay rate in the following. To determine form factors and500

|Vcb| we further average the electron and muon rates, un-501

less stated otherwise.502

We analyze the observed averaged normalized decay503

rates ��obs
i /� and total rate �obs by constructing a �2

504

function of the form505
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where i and j denote the bin indices of the measured506

bins in w, cos ✓`, cos ✓V , and � and ��pre
i /� and �pre the507

TABLE III. Fitted BGL expansion coefficients and their cor-
relations.

Values Correlations �2/ndf
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parameters and |Vcb|. Further, C is the experimental509

covariance matrix on the normalized rates.510

The expansion of BGL form factors must be truncated
at a given order. For this we use a nested hypothesis
test as proposed in Ref. [37]. We accept a more com-
plex model with one additional expansion parameter over
a simpler one if the improvement in �2 is at least one.
We further test that the inclusion of the new expansion
paramter does not introduce a correlation of more than
95% in any of the fitted parameters to avoid over-fitting
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absorb |Vcb| and the form factor normalization into the
fitted expansion coefficients xi,
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Using F(1) = 0.906±0.013 [9] and ⌘EW = 1.0066 [38] we
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where the first, second, and third error are statistical,511

systematic, and from the LQCD prediction of F(1), re-512

spectively. We find a p-value of 13% for the fit.513

Fitting the normalized decay rates and the total decay
rate with the CLN parametrization we find

|Vcb|CLN = (40.4± 0.3± 1.0± 0.6)⇥ 10�3 , (34)

with a p-value of 16%. The fitted parameters and cor-514

relations are listed in Table IV. Figure 5 compares the515

measured partial decay rates with the fitted shapes.516

A breakdown of the systematic uncertainties for both517
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certainty on |Vcb| stems from the knowledge of the slow520

pion reconstruction efficiency followed by the uncertainty521

in the external input f±/f00, which is used to convert the522

number of counted B-meson pairs into the number of B0
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The expansion of BGL form factors must be truncated
at a given order. For this we use a nested hypothesis
test as proposed in Ref. [37]. We accept a more com-
plex model with one additional expansion parameter over
a simpler one if the improvement in �2 is at least one.
We further test that the inclusion of the new expansion
paramter does not introduce a correlation of more than
95% in any of the fitted parameters to avoid over-fitting
and blind directions (i.e. flat directions in the �2 con-
tour). We identify na = 1, nb = 2, nc = 2 and in the fits
absorb |Vcb| and the form factor normalization into the
fitted expansion coefficients xi,

x̃i = |Vcb| ⌘EW F(1)xi , (31)

where ⌘EW is a small electroweak correction. The ob-
tained values and correlations are listed in Table III and
|Vcb| is determined with the relationship:

|Vcb|⌘EWF(1) =
1

p
mBmD
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|b̃0|

Pf (0)�f (0)

!
: (32)

Using F(1) = 0.906±0.013 [9] and ⌘EW = 1.0066 [38] we
determine

|Vcb|BGL = (40.9± 0.3± 1.0± 0.6)⇥ 10�3. (33)

where the first, second, and third error are statistical,511

systematic, and from the LQCD prediction of F(1), re-512

spectively. We find a p-value of 13% for the fit.513

Fitting the normalized decay rates and the total decay
rate with the CLN parametrization we find

|Vcb|CLN = (40.4± 0.3± 1.0± 0.6)⇥ 10�3 , (34)

with a p-value of 16%. The fitted parameters and cor-514

relations are listed in Table IV. Figure 5 compares the515

measured partial decay rates with the fitted shapes.516

A breakdown of the systematic uncertainties for both517

fits are provided in Table V and Table VI for the BGL518

and CLN parameterizations respectively. The largest un-519

certainty on |Vcb| stems from the knowledge of the slow520

pion reconstruction efficiency followed by the uncertainty521

in the external input f±/f00, which is used to convert the522

number of counted B-meson pairs into the number of B0
523

mesons.524

Two form factor
 parametrization:

Boyd, Grinstein, Lebed (BGL) 
 [Phys. Rev. D56, 6895 (1997)]

Caprini, Lellouch, Neubert (CLN) 
 [Nucl. Phys. B530, 153 (1998)]

Measurement of the branching fractions:
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G. External Branching Fractions477
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479
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The uncertainties from each source across bins of kine-481
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VIII. RESULTS494
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where i and j denote the bin indices of the measured506

bins in w, cos ✓`, cos ✓V , and � and ��pre
i /� and �pre the507
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fits are provided in Table V and Table VI for the BGL518

and CLN parameterizations respectively. The largest un-519

certainty on |Vcb| stems from the knowledge of the slow520

pion reconstruction efficiency followed by the uncertainty521

in the external input f±/f00, which is used to convert the522

number of counted B-meson pairs into the number of B0
523

mesons.524

NEW
To be submitted to PRD
Preliminary



DIS2023

 

Roberta Volpe: Recent BelleII results on BSM physics 23

R(Xeμ) measurement arXiv:2301.08266

FEI had B-tag

3

ing fractions of exclusive decays, B ! D(⇤) ` ⌫ and
B ! D⇤⇤ ` ⌫, and the measured total semileptonic B de-
cay width [22]. These “gap modes” are included in ded-
icated simulated samples that use intermediate, broad
D⇤⇤ resonances and are modeled with BLR.

We use the Full Event Interpretation (FEI) algo-
rithm [28] to reconstruct the signal B meson’s partner
in a fully hadronic decay mode, labeled Btag. This sepa-
rates the final-state particles from the two B mesons as
well as increases the signal purity. We use three vari-
ables to maximize the purity of the Btag selection: the

beam-constrained mass Mbc =
q

(
p
s/2)

2 � |~p ⇤
B |2, the

energy di↵erence �E = E⇤
B �

p
s/2, and a confidence

score produced by the FEI to classify B mesons, PFEI,
which has a value between zero (indicating low confidence
in the tag reconstruction) and one (high confidence). The
quantities ~p ⇤

B and E⇤
B denote the Btag momentum vec-

tor and energy in the c.m. frame, respectively. We se-
lect Btag candidates with Mbc 2 [5.2725, 5.2850] GeV/c2,
�E 2 [�0.15, 0.10] GeV and PFEI > 0.1. If multiple
Btag candidates pass these selections in an event, we
choose the one with the highest value of PFEI. Approx-
imately 82% of the selected tag candidates are correctly
reconstructed, accounting for roughly 0.1% of all ⌥ (4S)
events [28].

We reconstruct signal-lepton candidates with
pB` > 1.3 GeV/c from the remaining tracks after the
Btag reconstruction. We require that the lepton charge
corresponds to the charge of a primary lepton from
the semileptonic decay of a signal B meson that has
the opposite flavor to the Btag candidate. The lepton
track candidates are extrapolated to the point of closest
approach to the measured interaction point, which is
required to be within 1 cm in the radial direction and
within 3 cm along the beam axis, and are required to
point within the CDC angular acceptance.

Muon candidates are required to have trans-
verse momentum pT > 0.4 GeV/c and are identified
by means of a discriminator defined as the ratio
Lµ/

�
Le + Lµ + L⇡ + LK + Lp + Ld

�
, where the identi-

fication likelihood Li for each charged-particle hypothe-
sis i combines particle-identification information from all
subdetectors that provide it. The resulting e�ciency is
measured from dedicated control channels to be on av-
erage 90% for p > 1 GeV/c, corresponding to an average
muon misidentification probability for pions and kaons of
3%.

Electron candidates are required to have
pT > 0.3 GeV/c. We correct their four-momenta to
recover bremsstrahlung radiation by adding energy
depositions in the ECL (clusters) that are not matched
to any track and that are found within a cone centered
on the electron direction. The opening angle of this cone
depends on the momentum magnitude and is optimized
using simulation. We validate the bremsstrahlung correc-

tion using an inclusive sample of J/ ! e+e� candidates
in experimental data. Electron candidates are identified
by means of a multiclass boosted-decision-tree classifier
that exploits several ECL-cluster observables in combi-
nation with particle-identification likelihoods from the
other Belle II subsystems [29] defined analogously to the
muon likelihood. The classifier thresholds are tuned in
a three-dimensional grid of lab-frame momentum (plab),
polar angle (✓lab), and charge (q) intervals to achieve a
uniform 80% identification e�ciency. The misidentifi-
cation probability for pions (kaons) with p > 1 GeV/c
in the barrel is on average 0.01(< 0.001)%. If two or
more signal-lepton candidates from the same event
pass the above selections, we select the lepton with the
highest identification likelihood. We obtain correction
weights, typically near 1.0, and uncertainties, for lepton-
identification e�ciencies and hadron-misidentification
probabilities from auxiliary measurements in dis-
crete intervals of (plab, ✓lab, q) using dedicated data
samples. We calibrate the lepton-identification e�-
ciencies using J/ ! `+`�, e+e� ! `+`�(�), and
e+e� ! (e+e�)`+`� events. For charged kaons,
we calibrate misidentification probabilities using
D⇤+ ! D0(! K�⇡+)⇡+ events; for charged pions, we
use K0

S ! ⇡+⇡� and e+e� ! ⌧±(1-prong)⌧⌥(3-prong)
events, where in the latter case one ⌧ lepton is re-
constructed in its decay modes with three charged
hadrons.

All remaining ECL clusters not associated with a track
that pass the following quality criteria are then combined
to form the X system. ECL clusters are required to
be more than 30 cm away from the nearest extrapolated
track and to have energies greater than 0.04, 0.055, and
0.09 GeV in the forward, barrel, and backward regions of
the ECL, respectively. Tracks are required to be consis-
tent with originating from the interaction point (within
2 cm in the radial direction and 4 cm along the beam
axis), be in the CDC polar-angle acceptance, and have
at least one measurement point in the CDC. Mass hy-
potheses are assigned to each charged particle by check-
ing particle-identification criteria in a specific sequence
(electron, muon, kaon, proton) and assigning the hypoth-
esis of the first satisfied criterion. Remaining charged
particles are considered to be pions.

We suppress continuum background with a boosted de-
cision tree trained on simulated data that exploits 21
event-topology variables built from particle candidates
that pass the same selection criteria as those used for
the X system reconstruction. These variables quantify
the spatial distribution of momentum and energy in the
events in order to discriminate between BB events, which
are largely isotropic, and continuum events, which tend
to have a back-to-back structure [30]. We select events
identified as BB-like, which rejects 55% of the continuum
background while retaining 97% of the BB candidates.

We describe the remaining continuum background us-
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B ! D⇤⇤ ` ⌫, and the measured total semileptonic B de-
cay width [22]. These “gap modes” are included in ded-
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We use the Full Event Interpretation (FEI) algo-
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which has a value between zero (indicating low confidence
in the tag reconstruction) and one (high confidence). The
quantities ~p ⇤
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B denote the Btag momentum vec-

tor and energy in the c.m. frame, respectively. We se-
lect Btag candidates with Mbc 2 [5.2725, 5.2850] GeV/c2,
�E 2 [�0.15, 0.10] GeV and PFEI > 0.1. If multiple
Btag candidates pass these selections in an event, we
choose the one with the highest value of PFEI. Approx-
imately 82% of the selected tag candidates are correctly
reconstructed, accounting for roughly 0.1% of all ⌥ (4S)
events [28].

We reconstruct signal-lepton candidates with
pB` > 1.3 GeV/c from the remaining tracks after the
Btag reconstruction. We require that the lepton charge
corresponds to the charge of a primary lepton from
the semileptonic decay of a signal B meson that has
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required to be within 1 cm in the radial direction and
within 3 cm along the beam axis, and are required to
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sis i combines particle-identification information from all
subdetectors that provide it. The resulting e�ciency is
measured from dedicated control channels to be on av-
erage 90% for p > 1 GeV/c, corresponding to an average
muon misidentification probability for pions and kaons of
3%.

Electron candidates are required to have
pT > 0.3 GeV/c. We correct their four-momenta to
recover bremsstrahlung radiation by adding energy
depositions in the ECL (clusters) that are not matched
to any track and that are found within a cone centered
on the electron direction. The opening angle of this cone
depends on the momentum magnitude and is optimized
using simulation. We validate the bremsstrahlung correc-

tion using an inclusive sample of J/ ! e+e� candidates
in experimental data. Electron candidates are identified
by means of a multiclass boosted-decision-tree classifier
that exploits several ECL-cluster observables in combi-
nation with particle-identification likelihoods from the
other Belle II subsystems [29] defined analogously to the
muon likelihood. The classifier thresholds are tuned in
a three-dimensional grid of lab-frame momentum (plab),
polar angle (✓lab), and charge (q) intervals to achieve a
uniform 80% identification e�ciency. The misidentifi-
cation probability for pions (kaons) with p > 1 GeV/c
in the barrel is on average 0.01(< 0.001)%. If two or
more signal-lepton candidates from the same event
pass the above selections, we select the lepton with the
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S ! ⇡+⇡� and e+e� ! ⌧±(1-prong)⌧⌥(3-prong)
events, where in the latter case one ⌧ lepton is re-
constructed in its decay modes with three charged
hadrons.

All remaining ECL clusters not associated with a track
that pass the following quality criteria are then combined
to form the X system. ECL clusters are required to
be more than 30 cm away from the nearest extrapolated
track and to have energies greater than 0.04, 0.055, and
0.09 GeV in the forward, barrel, and backward regions of
the ECL, respectively. Tracks are required to be consis-
tent with originating from the interaction point (within
2 cm in the radial direction and 4 cm along the beam
axis), be in the CDC polar-angle acceptance, and have
at least one measurement point in the CDC. Mass hy-
potheses are assigned to each charged particle by check-
ing particle-identification criteria in a specific sequence
(electron, muon, kaon, proton) and assigning the hypoth-
esis of the first satisfied criterion. Remaining charged
particles are considered to be pions.

We suppress continuum background with a boosted de-
cision tree trained on simulated data that exploits 21
event-topology variables built from particle candidates
that pass the same selection criteria as those used for
the X system reconstruction. These variables quantify
the spatial distribution of momentum and energy in the
events in order to discriminate between BB events, which
are largely isotropic, and continuum events, which tend
to have a back-to-back structure [30]. We select events
identified as BB-like, which rejects 55% of the continuum
background while retaining 97% of the BB candidates.

We describe the remaining continuum background us-

Selection:

FEI probability

Cuts on:
Signal B

pT(μ/e) > 0.4/0.3 GeV/c

Particle identification

Remaining ECL clusters, 
tracks,.. —> X system

Boosted decision tree to suppress continuum bkg: 
Continuum rejection: 55% 
BB efficiency: 97%

Background composition:
•Continuum
•BB with hadron mis-id as leptons or real leptons from hadrons

14

𝑅(𝑋𝑒/𝜇)  yields extraction

Data-driven constraint:

● Use additional 18 fb–1 of off-resonance 
data: 60 MeV below 𝛶(4𝑆) ⇒ no BB̅

● Scale cross-section to account for CM 
energy difference

Extract signal yields 𝑁meas by fit in 10 bins of 𝑝ℓ
𝐵 (simultaneously for 𝑒 and 𝜇-channel)

● Maximize binned likelihood, systematics included as nuisance parameters
● 3 model templates (for 𝑒, 𝜇 separately):

○ 𝑋ℓ𝜈 signal
○ continuum background

Off-resonance data to estimate the continuum bkg

http://www.apple.com
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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

Control sample with same
 flavor/charge for tag and signal B
to obtain corrections to normalization of the background 

4

ing o↵-resonance data with the yield scaled by the
squared ratio of o↵- to on-resonance c.m. collision ener-
gies co↵-res = (

p
so↵-res/

p
s⌥ (4S))

2 = 0.989 to account for

a factor of 1/s in the e+e� ! qq̄ cross-section. The
energy and momentum of particles in this data set are
also scaled by 1/

p
co↵-res = 1.006 to account for the re-

duced c.m. energy available with respect to collisions at
the ⌥ (4S) resonance.

We extract the signal yields, Nmeas
` , with simultaneous

binned maximum-likelihood template fits to the pBe and
pBµ spectra in the range pB` 2 [1.3, 2.3] GeV/c subdivided
into 10 equal intervals (bins), where the last bin includes
any overflow events. The lower limit on pB` is chosen to
reduce backgrounds, and to suppress B ! X ⌧ ⌫ decays
to a negligible level.

We define three components for each lepton flavor,
which we fit simultaneously. The signal component,
B ! X ` ⌫, has an unconstrained yield. The contin-
uum component has a Gaussian constraint on its yield
derived from o↵-resonance data. The background com-
ponent mostly contains events with hadrons misidenti-
fied as leptons (fakes) and correctly reconstructed lepton
candidates originating mainly from decays of charmed
hadrons (secondaries). The yield of this component has
a Gaussian constraint derived from a fit to data in a
same-charge control channel containing events with two
B mesons reconstructed with the same flavor and there-
fore enriched with fakes and secondaries, but also includ-
ing B ! X ` ⌫ from neutral B-meson oscillations. We
perform this control-channel fit with electrons and muons
simultaneously and with unconstrained background and
B ! X ` ⌫ yields. We further verify that it is robust
against arbitrary variations of the predicted yields of any
of the components.

The statistical and systematic uncertainties are incor-
porated in the likelihood definition via nuisance parame-
ters, one for each pB` bin for each component. Constraints
on the nuisance parameters are encoded in a global co-
variance matrix for bins and components, constructed by
summing the covariance matrices of all individual uncer-
tainty sources.

The uncertainties associated to the lepton-
identification-e�ciency and hadron-misidentification
weights are provided by auxiliary measurements, as
previously described. They are propagated to R(Xe/µ)
uncertainties under the following assumptions for leptons
(or hadron fakes) of a given type: uncertainties within
the same (plab, ✓lab, q) bin are fully correlated for events
from di↵erent components; statistical (systematic) un-
certainties are fully uncorrelated (correlated) for events
in di↵erent bins and components.

We obtain event weights from branching-fraction un-
certainties by performing Gaussian variations of each us-
ing central values and widths from the best experimen-
tal determinations and their uncertainties. For B !

D(⇤) ` ⌫, we use the latest values [31], combining the re-
sults of neutral and charged B mesons under the assump-
tion of isospin symmetry. For the remaining b ! c ` ⌫
decays, not all possible final states have been measured
to date. We estimate their unknown branching fractions
by extrapolating from existing measurements to the un-
observed D⇤⇤ final-state decays, again assuming isospin
symmetry. Among the nonresonant gap modes, only the
decay B ! D(⇤) ⇡+ ⇡� ` ⌫̄` is measured [32]. This result
is extrapolated to the other charge configurations to esti-
mate their total branching fractions. The remaining gap
modes, B ! D(⇤) ⌘ ` ⌫, are assigned a 100% branching
fraction uncertainty. Form-factor parameters are varied
within their uncertainties (including correlations) using
the HAMMER software package [33]. Uncertainties in
the number of selected signal events from uncertainties
in branching fractions and form-factor parameters are as-
sumed to be fully correlated between the electron and
muon channels.

The ratios of the Btag reconstruction e�ciencies in
data and simulation for each used B hadronic decay mode
are all compatible between the electron and muon chan-
nels within their statistical uncertainties. Therefore, we
conclude they fully cancel out in the R(Xe/µ) ratio, and
assign no further systematic uncertainty.

After all selections and corrections, we determine to-
tal signal e�ciencies by extracting the selected signal
yields, N sel

` , from fits to the simulated spectra and di-
viding by the number of generated events in the full
phase space, Ngen

` . We find the electron e�ciency to

be (1.62 ± 0.03) ⇥ 10�3, and the muon e�ciency to be
(2.04 ± 0.05) ⇥ 10�3.

We fit the experimental pB` spectra in the same-
charge control and opposite-charge signal samples, as
shown in Fig. 1. We measure Nmeas

e = 48030 ± 290 and
Nmeas

µ = 58570 ± 430 signal events in the electron and
muon modes, respectively. From the yields, we calculate
R(Xe/µ) using
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Nmeas
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We estimate the size of each systematic uncertainty by
first fitting the simulated spectrum with only statistical
fluctuations allowed. We then enable fluctuations from
one systematic source and take the quadrature di↵erence
of the two to be the uncertainty from that source. We
further validate these uncertainties by generating a large
number of test data sets obtained by modifying the sim-
ulated data set, each corresponding to a specific system-
atic variation, and observing the resulting variation in
the extracted value of R(Xe/µ). The resulting uncertain-
ties are summarized in Table I. The largest uncertainty,
of 1.9 %, is associated with the lepton-identification ef-
ficiencies and misidentification probabilities. Although
branching-fraction and form-factor uncertainties are non-
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pBµ spectra in the range pB` 2 [1.3, 2.3] GeV/c subdivided
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any overflow events. The lower limit on pB` is chosen to
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sumed to be fully correlated between the electron and
muon channels.
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are all compatible between the electron and muon chan-
nels within their statistical uncertainties. Therefore, we
conclude they fully cancel out in the R(Xe/µ) ratio, and
assign no further systematic uncertainty.
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tal signal e�ciencies by extracting the selected signal
yields, N sel
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We estimate the size of each systematic uncertainty by
first fitting the simulated spectrum with only statistical
fluctuations allowed. We then enable fluctuations from
one systematic source and take the quadrature di↵erence
of the two to be the uncertainty from that source. We
further validate these uncertainties by generating a large
number of test data sets obtained by modifying the sim-
ulated data set, each corresponding to a specific system-
atic variation, and observing the resulting variation in
the extracted value of R(Xe/µ). The resulting uncertain-
ties are summarized in Table I. The largest uncertainty,
of 1.9 %, is associated with the lepton-identification ef-
ficiencies and misidentification probabilities. Although
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the HAMMER software package [33]. Uncertainties in
the number of selected signal events from uncertainties
in branching fractions and form-factor parameters are as-
sumed to be fully correlated between the electron and
muon channels.

The ratios of the Btag reconstruction e�ciencies in
data and simulation for each used B hadronic decay mode
are all compatible between the electron and muon chan-
nels within their statistical uncertainties. Therefore, we
conclude they fully cancel out in the R(Xe/µ) ratio, and
assign no further systematic uncertainty.

After all selections and corrections, we determine to-
tal signal e�ciencies by extracting the selected signal
yields, N sel

` , from fits to the simulated spectra and di-
viding by the number of generated events in the full
phase space, Ngen

` . We find the electron e�ciency to

be (1.62 ± 0.03) ⇥ 10�3, and the muon e�ciency to be
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We fit the experimental pB` spectra in the same-
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shown in Fig. 1. We measure Nmeas
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We estimate the size of each systematic uncertainty by
first fitting the simulated spectrum with only statistical
fluctuations allowed. We then enable fluctuations from
one systematic source and take the quadrature di↵erence
of the two to be the uncertainty from that source. We
further validate these uncertainties by generating a large
number of test data sets obtained by modifying the sim-
ulated data set, each corresponding to a specific system-
atic variation, and observing the resulting variation in
the extracted value of R(Xe/µ). The resulting uncertain-
ties are summarized in Table I. The largest uncertainty,
of 1.9 %, is associated with the lepton-identification ef-
ficiencies and misidentification probabilities. Although
branching-fraction and form-factor uncertainties are non-

Fit to same-sign and opposite-sign samples

5

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

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

Source Uncertainty [%]

Sample size 1.0

Lepton identification 1.9

Xc ` ⌫ branching fractions 0.1

Xc ` ⌫ form factors 0.2

Total 2.2

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

We find an R(Xe/µ) value of

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

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

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

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

± 0.019 (syst).
(3)

In order to test the dependence of the result on the
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].
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had-Btag FEI requirements

Signal side:  B0 → D*−(e+, μ+)ν

D*− → D̄0π−

D̄0 → K+π−, K+π−π+π−, K+π−π0, K+π−π+π−π0

K0
Sπ+π−, K0

Sπ+π−π0, K0
Sπ0, K+K−

And charged coniugate

Missing energy > 0.3 GeV
…..

Angular asymmetries

Unfolding of experimental resolution 

3

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

for � (left) and + (right) categories of cos ✓`,
corresponding to Aµ

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

B candidates and use the TreeFit [30] algorithm to re-190

ject candidates that cannot be fit to consistent vertices.191

We then combine the signal and tag B candidates and192

require that the missing energy in the event is greater193

than 0.3GeV. If more than one candidate passes these194

requirements, we select only the one with the smallest195

value of |MD⇤ � MD|. For each asymmetry variable196

Ax and w range, we separate our signal candidates into197

+ and � categories based on the measured value of x.198

We determine the numbers of signal events with binned199

maximum-likelihood fits to distributions of M2
miss, the200

squared difference between the four-momenta of the colli-201

sion and the sum of the reconstructed particles. This dis-202

tribution for correctly reconstructed signal events peaks203

near 0. This distribution for backgrounds, which come204

mostly from B ! D⇤⇤`⌫ decays, do not. The distribu-205

tions of both of these contributions are determined by206

simulation. An example fit can be seen in Fig. 1.207

We correct the fitted yields N±
x (w) for selection and208

detector acceptance losses using efficiency estimates from209

simulation. We further correct for migration of candi-210

dates between the + and � categories and different w211

bins by inverting a detector response matrix constructed212

from the conditional probabilities that events generated213

in a particular kinematic bin are reconstructed in each214

kinematic bin.215

The largest systematic uncertainty affecting the mea-216

surement is from the limited size of the simulated sam-217

ples, which limits the precision of the bin migration and218

efficiency corrections. We determine the uncertainties219

from this source by resampling the simulated data with220

replacement, repeating the measurement, and observing221

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

Obs. w bin Measurement SM⇥105

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

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

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

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

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

how it varies. This uncertainty is in general one order of222

magnitude smaller than the statistical uncertainty, which223

ranges from 0.003� 0.017. We determine the uncertain-224

ties from other systematic effects by varying their contri-225

bution within their known uncertainties or bounds [31]226

or from independent control data. Lepton identification227

uncertainties mostly cancel in the asymmetries A and are228

at most 0.004. The uncertainty on the reconstruction ef-229

ficiency of ⇡slow and uncertainties from modeling of other230

background processes, such as B ! D⇤⇤`⌫̄`, are negligi-231

ble. The supplemental material for this article contains a232

full description of all of the systematic uncertainties [32].233

We show our measurements of the asymmetries and the234

LU-sensitive differences in Fig. 2, and a summary of the235

differences in Table I. We compare our measurements to236

predictions from Ref. [33] and measurements from Ref. [9,237

14, 15]. The results in Ref. [9] are obtained in a slightly238

reduced w range, (1, 1.5), which makes them not directly239

comparable to the other results. However, the standard240

model expectations in these two w ranges differ only in241

the fourth decimal place.242

To test agreement with the standard model expecta-243

tion, we perform three different �2 tests, accounting for244

the statistical and systematic covariances between all of245

the variables. Tests of the asymmetries A in the full w246

range (wincl.) yield �2/Ndof = 15.0/10 (p = 0.13) and247

in w subranges (wlow, whigh) yield 27.7/20 (p = 0.12).248

Tests of the LUV-sensitive asymmetry differences �AFB,249

�S3, and �S5 in the full w range yield �2/Ndof = 2.1/3250

(p = 0.56) and in w subranges yield 10.2/6 (p = 0.12).251

B0 → D*−(e+, μ+)ν

Results
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sions, we veto events in the e
+
e
� final state for203

mS < 0.05 GeV/c2 if the fitted vertex is close to the first204

PXD tracking layer (1.3 < dv < 1.55 cm) or the SVD205

tracking layers (3.75 < dv < 4.24 cm, 7.5 < dv < 8.4 cm,206

9.8 < dv < 10.8 cm and 13.0 < dv < 14.0 cm). No signif-207

icant conversion background is observed in simulation in208

the region of the incomplete, second PXD tracking layer.209

Most pair conversions and scalar decays that happen in210

the beam pipe are mis-reconstructed with a position at211

the first PXD layer. The cosine of the pointing angle212

cos↵ between the vector connecting the interaction point213

with decay vertex and the scalar candidate momentum214

vector in the transverse plane must be greater than 0.95215

for e
+
e
�, µ+

µ
�, and K

+
K

�; it must be greater than216

0.99 for ⇡+
⇡
� to further reduce the higher backgrounds217

in this final state. All displaced tracks must have an218

extrapolated polar angle 32� < ✓ < 150�, calculated from219

track kinematics and the track vertex to reach the barrel220

or backward ECL and stay within the CDC acceptance.221

To suppress qq̄(�) and ⌧
+
⌧
�(�) backgrounds, we require222

a B-meson candidate to have a beam-constrained223

mass value Mbc =
p

s/4� |~p ⇤
B |2 > 5.27 GeV/c2,224

where ~p
⇤
B is the three-momentum of the B-meson225

candidate in the c.m. system. We further require226

that the B-meson candidate has an energy di↵erence227

|�E| = |E ⇤
B�

p
s/2| < 0.05 GeV, where E ⇤

B is the energy228

of the B-meson candidate in the c.m. system; for ⇡+
⇡
�

229

the requirement is tightened to |�E| < 0.035 GeV. To230

reduce continuum background, events must have R2 less231

than 0.45, with R2 the ratio of the second and zeroth232

Fox-Wolfram moments [32]; for ⇡+
⇡
� the requirement is233

tightened to R2 < 0.35.234

235

We reject events with 0.498 < MS < 0.507 GeV/c2236

with both tracks reconstructed using the pion mass237

hypothesis to reduce background from K
0
S decays. If238

multiple B-meson candidates pass the selections, which239

happens in less than 0.5% of the events, we choose the240

candidate with the smallest value of |�E|. Di↵erences241

between data and simulation for PID, tracking and242

vertex reconstruction are corrected when calculating the243

signal e�ciency using high statistics control samples.244

For the signal extraction we use the reduced mass245

Table I: Selection requirements (in GeV/c2) to reject peaking
backgrounds for the di↵erent Scalar final states.

e+e� µ+µ� ⇡+⇡� K+K�

D0 [1.0, 1.3] [1.7, 1.8] [1.65, 1.75] [1.75, 1.85]
J/ [3.0, 3.15] - -
 (2S) [3.65, 3.75] -
⌘c - - [2.85, 3.15] [2.80, 3.20]
�c1, ⌘c(2S) - - [3.4, 3.8]
� - - - [1.00, 1.04]

M
reduced
S!x+x� =

q
M

2
S!x+x� � 4m2

x to simplify the mod-246

eling of the signal width close to kinematic thresholds247

where the scalar mass approaches twice the rest mass248

of the final state particles. An example invariant mass249

distribution for B+ ! K
+
S(! ⇡

+
⇡
�) is shown in Fig. 1.250

The background contribution of ⌧⌧(�) is negligible.251

252

To validate the selection we compare simulation253

and data in the K
0
S mass region rejected in the signal254

selection, as well as in the displacement regions rejected255

in the signal selection close to promptly decaying SM256

resonances. We find excellent agreement for all selec-257

tion variables. To further validate our simulation, we258

determine the branching fraction of the rare SM decay259

B
+ ! K

0
S⇡

+. This decay is kinematically similar to260

the signal process when exchanging the prompt charged261

kaon candidate with a pion. Since this decay has a large262

peaking background contribution we extract the signal263

yield from a simultaneous fit to Mbc and �E instead264

of M . The result is found to be compatible with the265

current world average [4] within uncertainties.266

267

Figure 1: M reduced
S!⇡+⇡� distribution together with the stacked

contributions from the di↵erent simulated SM background
samples for (B+ ! K+S)⇥ (S ! ⇡+⇡�). Simulation is nor-
malized to a luminosity of 189 fb�1. The hatched area rep-
resents the statistical uncertainty of the SM background pre-
diction.

We extract the signal yield by performing a series of268

extended unbinned maximum likelihood fits of a hypo-269

thetical signal peak in the reduced mass over a smooth270

background to the data assuming a non-negative signal271

yield. We perform independent fits for approximately272

2000 signal mass hypotheses for each of the eight final273

states and for each lifetime with a scan step size equal274

to half the signal resolution �. The signal probability275

density function (pdf) is described by the double-sided276

5 Signal and background modelling834

The reconstructed mass distribution of the LLP candidate is used to search for an signal-835

like excess over the standard model background. Analytical signal and background PDF836

templates for the LLP mass are defined using MC information. They are fitted to the837

distribution in data to extract the number of signal and background events for a given test838

mass. The implementation of the PDFs is provided by the zFit framework, see Ref. [10],839

which is used to perform unbinned maximum likelihood fits.840

5.1 Signal model841

The signal mass distribution is modelled by a Double Sided Crystal Ball (DSCB) PDF,
defined as:

f(x;µ, �,↵l,↵r, nl, nr) =

8
>><

>>:

Al(Bl �
x�µ
� )�nl for x�µ

� < ↵l,

exp
⇣
�

(x�µ)2

2�2

⌘
for � ↵l 

x�µ
�  ↵r,

Ar(Br �
x�µ
� )�nr for x�µ

� > ↵r,

(10)

where

Al/r =

✓
nl/r

|↵l/r|

◆nl/r

exp

✓
�
|↵l/r|

2

2

◆
, (11)

Bl/r =
nl/r

|↵l/r|
� |↵l/r|. (12)

The core of the DSCB is a gaussian distribution with mean µ and width �. The842

function transitions to the left and right sides of the peak into exponential tails with843

order parameters nl/r. The crossing points are determined in units of � by the ↵l/r844

parameters. The nl/r and ↵l/r parameters are correlated similarly to a single Crystal Ball845

PDF. This leads to an ambiguity of the fitted values and large fit uncertainties on nl/r.846

They are fixed to a constant value nl/r = 3 to increase the stability of the determined847

PDF parameter values. Variations in the tails are thereby described by a change of the848

values of ↵l/r. The DSCB is found to well describe the reconstructed mass distribution849

for all tested combinations of signal model parameters, see example plots in Sec. 5.1.2.850

The �,↵l,↵r parameter values are determined for the tested signal hypotheses using851

signal MC. These values are then used in the signal extraction fits.852

5.1.1 Mass definition853

The variable which is used for the signal extraction is the reduced mass, defined as:

M reduced

LLP
=

q
M2

LLP
� 4m2

final�state
, (13)

with the reconstructed mass of the LLP candidate MLLP and the PDG value of the rest-854

mass of the final-state particles mfinal�state.855

This definition is chosen to simplify the modeling of the signal width � close to kine-856

matic thresholds where the LLP mass approaches twice the rest mass of the final-state857
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peaking backgrounds in LLP mass 
distributions, examples:
D0, J/ψ, ψ(2S) → μμ

Reduced by tightening displacement 
(dr) selection for respective mass ranges 

Largest local significance at
mS = 2.619 GeV/c2

cτ = 100 cm
Local:  
Global: 0.3

3.3σ
σ

•LLP dr, 2d pointing angle
•Prompt track PID and displaced track PID

Selection mainly on:

Several sidebands used to study background contributions 

•Unbinned maximum likelihood fits in steps of σ/2 in windows around test mass of ± 20 σ
•Limits on the signal BF determined using the modified frequentists CLs method
•combined fit between channels for model dependent limits
•Look-elsewhere effect is taken into account using the Gross-Vittels method
•Systematic uncertainties implemented by nuisance parameters with gaussian priors

Fitting method:

Long Lived scalar

total 19 lifetime values probed


