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1. Introduction

The decays b — dy, b — sy and b — s¢* ¢~ are flavor-changing neutral currents, which are
forbidden at tree level in the Standard Model (SM). They proceed via loop or box diagrams making
them sensitive to potential contributions of heavy non-SM particles. The effective Hamiltonian
that governs weak decays can be expressed in the operator product expansion (OPE) [1] as the sum

of operators Q; with corresponding Wilson coefficients C;: Heg = 7% Y, VéKMCi( 1)Q;. Non-SM

contributions would modify the predicted values of the Wilson coefficients.

The Belle detector at the KEKB B-factory is used to study B-mesons produced in the reaction
ete” — Y(4S) — BB. All studies presented here are performed with the complete Belle data set
of 711fb~!. Some experimental techniques and variables are common to the following analyses.
The consistency of a reconstructed B meson with a B decay can be checked using two variables:

My and AE. They are defined as: My, = /E;2 — p3? and AE = E}, — E};

beam beam’
are the energy and momentum of the B and E},, = the energy of the beam, in the center-of-mass

where Ej and pj

(CM) frame. Continuum processes (e" e~ — gq, ¢ = u,d, s, ¢) are an important background source.
These events can be discriminated from BB since their decay products have a characteristic “jet-
like” topology, different from BB events. Topological variables such as thrust and sphericity are
used for continuum suppression. Additionally, Belle uses modified Fox-Wolfram moments [2].
Multivariate analysis techniques such as boosted decision trees (BDT), neural networks (NN) or
likelihood ratios are employed to enhance the discriminating power.

2. CP asymmetry in B — X, ;Y

The SM predicts non-vanishing CP asymmetries (</cp) for B — X,y and B — X,y decays [3].
However, when both decays are considered inclusively, the CP-violating contributions cancel due
to CKM unitarity, and the theory errors cancel almost perfectly up to small corrections [4]. This
SM prediction can serve as a clean test for new CP-violating phases. The asymmetry is defined as

o I'(B— f)—-T(B— f)
PTITBS H+TB = f)

with I'(B — f) being the decay rate into the final state f = X, 47.

To study the decay inclusively, only a photon is reconstructed from the decay of the signal B
meson with CM energy E, = [1.7,2.8] GeV. The flavor of the signal B is determined by tagging
the other B meson in the event by selecting a charged lepton originating from it. The charge of the
lepton determines the flavor of the B mesons. Photons from 7°(n) — yy decays are vetoed. The
continuum background is suppressed using a BDT. A possible charge asymmetry in the detection
of leptons is measured with a “tag-and-probe” approach in a B — XJ/y(¢*¢~) sample, we ob-
tained .@je; = (0.10+£0.22) x 1072. A possible asymmetry in the BB background is measured in
the sideband E; = [1.4,1.7] GeV yielding g = (—0.14 £0.78) x 10~2. A wrong-tag factor @
appears in cases when the lepton charge gives the wrong signal B flavor. This can be due to neutral
B oscillation, secondary leptons and hadrons misreconstructed as leptons. The measured and true

1 o
asymmetries are related as: .o/cp = mdcn;?as, with @ = 0.1413 +0.0052.
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The B — X, 47 spectrum after background subtraction and the asymmetry measurement for
different photon energy thresholds in the range Ey = [1.7,2.2] GeV are shown in Fig. 1. The
asymmetry /cp shows a stable behavior for the different energy thresholds and is consistent with
the SM prediction. The measurement is statistically limited. For E; > 2.1 GeV we find @/cp =
(2.2+£4.0+0.8) x 1072, This measurement of .@cp(B — X, 47) is the most precise to date.
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Figure 1: Left: B — X 47 spectrum after background subtraction for positive and negative leptons. Right:
measured values of .&¢p for different photon energy thresholds. The inner uncertainty bars are statistical and
the outer ones include also systematic uncertainties.

3. B — X,y branching fraction

The B — X7y branching fraction is theoretically well understood, this decay is dominated by
a penguin loop diagram, making it a good candidate to search for new physics. The branching
fraction has been calculated up to next-to-next leading order, yielding (B — X;v) = (3.15+
0.23) x 10~* for a E} > 1.6 GeV in the B-meson rest frame [5]. The current experimental world
average is Z(B — X,y) = (3.554+0.24+0.09) x 10~#, consistent with the SM prediction [6].

In the semi-inclusive approach (sum-of-exclusive final states) as many exclusive final states
as possible are reconstructed, to reduce the uncertainty from unmeasured modes. The B meson
is reconstructed as the combination of a photon with CM energy E, = [1.8,3.4] GeV and one
of 38 hadronic X final states. The X; states consist of up to three kaons (K™, K_g), up to four
pions (z+, 7°) with up to two 7¥ and at most one 11 meson. D meson decays are vetoed by
reconstructing the D mass. Continuum background is suppressed using a NN constructed with
topological variables, the modified Fox-Wolfram moments and AE. The selection requirement on
it maximizes the statistical significance in the region My, = [2.2,2.8] GeV /c?.

The signal is extracted in an unbinned maximum-likelihood fit to My in 19 Mx, bins. An exam-
ple is shown in Fig. 2. The dominant systematic uncertainties come from the fragmentation model
and the determination of the fit PDFs. The fraction of missing modes is estimated by varying the
Pythia parameters that model the X, fragmentation. The branching fraction for My < 2.8 GeV /c?
and E > 1.8 GeV is #(B — X;y) = (3.51 £0.17 £0.33) x 10~*, where the first uncertainty is
statistical and the second systematic. This result can be extrapolated to E7 > 1.6 GeV for compar-
ison with the theoretical estimate: % (B — X,y) = (3.74 £0.18 £0.35) x 10~*. This result is in
agreement with the SM estimate and previous experimental results [6].
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Figure 2: Result of the fit to M, in the bin My, = [1.9,2.0] GeV /c? for the B — X,y analysis from Belle. The
components are: signal (solid red), crossfeed (dashed red), peaking background (solid green), non-peaking
BB background (dashed green) and continuum (dot-dashed cyan).

4. Forward-backward asymmetry in B — X;(" (™

The decay B — X¢* ¢~ proceeds either via an electroweak penguin loop or a box diagram. The
decay amplitude is a function of the Wilson coefficients C7, Cy and Cjg. The forward-backward
asymmetry (o) is defined as:

T rm — Ttorward — Dbackward
FB — )
r forward 1—‘backward

where I is the B — X /"¢~ decay rate. The forward (cos 6 > 0) and backward (cos 6 < 0) regions
are defined for the angle 6 between the /T and the B momentum in the dilepton CM frame. The
asymmetry is measured as a function of ¢*> = Méa ¢~ since non-SM effects can significantly modify
the ¢* dependence. The asymmetry .73 has been measured in the decays B — K*)¢*¢~ by various
experiments [6]. The present measurement is the first that studies .o%p as the sum of exclusive final
states. This approach provides the most precise comparison to inclusive theoretical predictions.

The B meson is reconstructed from a pair of oppositely charged electrons or muons and one
of 10 hadronic X, states. X is reconstructed as one K or Kg and up to four 7, with at most one
7. Background from charmonium decays B — XJ/y (w(25)), J/w (w(2S)) — £+¢~ is rejected
by applying a veto which excludes the regions around the J/y mass from —400 to 150 MeV /c?
(—250 to 100 MeV /c?) and the y(2S) mass from —250 to 100 MeV /c? (—150 to 100 MeV /c?) for
electrons (muons). The veto regions for electrons are wider to account for bremsstrahlung photons.
To suppress continuum and BB background 6 kinematic variables and the modified Fox-Wolfram
moments are used to train a NN.

The signal is extracted performing a fit to the My distribution in four ¢> bins for forward and
backward regions. The ¢ bins are defined as [0.2,4.3], [4.3,7.3(8.1)], [10.5(10.2),11.8(12.5)],
[14.3,25.0] GeV?/c? for electrons (muons). The value of the raw asymmetry <7/%" deviates from
the true value due to the low signal reconstruction efficiency for low ¢ and high cos 8. A factor o
is determined to correct for this effect. It relates the true and raw asymmetries as @rp = O¢ - 53" .
This correction factor, along with the estimation of peaking background are the dominant system-
atic uncertainties in this measurement, the statistical uncertainty is, however, dominant. Figure 3
shows the measured value of @y as a function of qz. The @7Fp results are consistent with the SM
prediction. The results in the 3rd and 4th bin exclude «7rp < 0 at the 2.30 level [7].
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Figure 3: Measured o7%p as a function of ¢° in B — X,¢T¢~ decays. The red band and dashed boxes
represent the SM prediction, unbinned and binned respectively. The filled circles show the fit results. The

J/y and w(2S) vetoes are shown as teal hatched regions. For electrons, the pink shaded regions are added
due to the recovery of bremsstrahlung photons.

5. Search for B — pAn—y

Hadronic final states including a A baryon make up only a small fraction of the b — s7 final
states. The branching fraction Z(B — pAy) = (2.457033 £0.22) x 10~ has been measured by
Belle [8]. A hierarchy has been observed in baryonic B decays with b — s and b — ¢ transitions:
BBt — pAntrn~) > B(B° — pAn~) > B(Bt — pA) and B(B° — pA.ntnT) > BB —
pA.™) > B(B° — pA.), respectively.

The signal B is reconstructed with a photon with CM energy E > 1.7 GeV and a A hyperon
reconstructed in the decay A — pm. Due to the rare signature of the event, BB background is
highly suppressed and continuum is dominant. Continuum suppression uses a likelihood function
constructed with the modified Fow-Wolfram moments and cos 85, where 05 is the angle between
the B flight direction and the beam direction. The signal is extracted in a 2-dimensional maximum-
likelihood fit in the variables My, and AE. The fit results are shown in Fig. 4.
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Figure 4: Fit results of the B° — p* Az~ 7y analysis. Left: AE for My, > 5.27 GeV /c?, right: My, for AE <
0.05 GeV. Shown are the fit result (black line), continuum (green dotted), B* — p*An® and BT — p*Ay
(blue dash-dotted) and signal plus self-crossfeed (red). The points with error bars are the Belle data.

The fitted signal yield is 9.5’:}(1):;, with a significance of 0.96. An upper limit on the branching
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fraction is determined, which at the 90% confidence level is Z(B* — pAn~7y) < 6.5x 1077 [9].
The hierarchy observed in baryonic B decays is not observed in the radiative decays, as Z(B™ —
pATTTY) < B(BT — pAYy).

6. Conclusions and outlook

The transitions b — dy, b — sy and b — s¢* ¢~ provide a rich set of observables that can be
used to verify SM predictions and search for new physics effects. So far all results show good
consistency with the SM. The measurement of the CP asymmetry in B — X, 47 decays is the
most precise to date. It shows good consistency with the SM and is stable with respect to photon
energy threshold in the range E; = [1.7,2.2] GeV. The latest Belle measurement of %(B — X;Y)
is based on the sum of exclusive final states, reconstructing 38 exclusive X; final states. We have
also presented the first measurement of the forward-backward asymmetry in B — X/* ¢~ decays
analyzed as a sum of exclusive final states. Finally, the search for B — pAm~y results in an upper
limit in its branching fraction.

In the analyses presented, the statistical uncertainty is an important or even the most impor-
tant contribution to the total uncertainty. This leaves room for improvement when the large data
sets from Belle II become available. Additionally, well established as well as new experimental
techniques have been applied, the analyses at future super B-factory can greatly profit from them.
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