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We report two novel measurements for tests of lepton flavor universality between electrons
and muons using semileptonic B decays with a data set of 189 fb~! collected at the Belle
IT experiment between 2019 and 2021. Firstly, we find a ratio of inclusive branching ratios
at R(X./,) = B(B - Xe 7.)/B(B — Xu~7,) = 1.007 & 0.009(stat.) & 0.019(syst.). This
inclusive measurement leads to the most precise universality test based on branching ratios.
The measured R(X./,) is consistent with the Standard-Model prediction. Secondly, we mea-
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sure a comprehensive set of five angular asymmetries of B. — D*T¢~ 7, decays and obtain
agreements with the Standard Model for the measured asymmetries and their differences at
a p-value above 13%. From both tests, no evidence of the universality violation is found.

1 Introduction

The Standard Model (SM) postulates the lepton flavor universality (LFU) that a gauge boson
couples equally to all three generations of leptons. Semileptonic b — ¢/~ 7, transition mediated
by a W boson. The branching ratios are described commonly for all lepton flavors and only de-
pend on charged lepton masses in the SM. The universality has been supported by experimental
results in decays of gauge bosons, light mesons, and leptons !, 2. However, recent observations
in B — D®¢i, decays indicate a deviation from the SM by more than 30 3. This discrepancy
raises suspicions that the LFU could be violated due to processes involving New Physics, such as
leptoquarks?,5. In addition, it motivates to test the LFU between electron and muons with large
statistics since some of New Physics effects can contribute to interactions with light leptons.

To address this, we conduct the LFU test between electrons and muons at the Belle 1T
experiment. The B-factory provides favorable conditions for studying semileptonic B decays that
contain missing neutrinos in the final states, thanks to low multiplicity and well-known initial
kinematics of e*e™ collisions. We perform two novel measurements: one using a ratio of inclusive
branching fractions and another using differences of angular asymmetries. These measurements
offer theoretically and experimentally clean probes by major cancellation of uncertainties.

We use an electron-positron collision data of 189 fb~! collected with the Belle II detector
between 2019 and 2021 at a center-of-mass energy of 10.58 GeV, corresponding to the Y (45)
resonance. The data contains (198.04-3.0) x 105 BB pairs. We also analyze an off-resonance data
of 18 fb~! at an energy 60 MeV below the Y (4S5) resonance to evaluate background contributions
from ete™ — ¢q (¢ = u,d, s,c) processes. The Belle II detector consists of vertex and tracking
detectors, particle identification detectors, an electromagnetic calorimeter, a 1.5 T solenoid
magnet, and a K? and muon detector from the innermost to the outermost layers . Monte
Carlo (MC) simulation, where reflects the detector responses, is generated to optimize selections
and estimate signal and background distributions. The events from both the data and the
simulation are reconstructed with the Belle II Software Framework, basf2”.



2 Measurement of R(X,/,)

We measure the ratio of inclusive branching ratios of semileptonic B decays defined by R(X,,,) =
B(B = Xe v.)/B(B — Xy 7,), where X represents B-daughter hadrons reconstructed inclu-
sively. One of the B mesons, referred to as Biag, from a T(4S) decay is fully reconstructed
through hadronic B decay channels using the Full Event Interpretation (FEI) algorithm 8. The
FEI assigns a confidence score between 0 and 1 to each By, candidate and we select only a By,
with the highest score in an event. From the remaining tracks, we find a lepton candidate with
a momentum in the signal B rest frame, pf , above 1.3 GeV /c. The lepton flavor classification is
performed using a multiclass boosted decision tree (BDT) for electrons and a likelihood ratio for
muons. Other tracks and clusters not used for the By, and lepton reconstruction are attributed
to the inclusive hadron system of signal B daughters. Two B mesons with opposite and same
flavors are combined for signal B and background-enriched control channels, respectively. The
events with same B flavors allow for the inclusion of BB backgrounds coming from events with
a misidentified lepton candidate or with a correct lepton from a secondary decay of a charmed
meson, as well as correct signal candidates with BB’ mixing. This control channel helps to
constrain background yields in the signal channels through a simultaneous fit.

The background candidates from eTe™ — ¢q (¢ = u,d,s,c) events are suppressed with a
dedicated BDT employing 21 event-topology variables. The BDT rejects 55% of gq backgrounds
while retaining 97% of BB candidates. The ¢g background distributions are described using the
off-resonance data, which is scaled according to the luminosity and the ¢g cross-section.

The signal yields of both electron and muon modes are extracted with a binned maximum-
likelihood simultaneous fit to pf in both the signal and control channels. The signal and BB
background templates are prepared based on the MC simulation. The fit yields

R(X.,) = 1.007 £ 0.009(stat.) 4 0.019(syst.), (1)

and the fit distributions on pf are illustrated in Figure 1. The most significant systematic
uncertainty arises from the lepton identification at 1.9%, which is followed by the simulation
sample size at 0.9%. The uncertainties associated with B — X/~ 7, branching ratios and
B — X/{" v, form factors are smaller at 0.2% due to cancellation between electron and muon
modes in the R(X,/,) ratio. The measured R(X,/,) value in Eq. 1 agrees with a previous result
conducted by the Belle experiment using exclusive B — D*{~ 7, decays . Furthermore, this
result is in agreement with the SM prediction under the LFU . Our R(X, /i) measurement has
provided the most precise result for a test of light-lepton flavor universality based on branching
ratios of semileptonic B decays by utilizing inclusive modes for the first time. Further details of
our R(X,/,) measurement can be found in Ref. .

3 Measurement of angular asymmetry AA,(w)

We perform a measurement of angular asymmetries in B° — D*/~7, decays and their differences
between electron and muon modes with a set of five angular observables, Arp, S3, S5, S7, and
Sg. The B® — D*(~7; decays are characterized by a recoil parameter, w = (m230 + m%w —
(po — Pp++)?)/2mpomp.+, along with three helicity angles: the angle between the charged
lepton in the virtual W frame and the W in the B° frame, 6;; the angle between the D° in
the D*T rest frame and the D*T in the B° frame, cosfy; and the angle between the decay
planes formed by the virtual W and the D** in the B frame, y. The angular asymmetries are

described by the differential rates of the recoil parameter and helicity angles,

o= () [ [

where = cos 8y for App, cos2x for Ss3, cos x cos by for Ss, sin x cos 8y for Sy, and sin 2 for Sy.
We compare electron and muon modes by calculating the differences, AA, (w) = A¥(w)— A% (w),



Belle 11 JLdt=189tb7! Belle II JLdr=189b~!
I Xev Xuv 15000 I Xev Xuv [

2500 F = ¢: Background  [*] u: Background I 12500 | =2 ¢ Background u: Background ]
c H ¢ Continuum u: Continuum [ c H .: Continuum p: Continuum [
5 2000 MC tot. unc. o-l MC tot. unc. irel MC tot. unc. MC tot. unc.
5 . ¢ Data . Data ¢ = 10000 ¢ Data e i®i %0+ Data [}
. 1500 o e
(%3] w0
€ 1=
g 1ooo o
> >
w w

°© ©

Qv Qv 0

gg .Egz,o- . . .,
= r ]

25 BB 00—t e

509 920t

25 1416182022 14 16 1.8 20 22 =©- 14 16 1.8 2.0 2.2 1.4 1.6 1.8 2.0 2.2

pf [GeVic] pf [GeV/c] pf [GeVic] pf [GeV/c]

Figure 1 — Fit results of lepton momentum spectra in the Bz rest frame, pB (¢ = e, u), for same-charge control
channel (left) and in opposite-charge signal channel (right). Total statistical and systematic uncertainties of the
MC samples are shown by yellow hatched areas. Electron and muon modes are illustrated on left and right side
of each plot. The last bins of pZ include overflow entries.

to test the LFU. Agp, S3, and S5 exhibit high sensitivity to the LFU violation induced by SM
extensions. On the other hand, S; and Sg show reduced sensitivity or no sensitivity to the
violation, respectively. The latter two observables are taken advantage of as control variables of
the analysis method.

One B meson is fully reconstructed with the FEI algorithm, and only one B meson with the
highest confidence score is selected in each event. The remaining tracks and clusters are assigned
to the signal B reconstruction. For the B = D*T¢~7, decays, we combine a D*T candidate with
an electron (muon) candidate that is required to have a momentum above 0.4 GeV. The lepton
flavors are identified by the BDT for electrons and the likelihood ratio for muons. D*T candidates
are reconstructed through D** — D%+, D° candidates are reconstructed via eight decay modes
of Knt, K-ntn—nt, K-ntn®, K- ntr ntn0, Kintr—, Kintra= 7% K270 and KTK~.
The D™ candidates must satisfy Mpo € [1.85,1.88] GeV (AMp.+ € [0.143,0.148] GeV), where
AMp.+ = Mp.+ — Mpo. We require that no additional tracks remain apart from those used
for the reconstruction in the event. We select only a single BB candidate with AM ).+ closest
to the PDG value 2 for each event.

We extract the signal yields by a binned maximum-likelihood template fit to the M2, dis-
tributions. The extracted yields are corrected for migrations in M2, bins, migration of angular
and w ranges, efficiencies, and acceptance effects with a migration matrix. To maximize the
sensitivity to SM extensions '3, we define three w ranges for integration of angular asymme-
tries in Eq. (2) and simultaneously determine all asymmetry variables for both electron and
muon modes in different w ranges. The w ranges are set at [1.000,1.503], [1.000,1.275], and
[1.275,1.503] for the full (winc1.), low (Wiow), and high (whign) ranges, respectively.

We find angular asymmetries for electron and muon modes and their differences as summa-
rized in Figure 2. The dominant source of systematic uncertainty is the size of the simulation
sample used to estimate the migration matrix, contributing around a quarter to a half of the
statistical uncertainties. Other systematic uncertainties, such as lepton identification, remain
small up to 0.004.

x? tests are performed to evaluate the agreement with the SM predictions for sets of all
asymmetries A, three asymmetry differences of AApg, ASs, and ASs, and two asymmetry
differences of AS7 and ASy. These tests returns x2/Ngof = 14.6/10 (p = 0.14), 2.0/3 (p = 0.57),
and 0.6/2 (p = 0.76) in the winq. range, respectively. The tests performed in w subranges, whigh
and wjey, also yields p-values not less than 0.13. Therefore, there is no evidence of violation of
the light-lepton flavor universality observed.
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Figure 2 — Measured asymmetries for electron (left) and muon (middle) modes and their differences (right). Black
and gray points are determined in range of full w range and high or low w ranges, respectively. Yellow solid boxes
or dashed lines show the SM prediction.

4 Conclusion

In the SM, the coupling of gauge bosons is presupposed to be common between all lepton
flavors as LFU. However, it is recently challenged between tau and light leptons by several
experimental results using semileptonic B decays. To test the LF'U between electrons and muons,
we perform two first measurements utilizing a ratio of inclusive branching fractions, R(X,/,), and
differences of angular asymmetries, A A, (w), with the 189 fb~! data set collected at the Belle II
experiment between 2019 and 2021. We determine R(X,,) = 1.007£0.009(stat.) £0.019(syst.).
The inclusive measurement results in a branching-fraction based LFU test at the world-leading
precision and the obtained R(X./,) agrees with the SM prediction. In addition, we find the
universality for a comprehensive asymmetry set of Apg, S3, S5, S7, and Sg with at least a
p-value of 13%. From both tests, no evidence of the LFU violation is found.
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