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Abstract

We measure the photon-energy spectrum in radiative bottom-meson (B) decays into inclusive
final states involving a strange hadron and a photon. We use SuperKEKB electron-positron colli-
sions corresponding to 189 fb~! of integrated luminosity collected at the 7' (4S) resonance by the
Belle II experiment. The partner B candidates are fully reconstructed using a large number of
hadronic channels. The B — X,y partial branching fractions are measured as a function of photon
energy in the signal B meson rest frame in eight bins above 1.8 GeV. The background-subtracted
signal yield for this photon energy region is 343 4+ 122 events. Integrated branching fractions for
three photon energy thresholds of 1.8 GeV, 2.0 GeV, and 2.1 GeV are also reported, and found to
be in agreement with world averages.



1 Introduction

Flavour changing neutral currents (FCNCs) are only allowed in the Standard Model (SM)
via loop processes and are therefore highly suppressed [I]. The B — X,y FCNC decays
occur via radiative b — s transitions, where B denotes charged and neutral bottom-mesons,
and X, denotes all available final states containing net strangeness. These processes are
particularly sensitive to non-SM effects [2]. In addition, their photon-energy spectrum offers
access to various interesting parameters, such as the mass of the b quark and the function
describing its motion inside the B meson [3, [4].

We present an inclusive measurement using B — X,y decays identified in 1'(4S) — BB
events in which the partner B meson is reconstructed in its hadronic decays (hadronic tag-
ging). This approach is complementary to the untagged or lepton-tagged (see e.g., [5]) and
sum-of-exclusive (e.g., [6]) methods because it has different sources of systematic uncer-
tainty. In addition, tagging provides a purer sample and the kinematic information from
the partner-B meson gives direct access to observables in the signal-B meson rest frame.
We denote the photon energy in the signal-B meson rest frame as Ef . In this paper, the
minimum Eff photon energy threshold is 1.8 GeV. The inclusive analysis does not distin-
guish between contributions from b — dy and b — s processes, therefore the much smaller
b — dvy contribution is subtracted from the final results with a shape determined from
simulation.

2 Belle II detector

The Belle 11 [7] detector is designed to reconstruct the final states of electron-positron colli-
sions at center-of-mass energies at or near the 7°(45) meson mass. The colliding e™e™ beams
are provided by the SuperKEKB collider [§] at KEK in Tsukuba, Japan. The detector has
collected physics data since 2019. Belle II consists of several detector subsystems arranged
cylindrically around the beam pipe. In the Belle II coordinate system, the z axis is defined
to be horizontal and points to the outside of the tunnel for the accelerator’s main rings,
the y axis is vertically upward, and the z axis is defined in the direction of the electron
beam. The azimuthal angle, ¢, and the polar angle, 6, are defined with respect to the z
axis. Three regions in the detector are defined based on §: forward endcap (12° < 0 < 31°),
barrel (32° < 6 < 129°) and backward endcap (131° < 6 < 155°).

The Belle II vertex detector is designed to precisely determine particle decay vertices. It is
the innermost subsystem, and consists of a silicon pixel detector and a silicon strip detector.
Surrounding the vertexing subsystems is the central drift chamber, which is used to measure
charged-particle trajectories (tracks) to determine their charge and momentum. It also
provides important particle-identification information by measuring the specific ionisation
of charged tracks. Further particle identification is provided by the time-of-propagation
detector and the aerogel ring-imaging Cherenkov detector, which cover, respectively, the
barrel and the forward endcap regions of Belle II. Photons and electrons are stopped and their
energy deposits (clusters) are read out by the CsI(T1)-crystal electromagnetic calorimeter.
The photon-energy resolution of the ECL is better than 20 MeV for photons above 1 GeV.
All the inner components are surrounded by a superconducting solenoid, which provides
a uniform axial 1.5 T magnetic field. The K? and muon detector, composed of plastic
scintillators and resistive-plate chambers, is the outermost subsystem of Belle II.



3 Data sets

The results presented here use a data sample corresponding to 189 fb™! of integrated lumi-
nosity collected at an energy corresponding to the 7°(45) mass. In addition, an off-resonance
data set corresponding to 18 fb™! collected 60 MeV below the 1'(4S) resonance is used to
validate the eTe™ — ¢g simulation. Here ¢ is used to indicate u, d, s and ¢ quarks.

The relevant background and signal processes are modeled using large samples simulated
through the Monte Carlo (MC) method corresponding to 1.6 ab™' of ete™ — ¢g events
(generated by KKMC [9], interfaced to PYTHIA [10]) and Y(4S) — B°B°, B¥B~ events
(generated by EVTGEN [I1]). The detector response is simulated using Geant 4 [12].

In addition, inclusive B — X,v signal distributions are generated using BTOXSGAMMA,
the EVTGEN implementation of the Kagan-Neubert model [13], with values of the model
parameters taken from Ref. [4]. The inclusive model, by construction, does not reproduce
the resonant structure of the b — s7v transitions. Therefore, the B — K*(892)y sample
(later denoted as B — K*v) generated by EVTGEN is also used, as it dominates the higher
end of the E, spectrum. The B — X vy and B — K™ signal simulations are combined using
a “hybrid-model”, inspired by Ref. [I4]. The full spectrum is modelled by the combination
of the two simulated signal samples. A set of hybrid Ef intervals (bins) is defined and
the B — X,v spectrum is scaled in each bin to match the partial branching fraction of the
combined B — X vy and B — K*v decays with the expected value. The hybrid signal model
is used in the selection optimisation, efficiency determination, and unfolding procedure.

All the data sets are analysed using the Belle II analysis software framework [15].

4 Analysis overview

A sample of tagged B mesons is first reconstructed in their hadronic decays, and a high-
energy photon from the other B meson is selected. Details of the tagging algorithm are
described in Section The selection procedures to suppress photon candidates from
background processes are given in Sections and [5.3] They are optimised in simulation,
simultaneously, by maximising the figure of merit of Ref. [16]. The final best tag-candidate
selection is summarised in Section [5.4, The fitting of sample composition is described in
Section [0l The procedure to remove the remaining background contamination after the fit
is given in Section |7, The reconstructed B — X,y event yields in bins of EP are unfolded
(Section [§). The corresponding uncertainties are discussed in Section [9] The final results of
the analysis are presented in Section [I0]

The analysis is fully optimised on simulation. Control regions are used to check the
validity of the background suppression before examining the signal region.

5 Event reconstruction and selection
5.1 Tag side reconstruction

In each event, one B meson candidate is fully reconstructed and used as a tag for the recoiling
signal B meson candidate. The tag-side B meson is reconstructed using the full-event-
interpretation algorithm (FEI) [I7], which reconstructs hadronic B decays from thousands
of subdecay chains. The algorithm starts by combining track and ECL cluster information
to reconstruct final-state candidate particles, such as electrons, muons, photons, charged



pions, and kaons. In the next step, those are combined to form intermediate particles such
as 0, K3, D™ and J/ip candidates. The intermediate or final-state particles are combined
to form B candidates in 36 BT and 32 B° hadronic modes. For each reconstructed B-meson
candidate, the algorithm outputs a probability-like score, Prgr. Correctly reconstructed B-
meson candidates have a score close to one, whereas non-B and misreconstructed candidates
tend to have a score close to zero.

For tag-candidate reconstruction, track-quality requirements are imposed [I§]. The lon-
gitudinal distance of closest approach of each track from the detector center is required to
be |zp] < 2.0 cm. A similar criterion for the distance in the transverse plane, |dy| < 0.5 cm
is also applied. Only charged particles with transverse momenta, pr, higher than 0.1 GeV/c
are selected. Furthermore, an event must have at least three tracks passing these selections.
Similarly, three or more isolated clusters with 17 < # < 150° and E > 0.1 GeV are required
in the ECL for each event. The total energy deposited in the ECL should be within 2 and
7 GeV. Only events with at least 4 GeV of measured energy in the Belle II detector are re-
tained. The tag-side B candidates are required to have Pggr > 0.001 and beam-constrained
mass, My, > 5.245 GeV/c?, defined as

Mie =/ (V5/2)? (1)

where /s is the collision energy and piag is the reconstructed momentum of the tag-candidate
in the CM frame. Furthermore, a |[AE| < 0.2 GeV requirement is imposed on the energy
difference, defined as

AE = By — /5/2, (2)

where Ei,, is the energy of the tag-candidate reconstructed in the CM frame.

5.2 Signal-side selection

Using the kinematic properties of the reconstructed tag-side meson and the beam-energy
constraint, the photon-candidate energy is inferred in the signal-B meson rest-frame. All
candidates in the range of Ef > 1.4 GeV are considered. The highest-energy photon in
each event is taken as the signal-photon candidate. Studies on simulated signal events show
that this selects the correct B — X v candidate in more than 99% of cases. Cluster-timing
information, derived from a waveform fit to the signal collected in the most energetic crystal
of the cluster, is associated to each photon. In order to suppress the large background from
out-of-time beam-background clusters or photons associated with low-quality waveform fits,
the cluster timing, measured with respect to the collision time, is used. It is required neither
to exceed 200 ns nor twice the cluster-time uncertainty. This selection introduces about a
2% signal efficiency loss while reducing beam background to negligible levels.

The resulting sample is dominated by photon candidates originating from asymmetric
7% — v and  — v decays. This background is suppressed by vetoing 7° and 7 decays.
Signal-photon candidates are kinematically combined with lower-energy photons in the event
and a quantitative measure of compatibility with 7% — ~~ or n — v decays is associated to
the combinations. The compatibility is determined using a multivariate statistical-learning
algorithm that uses the diphoton invariant mass, helicity, and properties of the less-energetic
photon, such as energy, polar angle, and smallest ECL cluster-to-track distance. Another
statistical-learning algoritm uses Zernike moments to quantify the ECL-photon cluster shape



to disentangle misidentified photons from signal clusters. The background suppression of
these selections is investigated using the off-resonance data. Furthermore, samples with
inverted 7¥ and n suppression requirements are used to form large samples of background-
like events.

5.3 Suppression of ¢G events

Photon candidates from background e™e™ — ¢g events make up most of the selected sam-
ple. A dedicated boosted-decision-tree classifier is trained to suppress these events. The
training is performed on randomly selected sets of 10° simulated ¢g events and 10° simu-
lated B — X7 events that pass the requirements described in Sections [5.1] and [5.2] The
input features for the classifier are tag-side B kinematic parameters, such as modified Fox-
Wolfram moments [19], B decay vertex parameters, CLEO cones [20], and thrust [2I]. For
each variable, we require minimal correlations with Ef and M. in order not to bias the in-
clusive spectrum. Furthermore, each variable distribution in off-resonance data is compared
to ete”™ — ¢g simulation. Only those showing good data-simulation agreement are used for
the training. The classifier outputs a probability score, Pgpr, for each event to be classified
as ete™ — ¢q or ete”™ — BB where one of the B mesons decays as B — X,7.

5.4 Best tag-side candidate selection

After all the selections described in Section |5 about 50% of events have a unique tag-
side candidate, based on the hybrid signal model. In 25% of cases there are two tag-side
candidates remaining, and in 10% of cases — three. The probability to have more than one
tag-side candidate decreases rapidly and is lower than 1% for 5 or more candidates. If more
than one tag-side candidate is present in an event, only the one with the highest Ppg; is
retained.

5.5 Selection efficiency

The signal efficiency is decomposed as a product of the FEI tagging efficiency and the
signal-selection efficiency. Signal-selection and tagging efficiencies are calculated using the
simulated hybrid model. The tagging efficiencies are calculated by comparing B yields in
simulation before and after the FEI algorithm is applied. After applying the FEI calibration
factors of Cg+ = 0.66+£0.02 and Cgo = 0.6740.02 for charged and neutral modes, respectively,
a tagging efficiency of (0.4440.02)% is found. The calibration factors account for differences
in the tag-side reconstruction efficiency between data and simulation and are derived in an
independent study of hadronic-tagged B — X /{¢v decays [22]. The signal-selection efficiency
is calculated as the fraction of tagged-signal yield that meet the requirements of Section [5.2]
It increases approximately linearly from 45% to 63% with E” € [1.8,2.6] GeV, with a total
uncertainty of about 10% in each bin. Background events from ete™ — ¢g are suppressed
by 99.5%, while the generic ete~ — BB background is reduced by 93%.

6 Fit of sample composition

The tag-side My, distribution is fit to determine the yields of B mesons that provide good
kinematic constraints on the signal side, the remaining ¢q events, and combinatorial BB



events. The sample is divided in 11 bins of Ef : three 200-MeV-wide bins for the 1.4-2.0 GeV
range; seven 100-MeV-wide bins for the 2.0-2.7 GeV region; and a single Ef > 2.7 GeV
bin. The first two bins and the last one are chosen as control regions for the fit due to
expected large background or low signal yield. The signal region is therefore defined as
1.8 < EF <2.7 GeV.

The model for the fit of sample composition is determined using simulation. The simu-
lated sample is split into three components: correctly reconstructed (peaking) BB events,
qq decays, and combinatorial background from BB decays. ‘Peaking’ henceforth is used
generically to denote the resonant behaviour in M. of correctly reconstructed tag-side B
decays. These components have distinct shapes in My, which are parameterised using prob-
ability distribution functions (PDFs). To extract the yield of peaking BB tags, a Crystal
Ball function is used [23]. This function is the sum of a peaking Gaussian part and a poly-
nomial tail. The ¢g decays are described by an ARGUS function [24]. Combinatorial BB
background is described by a fifth-order Chebyshev polynomial. Studies on simulation show
that a lower-order polynomial is insufficient to accurately describe the M), shape of this
component.

Likelihood fits to the unbinned M, distributions are performed simultaneously in the
EP bins [25]. A modeling fit is performed on separate components in simulated data to
determine the shape parameters and fix them. The fit is then applied to the experimental
data. The yields of the three components in each Ef interval, and the ARGUS shape
parameters — which are shared across bins — are determined by the fit (Figure [1)). The
peaking-B yields in each Ef bin are extracted from the Crystal-Ball normalizations. The
peaking-B yield estimator is unbiased and has Gaussian uncertainties as shown by checks
on simplified simulated experiments.

7 Residual B background subtraction

The resulting peaking B yields include contributions from B — X,.4v events and other
correctly-tagged BB processes, which are considered background. Due to the high-purity
of the tagged sample, background contamination is low at high—Ef, but grows sharply with
decreasing Ef.

To remove this background, the PDFs defined in Section @ are used to fit simulated BB
samples in which B — X, 47 events are removed. This procedure extracts yields of peaking
nonsignal events in every Ef bin. The background predictions are scaled for luminosity, and
corrected based on FEI calibration factors [22], v detection-efficiency [26], and 7 efficiency.
Branching fractions used in simulation for the background modes are matched to the most
recent known values. The 1.4 < Ef < 1.8 GeV region, where signal purity is low, is used
for validating the background subtraction. Event yields observed in data after subtraction
are compared with expectations from background-only simulation. An 8.7% difference is
observed, which is assigned as a uniform correction factor for background normalisation

across bins. The background expectations from simulation and observed yields in data are
shown in Figure

8 Unfolding

The measured B — X7 spectrum needs to be corrected (unfolded) for smearing effects. The
unfolding uses bin-by-bin multiplicative factors based on the hybrid model. These factors
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FIG. 1: Distributions of (black markers with error bars) beam-constrained mass for
tag-side B meson candidates restricted to eight Ef bins, with (curves) fit projections
overlaid. The orange dotted curve corresponds to the BB peaking tags. The dashed and
dash-dotted curves correspond to the ¢g and misreconstructed BB components, modelled
by ARGUS and Chebyshev PDFs, respectively. The solid red curve corresponds to the
total fit. The lower panels show the difference between fit results and measured values,
divided by its statistical uncertainty (pull).



i - -1
2000 Belle Il Prellmlnary f[: =189 fb

S !} Yields from data fit i
E 1750 I BB backgrounds i
£ 1500F Total simulation uncertainty
Qx>
W 1250 F
5 -
o 1000 | ]
ﬁ 750 | Signal region
)
> 500 ——
i
5 250 4
= e, ,
L 0 L L i *
1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8

Ef,‘ reconstructed [GeV]

FIG. 2: Yield of BB events as a function of photon energy in the signal B meson rest
frame. The data points correspond to the yields from the fits on the data M,
distributions. The histogram shows the luminosity-scaled yields from the background-only
simulated sample. The gray bands correspond to systematic uncertainties on the BB
background prediction. The excess of events in data with respect to the BB background is
the B — X, 47 contribution.

are defined as the ratios between the expected number of events of the generated spectrum
and the expected number of corresponding events of the reconstructed spectrum within an
Ef interval. The measured B — X,v yields are multiplied by the unfolding factors (see
Section . The bulk of the unfolding factors do not exceed 10-20%, and only the edge bins
have 30-60% corrections.

9 Uncertainties

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

9.1 Uncertainties due to assumptions in the fit

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

9.2 Signal efficiency uncertainties

The signal efficiency is calculated using the simulated hybrid-model signal sample. The
values are corrected using FEI simulation-to-data calibration factors, Cpo/p+ [22], as well as
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acceptance corrections from the 7° veto and v efficiency. The corresponding uncertainties
related to these factors are propagated as systematic uncertainties. The signal efficiency is
validated in the high-purity Ef € [2.5,2.6] GeV region, and the observed difference assigned
as an uncertainty.

9.3 Background uncertainties

The uncertainties associated with the limited size of the simulated samples used in the M,
fits are propagated to the final results. Similarly to the signal efficiency, the background
yields extracted from the fits on simulated samples are corrected using FEI calibration, 7°
veto efficiency, and ~ detection-efficiency correction factors. Uncertainties on the branch-
ing fractions of background decay modes are also included. The observed background-
normalisation difference (see Section [7]) is assigned as a 100% systematic uncertainty.

9.4 Other uncertainties

To unfold the measured Ef spectrum, we evaluate the hybrid-model shape uncertainties
by taking into account the uncertainty on the ratio of the known branching fractions of
B — K*vy to that of B — Xyv. The B — X vy model-parameter uncertainties, based on
Ref. [], are also included. The analysis does not distinguish between X and X, final-
states. The contribution from the B — X;v component is subtracted assuming the same
shape and selection efficiency as B — X,vy. Under this assumption, the B(B — X v) and
B(B — Xgv) ratio equals |Viq/ Vts|2. The full size of the B — X;v component is assigned
as an uncertainty. The uncertainty on the number of B meson pairs, used as the branching-
fraction normalization, is also taken into account. It is estimated by an independent study
with a data-driven method in which off-resonance data are used to subtract the non-BB
contribution from the on-resonance data.

10 Results

The partial branching fractions in the various Ef intervals are calculated as

1 dly; U x (NPATA — NBRG MO _ B=Xar)

= _ , 3
FB dE,YB g X NB ( )

where

o NPATA ig the peaking-B yield extracted from fitting the data distributions,

° NiB KG. MC s the non-B — X, g7 peaking-B yield expectation extracted from fitting

simulated distributions, scaled for luminosity and corrected as discussed in Section

. ]\TZB_)X‘w is the number of B — X v events, equal to |Viq/Vis|? ~ 4.3% [27] of ]\fiB_)X”7
assuming the same shape and selection efficiency as B — X7,

e ¢; is the B — Xyv selection and tagging efficiency, calculated using the simulated
hybrid-model sample,

e U; is the bin-by-bin unfolding factor calculated using the simulated hybrid-model sam-
ple,
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e Np =2 x (1984 3) x 10° is the number of B mesons in the 189 fb™' data sample,
e ['z on the left-hand-side of Equation [3|signifies the total decay width of the B-meson.

The resulting partial branching fractions are shown in Figure[3] The various contributions
from the major sources of systematic uncertainties as functions of Ef are shown in Table .
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FIG. 3: Measured partial branching fractions (1/T'p)(dl';/dEY) as a function of E”. The
outer (inner) uncertainty bar shows the total (statistical) uncertainty. The overlaid model
and uncertainty corresponds to the hybrid model.

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

EP [GeV | % ddgég (10~*) Statistical Systematic profelzlure . f?ifij(l:y B;(;l;gei?iir;d Other
1.8-2.0 0.48 0.54 0.64 0.42 0.03 0.49 0.09
20-21 0.57 0.31 0.25 0.17 0.06 0.17 0.07
2.1-22 0.13 0.26 0.16 0.13 0.01 0.11 0.01
22-23 0.41 0.22 0.10 0.07 0.05 0.04 0.02
23—-24 0.48 0.22 0.10 0.06 0.06 0.02 0.05
24-25 0.75 0.19 0.14 0.04 0.09 0.02 0.09
2.5—-26 0.71 0.13 0.10 0.02 0.09 0.00 0.04

The integrated branching ratios for various Ef thresholds are calculated and shown in
Table [Tl The systematic uncertainties are computed taking the bin-by-bin correlations into
account.

11 Conclusion

We present a measurement of the photon-energy spectrum in the B meson rest frame from
B — X,y decays using hadronic-tagging of the partner B meson. We also report the

12



TABLE II: Integrated partial branching fractions for three Ef thresholds. The number of
observed events before unfolding and efficiency corrections are also given for each threshold.

E,? threshold [GeV] B(B — X,v) [1074] Observed signal yield (tot. unc.)
1.8 3.54 4 0.78 (stat.) + 0.83 (syst.) 343 + 122
2.0 3.06 £ 0.56 (stat.) % 0.47 (syst.) 285 + 68
2.1 2.49 + 0.46 (stat.) £ 0.35 (syst.) 219 + 50

inclusive branching ratio B(B — X,v) for various thresholds, starting at Ef > 1.8 GeV.
The results are consistent with the Standard Model and world averages [28].
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