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Recent results from Belle IT*

Valerio Bertacchi on behalf of the Belle II collaboration®

“Aix Marseille Univ, CNRS/IN2P3, CPPM, Marseille, France

Abstract

The Belle II experiment at the SuperKEKB energy-asymmetric e*e™ collider is a substantial upgrade of the B factory
facility at the Japanese KEK laboratory. The design luminosity of the machine is 6 - 10 cm™2s™! and the Belle II
experiment aims to ultimately record 50 ab™! of data, a factor of 50 more than its predecessor. With this data set, Belle
IT will be able to measure the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements with unprecedented precision
and explore flavor physics with B and D mesons, and 7 leptons. Belle II has also a unique capability to search for
low-mass dark matter and low-mass mediators. In this work, I will review the latest results from Belle II.
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1. Introduction

Belle II is the general purpose detector that is oper-
ated at the second generation B-Factory SuperKEKB.
More details about Belle II can be found in Ref. [1, 2].

Belle 1II started the data taking in 2019, and reached
a peak luminosity of 4.7 - 10**cm™2s~!, which consti-
tutes the world record. The total integrated luminosity
collected by Belle II is 424 fb~!. It is almost equivalent
to the size of BABAR [3] sample or half of the Belle [4]

sample.

2. Charm sector: D°, D*, A7 lifetime measurements

Charmed hadrons lifetime predictions are challeng-
ing because they involve strong-interaction theory at
low energy. The predictions rely on effective models,
like heavy-quark expansion (HQE) [5], with large un-
certainties from high-order corrections. Direct mea-
surements of the charmed hadron lifetimes allow to test
these models.
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The B-Factories are an optimal environment to per-
form these measurements, thanks to the large cc cross
section and the possibility to perform absolute measure-
ments of the lifetimes, without requiring a selection that
can bias the lifetime distribution. Moreover the Su-
perKEKB small interaction region and the Belle II ver-
tex resolution provide strong constraints and improve
the precision, compared to previous experiments.

The measurement of D° and D* lifetimes [6]
is performed using D*f — D%(— K n*)r* and
D+ — D*(— K n*n*)n® decays (charge-conjugate
decays are implied in the entire manuscript). A data
sample equivalent to an integrated luminosity of 72 fb™!
is used. The displacement L between the production and
the decay vertex of the D° and D* is 200 and 500 um
on average, respectively. The decay time is extracted
from the measured displacement projecting the latter
on the D momentum g, ¢ = mpL - Bl1P?, where my is
the known mass of the corresponding D meson. The
lifetimes are determined from an unbinned maximum-
likelihood fit to the 2-dimensional (¢, 0 ) distribution,
where o7 is the time uncertainty distribution. The signal
region is defined as 1.855 GeV < mg-,+,+ < 1.883 GeV
and 1.851 GeV < mg-+ < 1.878 GeV for D* and
DY respectively. The background contamination is



estimated as 0.2% and thus neglected in the fit of D°
channel. The background is modeled using data in
the invariant mass sideband for the D* channel and
fitted simultaneously to the signal resulting in a 9%
contamination. The decay time distribution projections
are shown in Fig. 1. The result are:

Tpo = 410.5 = 1.1 (stat) = 0.8 (syst) fs,
Tp+ = 1030.4 + 4.7 (stat) + 3.1 (syst) fs.

They are the world’s most accurate measurements,
in agreement with the world average obtained from
the previous measurements (ng“' =410.1 £ 1.5 fs,
T =1040 £ 7 fs [7]).

The measurement of A, lifetime [8] is performed
with the same strategy, using the A} — pK~ 7" de-
cays. A data sample equivalent to an integrated
luminosity of 207.2 fb™' is used.  The lifetime
is extracted from unbinned maximum-likelihood fit
to the 2-dimensional (¢,0;) distribution, the back-
ground model is determined from data in the invariant-
mass sideband, where signal window is defined as
2.283 GeV < mpyk-7+ < 2.290 GeV, resulting in a 7.5%
contamination. The result is:

Tar = 203.20 + 0.89 (stat) + 0.77 (syst) fs.
It is the world’s most accurate measurement, in agree-

ment with the world average obtained from the previous
measurements (TXf‘ =202.4 +3.11s[7)]).
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Figure 1: Decay time distribution of (top) D® — K~z* and (bottom)
D" — K~ n*x* candidates in their respective signal regions with fit
projections overlaid (from Ref. [6]).

3. CKM Matrix elements measurements

The measurements of the unitarity triangle angles
and CKM matrix elements, combined in a global fit,
over-constraint the CKM model and therefore can be
used as a powerful tool to test the consistency of the

Standard Model (SM). Moreover, the CKM matrix ele-
ments uncertainties limit the interpretations of rare de-
cays measurements, sensitive to Beyond the Standard
Model (BSM) physics.

In this framework one of the topic of interest is the
longstanding tension between the inclusive and exclu-
sive determination of |V,,| and |V,;| CKM matrix ele-
ments [9]. Currently they both show a 30 discrepancy
between the two determinations.

Belle II investigates this sector performing several
measurements of semileptonic B decays as reported in
the following sections. Typically these analyses are de-
ployed exploiting the B-tagging techniques, which will
be introduced in the next section.

3.1. B-tagging at Belle I1

The B-tagging techniques are set of reconstruction
approaches adopted to identify T(4S) — BB events. It
is possible to exploit the full knowledge of the initial
state in channels with missing energy in the final state
to constraint the missing information. First, one of the
two B’s, called By, is reconstructed using some well-
known channels. Then the second B, called By, is re-
constructed using the remaining particles. The iden-
tification of the By, and the knowledge of the initial
T(4S) state allow inferring the properties on the By;g,
like charge, flavour and momentum.

Different approaches can be used. In the hadronic
tagging, the By, is reconstructed using hadronic decays,
where the purity is very high despite a lower efficiency
due to the small branching fractions. In the semilep-
tonic tagging the By, is reconstructed using semilep-
tonic decays, obtaining higher efficiency thanks to the
higher branching fractions, but lower purity because of
the missing neutrino(s). In the inclusive tagging, the
signal is reconstructed first, and then all the tracks and
the clusters of the Rest Of the Event (ROE) are used to
infer the missing information on the Bgg.

In Belle II the most used B-tagging algorithm is the
Full Event Interpretation (FEI) [10], an MVA-based tag-
ging algorithm which exploits a hierarchical approach
to reconstruct O(10%) decay chains on the tag side.
The efficiencies (purities) are about 0.5% (30%) for the
hadronic tag and 2% (10%) for the semileptonic tag.

3.2. Lepton q2 moments in B — X .{v,

The HQE can be used to extract |V,,| from the in-
clusive decay width I's_,x s, and spectral moments of
lepton- energy and hadron-mass in a model independent
way. Unfortunately the proliferation of non-perturbative



matrix elements in the expansion beyond O(1/ mZ) com-
plicates the extraction of |V,;|. A novel method is pre-
sented in Ref. [11]. It exploits the reparameterization in-
variance to reduce to 8 the matrix elements but requires
the lepton ¢ = (p; + p,)? spectral moments.

Belle IT measured the first four raw and central ¢°
moments of B — X.£v, as a function of the lower ¢?
threshold, in the range [1.5, 8.5] GeV2 [12]. A sample
equivalent to an integrated luminosity of 62.8 fb~! is
used. The decays are reconstructed using the hadronic
FEI and then X, as the ROE of the Byl system. A
kinematic fit is exploited to improve the resolution and
a calibration of the reconstructed ¢ is performed to take
into account detector and reconstruction effects. A tem-
plate fit to Mx,. invariant mass distribution is used to
suppress the background, providing an event-by-event
signal probability weight w;(¢?). The raw moments are
calculated as:

(q2”> _ Zi Wi(qz)ngl,i
Ziwi(g?)
where Ccy and Cge are additional correction factors.
The central moments, {(g> — {(g*))"), are also evaluated,
given their lower correlation with the other moments.
The first g> moment is shown in Fig. 2.

One of the great improvement of this result is the low-
ering of the threshold in ¢, which allows to cover 77%
of the phase space. The Belle II result has been already
exploited in the extraction of |V,;| of Ref. [13], with a
better precision than the world average.
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Figure 2: first g> moment (blue) as a function of > threshold with full
uncertainties. The simulated moment (orange) is shown for compari-
son (from Ref. [12].)

3.3. Exclusive determination of |V.p|

In the Belle II measurement of Ref. [14] the
BY = D*¢*v decays are used to extract |V.|. A
sample equivalent to an integrated luminosity of
189.3 fb! is used. The events are recon-
structed using the hadronic FEI. The signal is re-

. . —0
constructed with the decay chain: D~ - D n,

50 — K*n~. The obtained branching fraction is:
B(B" — D*~*v) = (5.27 + 0.22 (stat) + 0.38 (syst))%.

|Vl is extracted from a fit of the differen-
tial decay rate 4 ocpi.e(W)FA(W)|Vel?, where
w = (m% +mp —q2,)/(2mgmp.).  The product of
the gW)F 2(w) has been expressed with the CLN
paremetrization [15] as a function of the form factors
Ri(1), Ry(1) (as external experimental inputs), p* (free
parameter) and F(1) (as external lattice QCD input).
The result is:  nepwF(1)|Ve| = (34.6 £2.5) - 1073,
p? =0.94+0.21 or |Vy| = (37.9+2.7) - 1073, includ-

ing both statistical and systematical uncertainties.

3.4. Exclusive determination of |V ;|

In the Belle II measurement of Ref. [16] the
B0 — 70~¢*y decays are used to extract |V,,|. A sam-
ple equivalent to an integrated luminosity of 189.3 fb™!
is used. The events are reconstructed using the hadronic
FEI. The branching fraction is extracted in bins of
q* = (P, ~ p;;)* performing a fit to the M2, distribu-
tion. |V, is extracted from the differential decay rate
% o [Vi|? ff(qz), where the form factor f, is obtained
as an external lattice QCD input [17, 18]. The result
is: |Vl = (3.88 £ 0.45) = 1073, including both statisti-
cal and systematical uncertainties.

4. Unitarity triangle angles and CP violation mea-
surements
4.1. Angular analysis of B* — p°p*

The B° — pp channels have a primary importance in
the measurement of the @ angle. The o angle is ac-
cessible through a decay-time dependent CP violation
(TDCPV) analysis of uud transition, in the interference
between the b — u tree diagram transition and the de-
cay following a flavour oscillation. The b — d penguin
diagram contribution cannot be neglected and provides
a Aa penguin-pollution phase. The penguin pollution
can be estimated from an isospin analysis, the branch-
ing fraction of the involved decays and direct CPV pa-
rameter Acp. The longitudinally-polarized fractions of
B — p*p~, p°p°, p*p® channels have the lowest pen-
guin pollution between the available decays, therefore
they are the best candidates for the @ measurement.

In the Belle II measurement of Ref. [19], the
B* — p'p* decays are used to measure the CP asym-
metry between BY — p’p* and B~ — p’p~ and mea-
sure the fraction of longitudinally polarized decays f;.
A sample equivalent to an integrated luminosity of
189.3 fb~! is used. The p mesons are reconstructed
using the p** — 777~ decays. The continuum back-
ground (e*e™ — ¢q) is suppressed using a Boosted Dec-
tion Tree (BDT). The branching fraction, Acp and f;



are extracted using a 6-dimensional fit, where the fitting
variables are AE = E}, — E7 . the BDT output, . 0,
Mg+, and the helicity angles of the two p mesons. The
results are:

fi = 0.943*003 (stat) + 0.027 (syst),
B(B* — p’p") = (23.2%37 (stat) = 2.7 (syst)) - 107°,

Acp = —0.069 = 0.068 (stat) = 0.060 (syst).
The latter result is not yet competitive with the world
average (A%7 = —0.05 + 0.05 [7]). However this result
is only a demonstrator of the capabilities of the analysis
performed on low statistics, and the precision is equiva-
lent to the previous results scaled to the used luminosity.

4.2. Unitarity triangle angle y determination using
B* — D(KJh*h™)h*

The vy angle can be extracted from the ratio between
the favored b — cus and the suppressed b — ucs tran-
sition amplitudes of B — DK decays:

Aup(B~ = D'K")

Afav(37 - DOK?)
where rp is the magnitude of the suppression while
Op is the strong phase difference. This ratio is tree-
dominated therefore the theory uncertainty is very small
(A'Ytheory/'y ~ 1077)‘

The Belle II measurement of Ref. [20] adopts
the BPGGSZ formalism [21-23], and wuses two
self-conjugated D" decays: D’ — Kyn*n~ and
D" — K{K*K~. The Belle II sample equivalent to
an integrated luminosity of 128 fb~' plus the entire
Belle sample (711 fb™!) are used. The analysis is
performed binned in the Dalitz space of Kgh* to be
independent from the D° decay model. The strong
phase is obtained from CLEO and BES III experiments
measurements [24-26]. The backgrounds are sup-
pressed with a BDT. The event yields are obtained from
a simultaneous fit of the signal and the control sample
Bt — D%— Kg¢h*h™)n*, used to constraint the fraction
of events in each Dalitz bin. The fit is performed in two
dimensions: AE and the output of the BDT. The result
is:

i(65=Y)

= rpe

v = (78.4 + 11.4(stat) = 0.5 (syst) = 1.0 (ext.inp.))°,
where the world average is y"* = (65.9f§§)° [7].

4.3. B lifetime and mixing frequency

The B° lifetime 7 and mixing frequency Am, are
two central ingredients to perform TDCPV analyses. In
the Belle II measurement of Ref. [27] they are mea-
sured using an inclusive B-tagging method. A sam-
ple equivalent to an integrated luminosity of 190 fb™!

is used. The signal is reconstructed in B — D™~ x*
and B — D"~K* modes. The B, is identified using
the ROE tracks. After the reconstruction of the two B
mesons, the Belle II flavour tagger algorithm is used
to define same flavour (an event that experiences the

B — B" mixing) and opposite flavour categories (an

event that did not experienced B° — EO mixing). The
backgrounds are suppressed with a BDT. The decay
time difference At is fitted with a model which includes
the effects of wrong tagging and vertex resolution ef-
fects. The results are:

Tpo = 1.499 £ 0.013 (stat) = 0.008 (syst) ps,
Amy = 0.516 £ 0.008 (stat) + 0.005 (syst) ps_l.

The results are not yet competitive compared
with the world average (75" = 1.510+0.004 ps,
Am3y® = 0.50665 + 0.0019 ps™)). However the sys-
tematic uncertanties are reduced compared to previous
measurements and an extension with the semileptonic
channels and more statistic can easily improve the
precision.

4.4. Time dependent analysis of B® — K(S)HO
The B® — Kgno is a particularly interesting channel

because it is generated from the b — sdd loop transi-
tion, suppressed in the SM. Therefore it is a natural can-
didate for BSM searches. Belle II has a unique reach in
this channel, given the fully neutral light mesons final
state. Since K(s) n is a CP eigenstate, the time-dependent
decay rate allows to extract both the direct CP-violation
amplitude (Acp) and the CP-violation amplitude in the
interference between the direct amplitude and the am-
plitude of the decay following a flavor oscillation (S ¢p):

Al /Ty0

P(A?) =

BO
where ¢ is the sign of the charge of the b quark
in the By,. The SM expectations are Acp ~0 and
Scp = sin28.

Moreover, the study of Acp in this channel is cru-
cial because of the so-called Kn-puzzle. In Ref. [28]
is presented an isospin sum rule Ix,, expected to be
0 with a 1% precision in the SM. Experimentally
Ig, = —0.11 £ 0.13 with the main uncertainty coming

from Aﬁ,’ro. More details can be found in Ref. [29].
The B° — Kgﬂo branching fraction and Acp are
measured by Belle II in Ref. [30]. A sample equivalent
to an integrated luminosity of 189.8 fb™! is used.
Given the limited statistical power of the sample S cp
is kept fixed to previous measured value in the fit. The
decay is reconstructed using Kg —satn, ¥ = yy

{1 + g[Acp cos(AmyAt) + S cp sin(AmgAt)]},



channels, a dedicated K(S) vertex fit is exploited and
the Belle II flavour tagger is used to define the B® and
B categories. An extended maximum likelihood fit is
performed in four dimensions: AE, M, , At and the
output of the BDT for background suppression (where
= =3 = 2
M;,,% = Eﬁeam - [pK + Pr/|Pal \/(Ebeam - Ex)* - m;zr] ).
The results are:
Acp = —0.41703) (stat) + 0.09 (syst),

B(B® — K3n°) = (11.0 + 1.2 (stat) + 1.0 (syst)) - 107,
where the world average are A¥S = —0.01 £0.10 and
B(B® — Kgﬂo)w'a' =(9.9+0.5)-107% [7].

5. Rare B decays

Decays which involve b — s transitions are flavour
changing neutral currents which are suppressed in the
SM. The SM branching fractions are 0(107° - 1077,
predicted with large uncertainties (10 — 30%). However
combinations of amplitudes (ratios, asymmetries, angu-
lar distributions...) can improve the precision on spe-
cific observables. This sector offers also the possiblity
to test lepton flavour universality and perform searches
for lepton flavor violation. Most of the interesting chan-
nels will become competitive with an integrated lumi-
nosity of few ab™', while now being statistically limited.
However, Belle II has a unique reach in several chan-
nels of this sector, given the good performance both in
electron and muon reconstruction and the capabilities
of performing precise measurements also with multiple
neutrinos, photons and neutrals in the final state.

5.1. Branching fraction of B — K*€* €~

The Belle II analysis of Ref. [31] performed
the measurement of B(B — K*¢*{~), where € = e, pu,
K* = K**(892), K*°(892). This is a first step towards
the measurement of Ry, which currently shows a dis-
crepancy of 2-30 with the SM predictions [7, 32].
A sample equivalent to an integrated luminosity of
189 fb~! is used. The K* is reconstructed combining
a kaon (K* or K?) and pion (x~ or n°). A BDT is
used to suppress the backgrounds. A veto on the dilep-
ton invariant mass is applied for the J/y, y(2S) — €€
background. An extended maximum likelihood fit is
performed to the 2-dimensional (AE, Mp,.) distribution,

2 _ o2 %2 .
where M, = E7 — py . The results are:

B(B — K*'utu) = (1.19 + 0.31 (stat) )08 (syst)) - 107°,

B(B — K*ete™) = (1.42 + 0.48 (stat) + 0.09 (syst)) - 107,

B(B — K*707) = (1.25 £ 0.30 (stat)*J-08 (syst)) - 107°,

where the world average are (1.06=0.09)- 107°,
(1.19 £ 0.20) - 1076,(1.05 + 0.1) - 107°, respectively [7].

5.2. Search for B* — K*vv decays

The search of B¥ — K*vv decay is a unique opportu-
nity for Belle II. The measurement of Ref. [33] is per-
formed on a sample equivalent to an integrated luminos-
ity of 63 fb~!. The reconstruction is performed using the
inclusive tagging, thus reconstructing the B, using the
highest pr track compatible with a K*, and then assign-
ing the entire ROE to the By,,. The procedure is vali-
dated on B* — J/y(— uu)K* decays. A pair of BDT
in cascade are used to fully exploit the event informa-
tion to suppress the backgrounds.

No signal is observed and the result is expressed
in term of upper limit using the CL; method [34].
The expected upper limit on B* — K*vv is 2.3 - 107>
at the 90% C.L in background only hypothesis. The
observed upper limit is 4.1-107° at the 90% C.L.
This results is also recasted in term of signal strength
or B(B* — K*wv) = (1.9 £ 1.3 (stat)*).05 (syst)) - 107,
compatible with the SM prediction and the previous re-
sults [7]. The Belle II plan is to extend this measurement
with a larger sample and additional channels (K", Kg).

6. Dark sector: dark Higgs-strahlung

The BSM searches in the dark sector are an important
part of the Belle II physics program and an opportunity
to exploit the initial data samples. Belle II has a unique
reach in light dark matter in the MeV to GeV scale. The
hermetic detector, the clean events and the dedicated
low-multiplicity triggers create an optimal environment
for these searches.

One of the lastest Belle II results in this sector is
the search presented in Ref. [35]. A sample equiva-
lent to an integrated luminosity of 8.34 fb™! is used.
This analysis relies on a specific model which expects
a dark photon (A’) mixed with a SM y. The A" mass is
generated by a spontaneous symmetry breaking mech-
anism induced by a dark higgs #’. The latter has no
SM coupling. Requiring the specific mass hierarchy
my < my the i’ is emitted via Higg-strahlung and it is
long-lived and undetected, while the decay A" — u*u~
is favored. This particular configuration is chosen be-
cause it is mostly unexplored compared to other already
investigated mass hierarchies. The analysis is perfomed
with a scan of the M, X M. plane, where M is the
recoil against the dimuon system. No excess is found
but the the world best upper limit at 90% C.L. is set for
1.65 GeV < my < 10.51 GeV. In Fig. 3 the upper limit
distribution on the my, X my. plane is shown.
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Figure 3: Observed 90% CL upper limit on the cross section
ete” — A’W with A’ - p*u~ and &’ invisible as a function of the
A’ and i’ masses. Values are computed at search window centers and
then interpolated to points of the search plane (from Ref. [35]).

7. Conclusion and prospects

The Belle II measurements presented here span a
large part of the physics program of the experiment.
Most of them are statistically limited, showing that the
systematic uncertainties, and thus the calibration of the
experimental apparatus, are under control. The Long
Shutdown 1 started at the end of June 2022, required for
several upgraded of the collider and the detector. All the
presented measurements will be repeated soon with the
larger data sample collected until the Long Shutdown 1.
However, several results will became competitive only
with 2-4 ab™!, but they already demonstrates the capa-
bilities of the experiment in term of performance and
novel analysis techniques.
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