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Abstract
This paper reports a study of B — K*~ decays using 62.840.6 fb~! of data collected during 2019
2020 by the Belle IT experiment at the SuperKEKB e e~ asymmetric-energy collider, corresponding
to (68.2 £ 0.8) x 10° BB events. We find 454 + 28, 50 & 10, 169 + 18, and 160 & 17 signal
events in the decay modes B® — K*[K*n~]y, B® — K*[K{r']y, Bt — K*'[K"n"y, and
Bt — K**[K*79, respectively. The uncertainties quoted for the signal yield are statistical only.
We report the branching fractions of these decays:

B[B° — K*[Ktr7]y] = (454 0.3+ 0.2) x 1075,
B[B® — K*[K37%] = (4.4 +£0.9£0.6) x 1075,
BB — K*T[KTn%y] = (5.0 4+ 0.5+ 0.4) x 107°, and
B[BT — K*T[Kdrt]y] = (5.4 4 0.6 £ 0.4) x 107°,

where the first uncertainty is statistical, and the second is systematic. The results are consistent

with world-average values.



1. INTRODUCTION

The radiative decay B — K*(892)~ is a flavor-changing neutral current process, which is
forbidden at tree level in the standard model (SM) of particle physics. The transition pro-
ceeds dominantly through a one-loop b — sy diagram. The contribution from annihilation
diagrams is highly suppressed by factors of O(Aqep/mw) and Cabibbo-Kobayashi-Maskawa
matrix elements [1], where Aqcp is the location of Landau pole of quantum chromodynamics
and my, is the mass of the b quark. The largest SM contribution to the b — s transition is
from the diagram shown in Fig. [I| having a ¢t quark and W boson in the loop. Throughout
this document, K* implies a K*(892) meson and charge conjugate processes are included
implicitly unless stated otherwise.

Extensions of the SM predict new particles that can contribute to the loop, potentially
altering the branching fraction as well as other observables from their SM predictions, making
the decay an excellent probe for such models [2, [3]. These observables include the C'P
violation asymmetry

(B — K v)—-T(B— K*y)
Acp= ==

— K v)+T'(B — K*v)
and the isospin asymmetry
['(B® —» K*%9) — (BT — K**v)
['(BY — K*0v) + (Bt — K*tv)’

The SM prediction of the branching fraction suffers from large uncertainties related to
form factors [4, 5]. In contrast, observables like Acp and Agy are theoretically clean due
to cancellation of these factors in the ratio [0, [7]. The latest measurement by the Belle
experiment [8] with 771x10% BB pairs, reported the first evidence for isospin violation at
3.10 significance. Earlier to that, the CLEO [9] and BaBar [10] Collaborations had also
performed similar measurements. This brief summary of the current status of experimental
and theoretical studies demonstrates that the B — K*v channel provides an ideal ground
for indirect searches for new physics effects and tests of SM predictions. The current study
presents preliminary results of branching fractions of K*v modes measured using ete™ col-
lision data collected in the period of 2019-2020 by the Belle II detector. The measurement
of observables like Acp and Ag, will be done when Belle II accumulates a data sample
equivalent to that used in the Belle study in order to have similar sensitivities.

Aot =

u, C,t

Figure 1. Leading order b — sv loop diagram.

2. THE BELLE II DETECTOR AND DATASET

Belle II is a large-solid-angle magnetic spectrometer designed to study products of ete™
collisions. The detector is located at the collision point of the SuperKEKB accelerator [11].
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It is composed of several components arranged in a cylindrical geometry around the beam
pipe. The innermost region of the detector comprises two subdetectors, namely two layers
of DEPFET-based silicon pixel detector (PXD) and four layers of double-sided silicon strip
detectors (SVD). The combination of PXD and SVD constitutes the inner tracking system.
The measurement of charge and momentum of charged particle tracks is facilitated by a 56-
layered central drift chamber, which also helps in particle identification (PID) by measuring
the specific-ionization information. A Cherenkov-light angle and time-of-propagation detec-
tor situated in the barrel region and a proximity-focusing aerogel ring-imaging Cherenkov
counter placed in the forward region together constitute the key PID system. An electro-
magnetic calorimeter (ECL) consisting of CsI(T1) crystals measures the energy of photons
and assists with electron identification. These subdetectors are located inside a supercon-
ducting solenoid coil that provides a 1.5'T magnetic field. The return yoke of the magnet is
instrumented with plastic scintillators and resistive plate chambers to identify K} mesons
and muons. Further details about the detector can be found in Ref. [12].

The data sample used in this analysis was collected by Belle II in the period of 2019-2020
at a center-of-mass (CM) energy corresponding to the mass of the 7°(4S) resonance. The
integrated luminosity is 62.8 £0.6 fb~!, which is equivalent to (68.240.8) x 10° BB events.
The method used to compute the number of BB events is documented in Ref. [I3], but uses
an updated sample of data and Monte Carlo (MC). To study the properties of signal events,
optimize selection criteria, and determine detection efficiency, two million signal MC events
are generated for all four B — K*y modes. In addition, inclusive BB and ¢g continuum MC
samples are used for background classification, where ¢ denotes u,d, s, and ¢ quark. The
sample size is equivalent to an integrated luminosity of 3 ab™'. These events are generated
using the EvtGen [14] package. Geant4 [15] is used to simulate detector response. The Belle
IT analysis software framework [I6] is used to process data. Systematic uncertainties are
studied using 9.2 + 0.9 fb~! of off-resonance data and 500 fb~! of off-resonance MC events.
The off-resonance data were collected at 60 MeV below the 7°(4S5) resonance.

3. EVENT SELECTION AND RECONSTRUCTION

Photons, charged kaons and pions are reconstructed and identified using information
from ECL, PID and tracking systems. We require the distance of closest approach to the
interaction point in the plane transverse to the beam axis (z-y plane) |dy| < 2.0 cm and
along the beam axis (z axis) |d,| < 4.0 cm to select charged tracks that originate from a
region near the eTe™ collision point. A charged track is identified as a K* or 7% using a
likelihood ratio P(K /) = L;ffL,r’ where Li and L, are the likelihood for a track to be a
kaon or a pion, calculated based on inputs from PID subdetectors. We apply a criterion
P(K/7) > 0.6 to select K* and P(r/K) > 0.6 to select 7* candidates.

As the process B — K*v is a two-body decay, in the B rest frame we expect the prompt
candidate to have an energy of around half the B meson mass (~ 2.5 GeV/c?). High-energy
photon candidates are selected from the barrel region of the ECL and required to have an
energy 2.25 < E7 < 2.85 GeV. Here, and elsewhere in this paper, the superscript * implies
that the quantity is calculated in the CM frame. To ensure the selection of an isolated
high-energy photon, we apply selection criteria on variables based on the ECL shower shape
and CsI(T1) pulse shape discrimination information of the candidate [17]. Photons coming
from decays of 7° or  mesons constitute a major background for the analysis. We reject
such photon candidates having kinematics consistent with that of 7° or 1 decay product.




The K candidates are reconstructed from a pair of oppositely charged tracks, assumed to
be pions, and kinematically fit assuming they originate from a common vertex. Candidates
that fail the vertex fit are rejected. Selections on |dy| and |zg|, as well as PID criteria
are not applied to these tracks. We further apply requirements on the kinematic variables
of K{ candidates namely: momentum-dependent criteria on the K¢ flight length in the
transverse plane, azimuthal angle between the momentum vector and the vector between
the interaction point and the decay vertex of the K candidate, and the distance at the
interaction point along the z axis of the two tracks used to reconstruct the K§ candidate.
The invariant-mass window for K¢ candidates is 0.488 to 0.508 GeV/c?, which corresponds
to about +60 around the nominal K§ mass. Here, o is the resolution obtained by fitting
the invariant mass distribution of correctly reconstructed signal candidates. We apply such
relaxed criteria to incorporate non-Gaussian tails in the mass distribution.

The signal side 7 is reconstructed from a pair of photons each having an energy greater
than 80, 30, or 60 MeV, depending on whether the photon is detected in the forward, barrel,
or backward region of ECL, respectively. The invariant mass window for 7¥ candidates is
0.120 to 0.145 GeV/c?. We define the helicity angle for 7° as the angle between the line
defined by the momentum difference of the photons from 7° calculated in the 7% frame and
the momentum of 7° candidate calculated in the lab frame. We place a requirement on the
helicity angle of the 7% candidate to suppress combinatorial background.

The K* candidate is reconstructed by combining a kaon (K* or KQ) with a pion (m
or ™). We retain K* candidates inside the invariant-mass window 0.817 to 0.967 GeV/c?,
which corresponds to around three times the natural width of the K* meson. As K* is a
vector meson decaying to a pair of pseudoscalar mesons, the helicity angle () between
the kaon coming from the K* decay and B meson in the K rest frame is expected to follow
a sin?fyq distribution for correctly reconstructed K* candidates. On the other hand, mis-
reconstructed candidates follow an asymmetric distribution, with a large number of events
migrated towards the region cos 6y, =~ +1. To reject misreconstructed candidates, we require
—0.9 < cos b < 0.75.

A K* is combined with a prompt photon to reconstruct a B meson. We apply selection on
the kinematic variables My,. = \/E{% = —pi? and AE = Ef — Ef ..., namely 5.2 < M, <
5.29 GeV/c? and —0.4 < AE < 0.3 GeV to suppress combinatorial background. Here Ef,,
is the beam energy, and pj and E} are the momentum and energy of the B meson. The
beam energy is tuned to produce a pair of B candidates in an event. Hence, for correctly
reconstructed B candidates, we expect the M, distribution to peak at the nominal B meson
mass and the AFE distribution to peak at zero. The signal window for My, and AFE variables
is defined as, My, > 5.27 GeV/c? and —0.15 < AE < 0.07 GeV, which corresponds to around
+30 interval. The difference in positive and negative values of AE signal window are due
to asymmetry in the AF distribution, which is caused by the energy leakage of high energy
photons in the ECL. All the selection criteria are optimized with a figure of merit (FOM)
defined as S/+/S + B, where S and B are the number of signal and background events inside
the signal region.

+

4. BACKGROUND SUPPRESSION

The dominant background is from e*e™ — ¢q continuum events. The masses of quarks in
continuum events are significantly small compared to the B meson, hence the former events
are highly boosted in the CM frame, which leads to a jet-like topology. On the other hand,



the B meson pair is produced almost at rest in the CM frame with decay products having
a spherical topology.

To suppress continuum background, a multivariate analyzer (MVA), namely FastBDT [I§],
is trained separately for each K* mode using event shape variables. For training and testing
the MVA, we have used two independent MC datasets having equal number of correctly
reconstructed signal and continuum background events. The signal events are taken from
signal MC and continuum background from a 3 ab™! ¢g MC sample. Half of each sample is
used for training and the other half for testing the MVA. The MVA is trained using a total
of 17 discriminating variables for neutral modes and 19 for charged modes. These variables
include modified Fox-Wolfram moments [19], the magnitude of the signal B thrust, the
output from the B-flavor tagger [20], the cosine of the angle between the thrust axis of
reconstructed B and the thrust axis of the rest-of-event (ROE), the cosine of angle between
the thrust axis of reconstructed B and the beam axis, and the cosine of the polar angle
between momentum of reconstructed B and the beam axis. A brief description of these
discriminating variables can be found in Ref. [2I]. For each mode, we apply a selection
on the MVA output corresponding to the maxima of the FOM. The MVA rejects around
70-90% of the background, with a signal loss of 10-21% depending on mode.

The M, distribution after the application of the MVA has a significant peaking-
background component from BB events. The dominant peaking contribution comes from
radiative B meson decays to higher kaonic resonances, such as B — K*(1410). The mis-
reconstructed signal, and events evading the 7°/n veto also contribute at the sub-leading
order to the peaking-background component. The AFE variable is more sensitive to the mass
hypothesis of reconstructed tracks and the number of tracks missed while reconstructing
a B candidate compared to M.. Thus, a majority of peaking-background events are well
separated from the signal in the AFE distribution. Hence, the signal yield extraction is
performed by fitting the AE variable inside the M, signal region My, > 5.27 GeV/c?.

After applying all the selection criteria, sometime we are left with more than one recon-
structed B candidate per event. If there are multiple B candidates in an event, we retain
the one having M, value closest to the nominal B meson mass. The candidate multiplicity
ranges from 1.005-1.090 and the efficiency to select the correctly reconstructed signal from
an event with multiple reconstructed B candidates varies from 64-74% depending on the
mode.

5. SIGNAL YIELD EXTRACTION

The signal yield is obtained from an unbinned extended maximum-likelihood fit to the
AFE variable. For a dataset of N candidates, the likelihood function can be written as:

o= (o) i=
|

i=N
N L 2 mibi(AE,
i=1 3

where P; is the probability density function (PDF) and n; is the number of events corre-
sponding to the j* component, respectively. The argument AE; denotes the value of AE
for the i*" candidate. The fit employs in total three components, one each for correctly re-
constructed signal, background, and misreconstructed signal events, respectively. We obtain
the PDF for correctly reconstructed and misreconstructed signal components by fitting to
AF distributions of signal MC events. The PDF for correctly reconstructed signal events is

E:
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modeled with the sum of a Cruijff function [22] and a Gaussian. To model the distribution
of misreconstructed signal events, we use a Cruijff function. The ratio of misreconstructed
to correctly reconstructed signal events is kept fixed to the value obtained from signal MC.
The fraction of misreconstructed signal varies from 2-11% depending on mode. The shape of
the background PDF is determined by fitting the AE distribution of events from BB and ¢g
background MC. The background can be classified into two categories, namely combinato-
rial and peaking. We model the peaking component with a Gaussian and the combinatorial
background using a Chebyshev polynomial. The yields of correctly reconstructed signal,
combinatorial, and peaking background events are determined from the fit.

An ensemble of 1000 toy datasets is generated using the fit model. These datasets are
fitted with the same fit model to study potential fit bias. The pull distributions of fit
parameters were consistent with normal distribution within the fit uncertainties, implying
that the fit strategy is unbiased. The results of fit performed for all four modes in data are
shown in Fig[2]

9 F =
Dat: E ¢ Data
s 80 o Belle Il N Belle Il
L 70fF —-Signal - 2 145 . signal .
E 3 Bkg (Prehmmary)1 S 12F Bkg (Prellmlnary?1
S of SCF _[Ldt =62.8fb S jof —SCF Ldt = 62.8 fb
@ E %) E
g 40f £ 8E
o E kel [y
g %0y 2 F
8 20E 8 4
10 F 2 3
0E —-t-r_—l/ I ! 0 _.L.J_-n-r— i . | L e -
04 -03 -02 -0 0 0.1 02 03 -04 -03 -02 -041 0 0.1 02 03
AE [GeV] AE [GeV]
(a) BY— K*K*tn ]y (b) B — K*[K3n°y
30 30
= ¢ Dat o ¢ Data
S b —F Belle Il S sp —Ft Belle Il
= F—-Signal (Preliminary) = b —-glkgnal (Preliminary)
& 20k Bkg g & 20F v -1
S 205 scr Ldt = 62.8 fb = Tp ooseF % Ldt=62.81b
8 15 g 15f
= E © E
5 105 5 10} *
S 5%— 8 5 :-+ T 1
0_ ] 0 == "’ T L 1 PN
0.4 —0.3 —0.2 —0.1 0 0.1 0.2 0.3 -04 -03 -0.2 -0.1 0 0.1 0.2 0.3
AE [GeV] AE [GeV]
(¢) Bt — K**[Kﬂroh (d) BT — K**[ngﬂfy

Figure 2. AFE distributions for each B — K*v mode with the fit result superimposed. The black
dots with error bars denote the data, the blue curve denotes the total fit, the dashed red curve is
the signal component, the dotted green curve is the background component, and the filled cyan
region is the misreconstructed signal component.

6. MEASUREMENT OF BRANCHING FRACTION

The branching fraction is calculated using the following expression:
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B _ Nsig
2 X Ngg X fE(f) x €’

where ng, is the signal yield from fit, € is the signal selection efficiency, Ng5 is the number
of BB pairs, and f* (f%°) is the branching fraction of 7(4S) to charged (neutral) BB pairs.
The results are listed in Tables [I[] and [[I The measured branching fractions are compatible
with their world average values reported by the Particle Data Group (PDG) [23] at the
level of one and two standard deviations for the neutral and charged modes, respectively.
Individually none of these deviations is statistically significant, albeit being in the same
direction. While the size of the discrepancy of our combined result is only 2.3 standard
deviations, the presence of residual systematic effects cannot be ruled out at this stage.
Potential sources could be related to the peaking background, which will be systematically
investigated in the next iteration of the analysis with more data.

Table 1. Signal yield, efficiency and measured branching fraction (Bpeas) for each mode. When
two uncertainties are given, the first is statistical and the second is systematic. The world-average
values reported by the PDG are given for comparison.

Mode Signal yield |Efficiency (%)| Bmeas [107°] |Bppa [1079]

BY — K*O[K*tn~]y| 454428 | 15.22+0.03 |4.5+0.34+0.2| 4.18 +0.25
B — K*O[K{r%y | 50+10 | 1.73+£0.01 |4.4+0.94+0.6] 4.18 £0.25

Bt — K*t[K+70%y| 169+18 | 4.8440.02 |5.0+0.540.4| 3.92+0.22
Bt — K*F[KrT]y| 160417 | 4.23+£0.02 |5.4+0.640.4| 3.92 +£0.22

Table II. Measured branching fraction (Bpeas) for combined charged and neutral modes. The first
uncertainty is statistical and the second is systematic. The world-average values reported by the
PDG are given for comparison.

Mode
BY — K*07
BT — K*ty

Bmeas [1075]
4.5+0.3%+0.2
524+04+0.3

BpDG [1075]
4.18 +£0.25
3.92 £ 0.22

7. SYSTEMATIC UNCERTAINTIES

In this section, we describe the various sources of systematic uncertainties. A systematic
uncertainty of 1.6% is assigned to the uncertainty in the number of BB events [I3]. The per-
formance of 7°/n veto between data and simulation is studied using BT — D°[— KTx~|r ™"
and B — D°[— Ktr n~]r" samples, where the fast pion coming from the B decay is
treated as a photon candidate. We assign a systematic uncertainty of 3.8% due to ap-
plication of 7°/n veto. The uncertainty in the selection efficiency of high energy photon
candidates is estimated from a control sample of radiative dimuon events. The difference
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in efficiency between data and simulation due to PID selection for charged hadrons is cal-
culated using a D** — D°[K~n*]x " control sample [24]. The corrections are calculated in
bins of the momentum and cosine of the polar angle. We assign a systematic uncertainty of
0.6% for pion and 0.8% for kaon selection. Comparing the reconstruction efficiency of K
between data and simulation, a systematic uncertainty of 2.4% is assigned. The difference
in reconstruction efficiency of 7° between data and simulation is studied by comparing the
yield of n meson between the n — vy and n — 7%7%7% channels. A systematic uncertainty
of 3.4% is assigned for m° selection. We assign a systematic uncertainty of 0.7% per charged
track [25], which results in a systematic uncertainty of 0.7% for K**[K 7% and 1.4% for
rest of the modes. The systematic uncertainty due to MVA criteria are studied in the off-
resonance sideband. We assign a systematic uncertainty of 2-6% depending on mode. The
uncertainty due to limited statistics of signal MC is 0.2-0.5% depending on mode. Various
PDF shape parameters fixed while performing the fit are varied by +1¢ around their mean
values. The obtained variation in the signal yield is taken as a systematic uncertainty. The
misidentification of tracks coming from signal events gives rise to misreconstructed signal
candidates. The fraction of such misreconstructed candidates is fixed to the values obtained
from simulation while performing fit to data. The fraction of misreconstructed signal events
is varied by +£100% around its nominal value to assign a systematic uncertainty.

We summarize the systematic uncertainties for the branching fraction measurements in
Table [[T]l The individual sources of uncertainties are assumed to be independent and are
added in quadrature to arrive at the total uncertainty.

Table III. Relative systematic uncertainties (in %) for the branching fraction measurement.

Source KK ]y | K[ K{n0)y | K* T [K TV y | KT [Kdn ]y
No. of BB events 1.6 1.6 1.6 1.6
Photon selection o3 toa o2 o3
70/n veto 3.8 3.8 3.8 3.8
Pion identification 0.6 — — 0.6
Kaon identification 0.8 — 0.8 —
Kg reconstruction — 2.4 — 2.4
7Y selection 3.4 3.4 —
Tracking efficiency 14 1.4 0.7 1.4
MVA selection 2.0 6.0 2.0 4.0
MC statistics 0.2 0.5 0.3 0.3
PDF shape parameters 1.0 fg:i f%:‘f J_’(l):g
Misreconstructed signal 1.5 +es e 20
Total 5.3 ﬂ%’i fgig J—i:g

8. SUMMARY AND CONCLUSION

We report the measurements by the Belle IT experiment of B — K*~ branching fractions.
The measured values of the branching fractions are consistent with the world average values
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at the level of one and two standard deviations for neutral and charged modes, respectively.
As Belle II collects more data, we will report the results for measurement of the observables
Acp and Ay, along with the branching fractions.
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