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We review the recent results from the Belle experiment: search for new physics in B — 7v
and related decays, study of charged bottomonium-like states Z, and measurement of the
parameters of the Cabibbo-Kobayashi-Maskawa matrix in B — 77~ and B® — p°p°
decays.

1 B — 7r and related results

1.1 Introduction

The purely leptonic decay B — 7v is of high interest since it provides a unique opportunity to
test the Standard Model (SM) and search for new physics beyond the SM. In the absence of
new physics, this measurement provides a direct experimental determination of the product of
the B meson decay constant and the CKM matrix element f5|Vyp|. Physics beyond the SM,
however, could significantly suppress or enhance B(B — 7v) via exchange of a new charged
particle, e.g. a charged Higgs boson from two-Higgs doublet models (2HDM) [1, 2]. Leptonic
B — (v, ! = e, and semileptonic B — D) 71 decays are also sensitive to such exchange (3].
Here recent results obtained at the B-factories are reviewed. The comparison between the
experimental results and the SM predictions is shown. The constraints on the Type IT 2HDM
are reported.

1.2 B —71r

It is challenging to identify the B — 7v decay experimentally, since it includes multiple neutri-
nos in the final state. At the eTe™ B-factories a B meson pair is generated from the process
ete”™ — T(4S) — BB and we can reconstruct one of the B mesons (“Biag”) to identify the
decay of the other B meson (“Bsi,”). Two independent types of the B meson decays may be
used for reconstruction of By,e: hadronic decays such as B~ — D%r~ (“hadronic tag”) and
semileptonic decays such as B~ — D%~ v, { = e, u (“semileptonic tag”). The efficiency for
reconstructing Bi,g is higher for the semileptonic tag, while the purity is higher for the hadronic
tag.

The first evidence for B — 7v was reported by the Belle collaboration using hadronic tag and
a data sample corresponding to 449 x 105 BB events [4]. This was followed by a measurement us-
ing semileptonic tag and a data sample corresponding to 657 x 10® BB events [5]. The branching
ratio obtained by the semileptonic tag analysis is B(B — 7v) = [1.547533(stat) T5 2] (syst)] x
10~*, with a significance of 3.60. The hadronic tag result has been updated using Belle final
data sample corresponding to 772 x 10° BB events [6]. By employing a neural network-based
method for the hadronic tag [7] and a two-dimensional fit for the signal extraction, along with
a larger data sample, both statistical and systematic precision is significantly improved. The
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branching ratio is obtained to be B(B — 7v) = [0.7270-3T (stat) 4+ 0.11(syst)] x 10~*, with sig-
nificance of 3.0c. Results of the fit are shown in Fig. 1. Combining the semileptonic tag and
hadronic tag results and taking into account all the correlated systematic uncertainties, the
branching ratio is found to be B(B — 7v) = (0.96 £0.26) x 10~* with a significance of 4.00 [6].
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Figure 1: Signal extraction for B — 7v in the latest Belle analysis [6]. Two-dimensional fit to
residual energy Fprcy, (left) and missing mass squared M,,;ss (right) is used. M,,;ss distribution
is shown for a signal region of Epcyr < 0.2GeV. Solid circles with error bars represent data.
Solid histograms show projections of the fits, dashed and dotted histograms show signal and
background components, respectively.

The BaBar collaboration also reported the results of B — 7v using hadronic and semilep-
tonic tags. Using semileptonic tag and a data sample corresponding to 459 x 10 BB events,
the branching ratio is obtained to be B(B — 1v) = [1.7 4 0.8(stat) + 0.2(syst)] x 10~% [8].
An evidence for B — Tv is obtained with a significance of 3.8¢ using hadronic tag and a data
sample corresponding to 468 x 106 BB events [9]. The branching ratio is obtained to be
B(B — tv) = [1.837)%3 (stat) & 0.24(syst)] x 1074, Combining the two results, the branching
ratio is found to be B(B — 1v) = (1.79 £ 0.48) x 10~%, where both statistical and systematic
errors are combined in quadrature [9].

A world average for B — 7v branching ratio is calculated to be B(B — 7v)ya = (1.15 £
0.23) x 10~%. For this calculation, the correlation in the systematic errors between the Belle
and BaBar results was neglected since the statistical errors are dominant and the correlated
parts in the systematic errors are relatively small. In the SM an estimate of B(B — 7v)sy =
(0.7315:32) x 10~* is obtained by using fp and |V,;| provided by a global fit to the CKM matrix
elements [10]. The deviation is found to be 1.60.

In the Type II 2HDM [1], the branching ratio of B — 7v is described by B(B — 7v) =
B(B — 7v)sm X rH, where B(B — 7v)gy is the SM value of the branching ratio, ry is a
modification factor rz = (1 — tan® 6mQBi/mHi2)2, mp=+ is the charged B meson mass, m g+
is the charged Higgs mass and tan 3 is the ratio of the two Higgs bosons vacuum expectation
values. Conservatively using fp = (191 + 9) MeV from the lattice calculation provided by the
HPQCD collaboration [11] and |V,,| = (4.15+£0.49) x 1073 from the b — u transitions provided
by the PDG group [12], we evaluate excluded regions in the tan 3 — mpy+ plane as shown in
Fig. 4 (left). Stringent constraint is obtained for relatively higher tan S region.

1.3 B — /(v

In Type 2 II 2HDM branching ratios of all leptonic B decays are modified by the same fac-
tor ry and it is interesting to measure B — (v decays in addition to B — 7v decay. The
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highly suppressed B — fv, ¢ = e, u final states are predicted to have SM branching fractions
of O(1071) and O(10~7) for £ = e and £ = p, respectively. As these decays are two-body
decays, the charged lepton momentum in the rest frame of the decaying Bgi, is pf ~ mpg/2.
This gives a unique signature which can be exploited in this analysis because the B, rest
frame is known from the hadronic tagging. Most backgrounds are not expected to produce high
momentum leptons that can reach the signal region, defined as 2.6 GeV/c < pf < 2.7GeV/e.
In the analysis using full Belle data sample of 772 x 10° BB events no events are observed in
the signal region, as shown in Fig. 2, and 90% C.L. upper limits on the branching fractions
are determined: B(B — ev) < 3.5 x 107% and B(B — uv) < 2.5 x 1076 [13]. These are the
most stringent limits on B — v decays using a hadronic tag method. Previous results from
Belle and BaBar using a loose tagging method (i.e. tracks and photons excluding the signal
lepton have to be compatible with the recoiling B meson) are B(B — ev) < 0.98 x 1076 [14]

and B(B — pv) < 1.0 x 107% [15], respectively.
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Figure 2: Results of the fit to the p? spectrum for B — ev (left) and B — puv (right) decays.
Data is shown as points with error bars. The solid histogram shows the expected signal shape
with arbitrary normalization. The sum of PDFs is shown as a dashed line in the sideband
region (2.0 GeV < pP < 2.5GeV), where the normalization was obtained. In the signal region
(2.6 GeV < pP < 2.7GeV) the sum of PDFs is shown as a dotted line.

1.4 B — D%y

The semileptonic B — D*)7v decays also include multiple neutrinos in the final states consid-
ering the following 7 decays The results shown up to now are based on the tags using hadronic
B decays. The ratios R(D™)) = B(B — D®7v)/B(B — D"){v), which are independent of
the CKM element |V,;| and of the parameterization of the strong interaction to a large extent,
are measured. With larger statistics, the ¢? distributions and the angular distributions of the 7
and D) decays could also provide useful information for testing the SM and constraining new
physics models.

The B® — D*t7~ v, decay was first observed by the Belle collaboration using the 535 x 106
BB data sample [16]. The Belle collaboration also obtained the results for the charged B
meson decays to D)7 using the 657 x 105 BB data sample [17]. These measurements are
done by inclusively reconstructing the Bi., candidates using all the remaining particles after
selecting the By decay products. The Belle collaboration also obtained a preliminary result by
exclusively reconstructing the Bi,, candidates and the B, decay products using the 657 x 106
BB data sample [18]. Figure 3 shows the distributions of the kinematic variables used for
the signal extraction. The naive averages of R(D)) for the above results are obtained to be
R(D) = 0.430 £ 0.091 and R(D*) = 0.405 £ 0.047 [19]. For the calculation, the correlations in
the statistical errors between the different tagging analyses are neglected since the event overlap
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is very limited. The correlations in the systematic errors between the different tagging analyses
are assumed to be 60%.
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Figure 3: Signal extraction for B — D™ 1y in Belle analysis [18] is shown for BT — D7ty
(two left plots) and BT — D*%7Fv (two right plots). The missing mass squared M2, . and

miss
residual energy EEGE are used.

The BaBar collaboration showed the latest results for the B — D) 7v decays using hadronic
tag and the full 471 x 10¢ BB data sample [20]. This analysis includes a signal efficiency increase
by more than a factor of three compared to the previous analysis [21]. This improvement is
provided by adding more By, decay chains and using a looser charged lepton selection. The
background events are subtracted by employing the boosted decision tree multivariate method.
Combining the results for the neutral and charged B decays to D®*)7v, the R(D™)) ratios are
obtained to be R(D) = 0.440 £ 0.058(stat) £+ 0.042(syst) and R(D*) = 0.332 £ 0.024(stat) +
0.018(syst). A negative correlation of —0.27 between R(D) and R(D*) is obtained including
systematic uncertainties.

The results of R(D™)) are consistent between the Belle and BaBar experiments. The Belle
results exceed the SM predictions R(D)gsy = 0.297 £0.017 and R(D*)spr = 0.252 £ 0.003 [22]
by 1.40 and 3.00, respectively [19]. The BaBar results exceed these SM predictions by 2.0c
and 2.70, respectively [20]. The combined disagreement of the discrepancy is at 4o level [19].

In the Type II 2HDM, there is a substantial impact on the ratios R(D(*)) due to the
charged Higgs contribution [23]. The result for Belle, shown in Fig. 4 (right) has been obtained
privately by ignoring the correlation between the experimental R(D) and R(D®)) results and
the dependency of the experimental R(D®*)) results on my+ and tan. The BaBar result
includes both of them [20]. Both results disfavor the Type II 2HDM by a level of more than 3¢
for all tan 3/my+ region.

1.5 Summary

Exploiting the large number of events and the clean environment at the B-factories, the leptonic
B — v and the semileptonic B — D) 7v decays were measured with a good precision in spite
of the existence of multiple neutrinos in the final states. Upper limits were set for the highly
suppressed leptonic B — (v, ¢ = e, ;i decays. Stringent constraints on the charged Higgs mass
mpy+ and the vacuum-expectation-value ratio tan 3 were evaluated for the Type II 2HDM.
Further investigation at the next-generation B-factories is important for testing the SM and
for constraining new physics models.
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Figure 4: Constraint on tan § and my+ in the Type II 2HDM obtained from Belle results, from
measured B(B — 1v) (left) and R(P*)) values (right).

2 Bottomonium study

2.1 Observation of Z, states in the Y(nS)n™n~ and hy(mP)ntn~
channels

Recently Belle observed the hy(1P) and hy(2P) states in the transitions T(55) — hy(mP)n ™ [24].
The rates of these transitions appeared to be unsuppressed relative to the Y(55) — Y (nS)r 7~

(n = 1,2,3). The hy(mP) production involves spin-flip of b-quark and is suppressed as
(Agep/mp)? in the multipole expansion; this unexpected result motivated further studies of
the hy(mP) and Y (nS) production mechanisms.

Belle studied the resonant structure of the T(55) — T(nS)rtn~ and hy(mP)n T~ decays
(n=1,2,3; m =1,2) [25]. The Y(nS) [hy(mP)] states are reconstructed in the u*p~ channel
[inclusively using missing mass of the 777~ pairs]. Invariant mass spectra of the T (nS)7* and
hy(mP)r* combinations are shown in Fig. 5. Each distribution shows two peaks. For the chan-
nels Y(nS)rtn~ [hy(mP)rT 7w~ the Dalitz plot analysis [fit to one-dimensional distributions]
is performed. The non-resonant contributions in the hy(mP)7 ™7~ channels are negligible, jus-
tifying the one-dimensional analysis. Preliminary results of the angular analysis indicate that
both states have the same spin-parity J© = 1% [26], therefore coherent sum of Breit-Wigner
amplitudes is used to describe the signals. The Dalitz plot model for the Y(55) — Y (nS)ntn~
channels includes also the 777~ resonances fo(980) and f5(1270), and non-resonant contribu-
tion, parameterized as a + bM%r, where a and b are complex numbers floating in the fit.
The masses and widths of the two peaks are found to be in good agreement among different
channels.Averaged over the five decay channels parameters are M; = (10607.4 4 2.0) MeV/c?,
Iy = (18.4 £2.4)MeV, My = (10652.2 4 1.5) MeV /%, T'y = (11.5 & 2.2) MeV. The peaks are
identified as signals of two new states, named Z;,(10610) and Z;,(10650).

Another result of the amplitude analyses is that the phase between the Z,(10610) and
Z,(10650) amplitudes is zero for the T(nS)m 7~ channels, and 180° for the hj(mP) channels.

The masses of the Z,(10610) and Z,(10650) states are close to the BB* and B* B* thresh-
olds, respectively. All the properties of the Z,(10610) and Z,(10650) find natural explanation
once molecular structure for these states is assumed without even the need of dynamic model.
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Figure 5: Invariant mass spectra of the (a) Y(15)7*, (b) Y(25)7*, (c) Y(39)7*, (d) hy(1P)7*
and (e) hy(2P)7* combinations.

Considering the heavy-quark spin structure of the B*) B* molecule with I¢(J”) = 17(17), one
concludes that Z, contain both ortho- and para-bottomonium components [27]. The weight of
these components is equal, therefore the decay to the hy(mP)r® is not suppressed relative
to the Y(nS)7*. The Z,(10610) and Z,(10650) differ by the sign between ortho- and para-
bottomonium components, this explains why the Z;,(10610) and Z,(10650) amplitudes appear
with the sign plus for the T(nS)rT 7~ channels and with the sign minus for the hy(mP)r ™
channels. In the limit of infinitely heavy b quark the B and B* mesons have equal mass, thus
the Z,(10610) and Z,(10650) are also degenerate. Given minus sign between the Z;, ampli-
tudes in the hy(mP)7T 7~ channel the contribution of this channel vanishes if the heavy quark
symmetry is exact.

2.2 Observation of the Z,(10610) — BB* and Z,(10650) — B*B* decays

Given proximity to the thresholds and finite widths, it is natural to expect that the rates of the
“fall-apart” decays Z,(10610) — BB* and Z,(10650) — B* B* are substantial in the molecular
picture. To search for these transitions Belle studied the YT(558) — [B®) B*]*nF decays [28].
One B meson is reconstructed fully using the D)7+ and J/1K*) channels. The distribution of
the missing mass of the Brr™ pairs shows clear signals of the Y(55) — [BB*]Tn ¥ and Y(55) —
[B*B*]*nT decays [see Fig. 6 (a)]; corresponding branching fractions of (2.83 + 0.29 + 0.46) %
and (1.41+0.19+0.24) %, respectively, are in agreement with previous Belle measurement [29)].
No signal of the Y(5S5) — [BB]*7T decay is found, with upper limit on its fraction of < 0.4 %
at 90% confidence level.

The distributions in the BB* and B*B* invariant mass for the Y(55) — [BB*]*nT and
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Figure 6: Missing mass of the pairs formed from the reconstructed B candidate and charged
pion (a) and missing mass of the charged pions for the Bm combinations for (b) Y(55) — BB*m
and (¢) T(55) — B*B*r candidate events.

Y(55) — [B*B*]TnT signal regions, respectively, indicate clear excess of events over back-
ground, peaking at the thresholds [see Fig. 6 (b) and (c)]. These threshold peaks are interpreted
as the signals of the Z,(10610) — BB* and Z,(10650) — B*B* decays, with significances
of 8¢ and 6.8 0, respectively. Despite much larger phase-space, no significant signal of the
Z,(10650) — BB* decay is found.

Assuming that the Z, decays are saturated by the channels so far observed, Belle calculated
relative branching fractions of the Z,(10610) and Z,(10650) (see Table 1). The B®*) B* channel

Table 1: Branching fractions (B) of Z,(10610) and Z;,(10650) assuming that the observed so
far channels saturate their decays.

Channel B of Z,(10610), % | B of Z,(10650), %
YT(1S)r+ 0.32 £0.09 0.24 +0.07
T(28)r " 4.38 +1.21 2.40 £ 0.63
YT(3S)r+ 2.15 4 0.56 1.64 £ 0.40
hy(1P)m™ 2.8141.10 7.43 +£2.70
hy(2P)m ™ 2.15 4 0.56 14.8 4 6.22
Bt*B* + BOB*+ 86.0 £+ 3.6 -
B**tB*0 - 73.4+7.0

is dominant and accounts for about 80% of the Z;, decays. The Z,(10650) — BB* channel is not
included in the table because its significance is marginal. If considered, the Z;(10650) — BB*

branching fraction would be (25.4 £ 10.2)%. All other fractions would be reduced by a factor
of 1.33.

2.3 Evidence for neutral isotriplet member Z,(10610)°

Both Z,(10610) and Z;,(10650) are isotriplets with only charged components observed origi-
nally. Belle searched for their neutral components using the Y(55) — Y (nS)m7" (n = 1,2)
decays [30]. These decays are observed for the first time and the measured branching frac-
tions B[Y(5S) — T(1S)7%7°] = (2.25 + 0.11 £ 0.22) x 103 and B[Y(5S) — T(2S)x'7°] =
(3.66 +0.22 + 0.48) x 1073, are in agreement with isospin relations.
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Belle performed the Dalitz plot analyses of the Y(55) — Y(19,25)n%7? transitions using
the same model as for the charged pion channels (see Fig. 7). The Z,(10610)° signal is found
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Figure 7: The projections of the Dalitz plot fit for the T(1S8)7°7p (top row) and Y (25)7 7°
(bottom row) channels on the Y (nS)7° (left column) and 77" invariant mass.

in the Y(25)7° channel with the significance of 4.9 ¢ including systematics. The Z,(10610)°
mass of (1060975 + 6) MeV/c? is consistent with the charged Z,(10610)* mass. The signal of
the Z,(10610)° in the T(15)7° channel and the Z,(10650)° signal are insignificant. The Belle
data do not contradict the existence of the Z,(10610)° — Y(15)7° and the Z,(10650)°, but the
available statistics are insufficient to establish these signals.

2.4 Interpretations

As discussed at the end of Section 2.2, the assumption of molecular B®*) B* structure naturally
explains all observed so far properties of the Z; states. Their dynamical model, however, is
an open question. Proposed interpretations include presence of the compact tetraquark [31],
non-resonant rescattering [32], multiple rescatterings that result in the amplitude pole known
as coupled channel resonance [33] and deutron-like molecule bound by meson exchanges [34].
All these mechanisms (except for the tetraquark) are intimately related and correspond rather
to quantitative than to qualitative differences. Further experimental and theoretical studies are
needed to clarify the nature of the Z; states.

As discussed in Ref. [27], based on heavy quark symmetry one can expect more states with
similar nature but with differing quantum numbers. Such states should be accessible in radiative
and hadronic transitions in data samples with high statistics at and above the Y(55), that will
be available at the SuperKEKB.
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2.5 Summary

Despite observed only recently, the Z; states provide a very rich phenomenological object with a
lot of experimental information available. They could be very useful for understanding dynamics
of the hadronic systems near and above the open flavor thresholds.

3 CKM measurements

Violation of the combined charge-parity symmetry (C'P violation) in the SM arises from a single
irreducible complex phase in the Cabibbo-Kobayashi-Maskawa (CKM) quark-mixing matrix [35,
36]. Decays that proceed dominantly through the b — @ud transition are sensitive to the
interior angle of the unitarity triangle ¢s (o) = arg(—ViqaVy;)/(VuaV,;). A feature common to
these measurements is that possible loop contributions, in addition to the leading order tree
amplitude, can shift the measured angle to ¢5% = ¢ + A¢y. Fortunately, this inconvenience
can be overcome with bounds on A¢y determined using either an isospin analysis [37] or SU(3)
flavor symmetry [38].

Recently Belle published two papers concerning study of B® — 7t~ [39] and B® —
p°p° [40] decays. Both analyses used the final Belle data sample containing 772 x 105 BB pairs
collected at the Y (45) resonance.

In B® — 7t7n~ decay analysis an improved measurement of the C'P violation parameters
was performed, which yielded Acp(B° — 7tn~) = +0.33 & 0.06 (stat) 4+ 0.03 (syst) and
Scp(BY — ntn™) = —0.6440.08 (stat)40.03 (syst), confirming C'P violation in these channels
reported in previous measurements and other experiments. These results from the full Belle
data sample after reprocessing with a new tracking algorithm and with an optimized analysis
performed with a single simultaneous fit, supersede those of the previous Belle analysis [41].
They are now the world’s most precise measurement of time-dependent C'P violation parameters
in B® — 77—, ruling out the range 23.8° < ¢ < 66.8°, at the 1o level.

Since the dominant tree process in B — p°p is color-suppressed, it is expected to be rarer
than its isospin partners, making the isospin analysis less ambiguous. The vector state p°p°
is not a pure C'P eigenstate, but rather a superposition of C'P-even and -odd states, or three
helicity amplitudes, with only the longitudinal one being a pure C'P eigenstate. In general,
the different helicity amplitudes can be separated through an angular analysis. This analysis
is concerned with the branching fraction of BY — p°p® decays, the fraction of longitudinal
polarization in these decays and decays into four charged pion final states as the p° decays
dominantly into two charged pions.

Branching fraction was measured to be B(B? — p°p°) = (1.02 £ 0.30 (stat) & 0.22 (syst)) x
1076 with a longitudinally polarization fraction f, = 0.217035 (stat)£0.11 (syst). The branch-
ing fraction’s upper limit is B(B® — p°p%) < 1.5 x 107 at 90% confidence level. The longitudi-
nal polarization fraction was used to determine the CKM matrix angle ¢o = (91.0+7.2)° through
an isospin analysis in the B — pp system. Furthermore for possible decays with the same fi-
nal state the following branching fractions were obtained: B(B? — fop°) x B(fy — nF77) =
(0.8640.27 (stat)40.15 (syst)) x 1075, with a significance of 3.0 standard deviations, and upper
limits at 90% confidence level on the (product) branching fractions, B(B® — nTr~nTn~) <
11.7x107%, B(B® — p%7nt77) < 12.2x107¢, B(B® — fortm") x B(fo — 777 ~) <3.1x 1076
and B(B° — fofo) x B(fo — 7t77)? < 0.2 x 107%. For B® — fyp° decay this is the first
evidence with such a significance.
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