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We present the recent results on the XY Z states and B-decays measured by the Belle
detector at the KEKB e*e™ collider.

1 Introduction

The Belle experiment ran at the KEKB [1] eTe™ asymmetric energy collider between 1999
and 2010 and the total integrated luminosity reached 1040 fb=1. Most of the data were taken
at the energy of the T(45) resonance in order to study the B physics, but other energy data
were taken as listed in Table 1. The physics events were detected by the general purpose Belle
spectrometer [2], which consists of a silicon vertex detector, a central drift chamber, an array
of aerogel Cherenkov counters, a barrel-like arrangement of time-of-flight scintillation counters
and an electromagnetic calorimeter. Arrays of resistive plate counters interspersed in the iron
yoke is used for the identification of muons and K, mesons. The physics achievements from the
Belle experiment until 2012 are reviewed in Ref. [3] and the physics results from the B-factories
until 2014 are reviewed in Ref. [4].

Concerning the XY Z states, Particle Data Group (PDG) uses the naming X for all XY Z
states. On the other hand, in the many literatures, the Y’s are used for the states of J©¢ =1~
with the energy range of the charmonia but seem not to be considered as the charmonia. As
for the Z.'s (Zy’s), the Z.’s (Z,’s) are the meson states including cé (bb) with electric charge,
and therefore, the minimal quark content for Z is céud. The Z.’s and Z,’s are considered as
isospin 1 states and there exist the neutral states with same isospin multiplet. Such states are
also called Z states. We use the X for all other types of the exotic mesons. The recent status
of XY Z states is reviewed in Ref. [5].

2 Bottomonium-like hadrons

2.1 Anomalous T (nS)r*7~ (n=1,2,3) production near T(55) resonance

The YT (10860) resonance is the J©¢ = 17~ state with the mass of 10876 + 11 MeV/c? and the
width of 55 + 28 MeV. The main component of this resonance is considered as the 5th excited
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On-peak Off-peak Number of
Resonance luminosity (fb=!) luminosity (fb~!) resonances
Y(19) 5.7 1.8 102 x 10°
T (29) 24.9 1.7 158 x 10°
T(39) 2.9 0.25 11 x 106
T (49) 711.0 89.4 772 x 106
T (59) 121.4 1.7 7.1 x 10°
Scan 27.6

Table 1: Summary of the luminosity of the Belle experiment. “On-peak” means the energy is
just at the resonance points and “Off-peak” means the energy is 60 MeV below the resonance
points. “Scan” means the energy is scanned between the Y(45) and Y(65) resonances.

state (including the ground state) of the orbital angular moment L = 0 bottomonium, and
therefore, sometimes called T(5S5). Its mass is above the open bottom threshold and the decays
to BB, BB*, B*B* and B, B, have been observed. In 2008, Belle reported the first observation
of ete™ = Y(19)ntn~, T(2S)r "7~ and first evidence for eTe™ — T(3S)rT7~, Y(1S)KT K~
near the peak of the Y(55) resonance at /s ~ 10.87 GeV [6]. The T (nS) was detected through
the T (nS) — ptp~ decay mode. Signal candidates were identified using the kinematic variable
AM, defined as the difference between M (u*p~ntn~) or M(p*p~ KTK~) and M (u*p™) for
pion or kaon modes. The signal events should be concentrated at AM = /s — M~y (ns) and
results are given in Fig. 1. By analyzing the data and assuming the T(55) to be the sole
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Figure 1: The AM distributions for (a) YT(1S)x*7x—, (b) T(2S)rT7~, (¢) T(3S)rT7~, and
(d) T(1S)K+ K~ with the fit results superimposed. The dashed curves show the background
components in the fits. Figures are taken from Ref. [6]

source of the observed events, the partial decay widths have been obtained. The results are
summarized in Table 2. The measured partial widths , of order 0.6 — 0.9 MeV, are more than
2 orders of magnitude larger than the corresponding partial widths for Y(45), T(35) or T(25)
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Process N, b I'(MeV)
Y(1S)rFr— 325730 200 0.59 +0.04 £ 0.09
T(28)rtn~ 186+ 15 140  0.8540.07+0.16
T(3S)ntm 1057539 3.20 0.52791 +£0.10
TAS)KTK~ 202752 490  0.0677001F £0.013

Table 2: Signal yield (Ny), significance (X) and the partial widths (T") for Y(55) — Y (nS)ntn~
and Y(1S)KT K~ are also given. The first uncertainty is statistical, and the second is system-
atic.

decays. The unexpectedly large partial widths disagree with the expectation for a pure bb state,
and therefore, the T (55) is one of the strong candidates for the exotic hadron.

In order to understand the nature of the Y(55) state, Belle measured the production cross
sections for eTe™ — YT(1S)n T, T(2S)rTn~ and Y(3S)r" 7~ as a function of /s between
10.83 GeV and 11.02 GeV [7]. The enhancements of the production cross sections were observed
in all three final states. A fit using a Breit-Wigner resonance shape yields a peak mass of
[10888.475 F (stat) +1.2(syst)] MeV/c? and a width of [30.7753(stat) +3.1(syst)] MeV. Recently,
new measurements have been performed with including not only Y(10860) but also Y(11020)
[8]. The results are Miggeo = (10891.1 + 3.279-5) MeV/c?, Tigge0 = (53.775753) MeV,
Mi1020 = (10987.575219:9) MeV/¢? and Ty020 = (6179472,,) MeV.

2.2 First observation of the P-wave spin-singlet bottomonium states

The hy(nP) states are the P-wave spin-singlet bottomonium. In 2012, Belle reported the first
observations of the hy(1P) and hy(2P) produced via ete™ — 7wt 7~ hy(nP) using a 121.4 fb~!
data sample collected at energies near the Y(55) resonance [9]. The hy(nP) states were observed
in the 777~ missing mass spectrum defined as M2, . = (Pr(5s) = Prt - )2, where Py (5g) is the
4-momentum of the T(55) determined from the beam momenta and P, +,- is the 4-momentum
of the 777~ system. The M,,;,s spectrum is divided into three adjacent regions with boundaries
at Mpiss = 9.3, 9.8, 10.1, and 10.45 GeV/c? and fitted separately in each region. In the third
region, prior to fitting, the contribution due to the K% — n 7~ is subtracted. In Fig. 2, the
M,iss spectrum after subtraction of both the combinatoric and Kg — 7wt~ contributions
is shown with the fitted signal functions. The measured masses of hy(1P) and hy(2P) are
M = (9898.21 11719 MeV/c? and M = (10259.8 + 0.6715) MeV/c?, respectively. Using the
world average masses of the x;7(nP) states, the P-wave hyperfine splittings are determined to
be AMyp = (+1.7+1.5) and (+0.5715) MeV/c2, respectively. The significances of the hy(1P)
and hy(2P) are 5.5 o and 11.2 o, respectively.

The hadronic transition Y (45) — nhy(1P) and the radiative decay hy(1P) — ~ym(1S) have
been observed [10]. The measured branching fractions are B[Y(4S) — nhy(1P)] = (2.18+£0.11+
0.18) x 1073 and B[hy(1P) — ynp(15)] = (56 &+ 8 + 4)%.

2.3 First observation of two charged bottomonium-like resonances;
Z,(10610)* and Z;,(10650)*

In 2012, Belle reported the first observations of two narrow charged bottomonium-like res-
onances in the mass spectra of the 7Y (nS) (n = 1,2,3) and 7%hy(mP) (m = 1,2) pairs
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Figure 2: The M,,;ss spectrum with the combinatoric background and K2 contribution sub-
tracted (points with errors) and signal component of the fit function overlaid (smooth curve).
The vertical lines indicate boundaries of the fit regions. Figure is taken from Ref. [9]

that were produced in association with a single charged pion in Y(55) decays [11]. Ampli-
tude analyses of the three-body Y(55) — T(nS)nTn~ decays were performed by means of
unbinned maximum likelihood fits to two-dimensional M2[Y (nS)7*] vs M?2[Y(nS)x~] Dalitz
distributions. Two peaks were observed in the Y(nS)r® system near 10.61 GeV/c? and 10.65
GeV/c?. The statistical significance of the two peaks exceeded 100 for all T (nS)n+7~ chan-
nels. Similarly, two peaks were observed in the hy(mP)r® system. The significance of the
Z,(10610)* and Z,(10650)* is 16.00 [5.60] for the hy(1P) [hy(2P)]. Weighted averages of the
mass and width are M = 10607.2 + 2.0 MeV/c?, I' = 18.4 + 2.4 MeV for the Z,(10610)*
and M = 10652.2 + 1.5 MeV/c?, T' = 11.5 £ 2.2 MeV for the Z,(10650)*, where statistical
and systematic errors are added in quadrature. Recent amplitude analysis of the three-body
Y (nS)rt 7~ final states strongly favored I¢(JF) = 17(1") quantum-number assignments [12].
Since the minimal quark content is bbud [bbdi] for the Z;" [Z, ], the Z,(10610)* and Z,(10650)*
are the genuine exotic hadrons. The measured masses of two states are a few MeV /c? above the
thresholds for the open bottom channels B*B (10604.46 MeV /c?) and B*B* (10650.2 MeV /c?).
This suggests that these states have a hadronic molecular-type structure.

2.4 First observation of Z,(10610)°

Belle reported the first observation of the neutral partner of the Z,(10610)*, the Z,(10610)°
decaying to (2, 39)7? with a 6.50 significance using a Dalits analysis of T(55) — Y(2, 39)n%7°
decays [13]. The measured mass of the Z,(10610)° is M = (10609 + 4 + 4) MeV /c?, that is
consistent with the mass of the corresponding charged state, the Z;,(10610)*. This suggests that
the isospin symmetry breaking is small for Z;,(10610)’s and an admixture of the bb component
in Z,(10610)° is small.
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3 Charmonium-like hadrons

3.1 Y(4260), Y(4360) and Y (4660)

The Y (4260) state was first observed by the BaBar Collaboration in the initial-state-radiation
(ISR) process ete™ — vygrm 7~ J/¢ [14] and then confirmed by the CLEO [15] and Belle
experiments [16, 17] using the same technique. The cross section of ete™ — wtnx~J/+ are
given in Fig. 3 The quantum number of the Y (4260) resonances is J©¢ = 17~. However, the
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Figure 3: The measured ete™ — w7~ .J/4 cross section for c.m. energies between 3.8 and 5.5
GeV after background subtraction. The errors are statistical only. Figure is taken from Ref.
[17]

properties of the Y (4260) resonance are rather different from those of other known J¥¢ =17~
charmonium states in the same mass range. Since it is well above the DD threshold, it is
expected to decay into D) D*) dominantly. In fact, no significant enhancement is observed
in D)D) final states. On the other hand, I'(Y (4260) — nt7~J/¢) > 1.6 MeV at 90% CL,
which is much larger than the typical charmonium state, i.e., I'(¢(3770) — nt7n~J/¢) = 53+8
keV.

In 2007, Belle reported the observation of two resonance structures in e™e™ — wrm~1H(25)
via initial-state radiation [18]. The masses and widths of the two resonances (Y (4360) and
Y (4660)) are M; = 4361 £9 + 9 MeV/c2, Iy = 74 £ 15 + 10 MeV and M, = 4664 £ 11 £ 5
MeV/c?, Ty = 48 4 15 + 3 MeV, respectively, if the mass spectrum is parametrized with the
coherent sum of two Breit-Wigner functions. The statistical significance of the first peak is
more than 80 and that of the second peak is 5.80. In 2015, using full data sample of the
Belle experiment, Y (4360) and Y (4660) states have been studied [19] and the measured cross
section is given in Fig. 4. Likewise Y (4260), Y (4360) and Y (4660) are not observed in D) D(*)
channels. Y (4260) has rather large partial decay width to the 7#+7~J/¢ final state, but has
quite small partial decay width to the 771 (2S) final state. Conversely, Y (4360) and Y (4660)
have large partial decay width to the 777~ 4(25) final state, but have small partial decay width
to the 7t7~J/¢ final state. These facts suggest that Y (4260), Y (4360) and Y (4660) are not
simple charmonium states, and therefore, are the candidates for the exotic hadrons.
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Figure 4: The measured ete™ — 777~ ¢(25) cross section for c.m. energies between 4.0 and
5.5 GeV after background subtraction. Figure is taken from Ref. [19]

5.5

3.2 Z.(3900)

The JPY = 17~ state Y (4260) has rather large decay width to the 7*7~J/¢ and it is similar
to the JPY = 17~ state T(10860) has rather large decay width to the #*7~Y(1S). In the
Y (10860) decay, the charged bottomonium-like states Z;(10610) and Z,(10650) were observed
as described in Sect. 2.3. Likewise T(10860), whether the Y (4260) decay to the charged
charmonium-like state was the issue of the discussion. Recently, BESIII reported [20], and Belle
confirmed [17], the observation of a charged resonance-like structure in the 7*.J/¢ invariant
mass distribution for ete™ — w7~ J/1 events collected at /s = 4.26 GeV, dubbed the
Z.(3900). The mass and width determined by BESIII are M = (3899.0 & 3.6 4= 4.9) MeV /c?
and T' = (46 + 10 £ 20) MeV, respectively with more than 8o statistical significance. Those
by Belle are M = (3894.5 + 6.6 & 4.5) MeV/c? and I' = (63 & 24 + 26) MeV, respectively
with 5.20 significance. The fit results of the distribution of Mpax(7J/%), the maximum of
M (ntJ/v) and M(w~J/1) by Belle are given in Fig. 5. Recently, BESIII reported on a
study of the process ete™ — 7f(DD*)T at /s = 4.26 GeV using a 525 pb~! data sample
collected with the BESIII detector at BEPCII storage ring. A distinct charged structure dubbed
Z.(3885) is observed with more than 180 significance [21]. The measured mass and width are
M = (3883.9 £ 1.5 £ 4.2)MeV/c? and I = (24.8 & 3.3 & 11.0) MeV, respectively. The fitted
Z.(3885) mass is marginally (20) inconsistent with that of the Z.(3900), and therefore, it is an
issue of the discussion whether the Z.(3885) structure is identical with the Z.(3900) structure.

Since the mass of Z.(3885) or Z.(3900) is close to the D D*~ threshold, there are suggestions
that these states are the virtual DD* molecule-like structure, i,e., a charmed-sector analog of
the Z,(10610). However, the situation is not so simple. Because of the heavy quark symmetry,
the interaction between B*) and B™) is considered to be similar to that between D®*) and
D™ . On the other hand, the size of the kinetic energy term of the DD* system is about
2.7 times larger than that of the BB* system due to the reduced mass difference. Therefore,
simultaneous explanation of the Z,(10610) and Z.(3900) structures are rather difficult.
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Figure 5: Unbinned maximum likelihood fit to the distribution of the Myax(7w.J/¢). Points
with error bars are data, the curves are the best fit, the dashed histogram is the phase space
distribution and the shaded histogram is the non-m*7~.J/1 background estimated from the
normalized J/v¢ sidebands. Figure is taken from Ref. [17]

4 B decays

The B-meson properties have been studied for understanding the CP violation phenomena
and the results from the B-factories have been summarized in Ref. [4]. The energy frontier
experiment the Large Hadron Collider (LHC) at CERN started the /s = 7 TeV operation in
2010. Then, the observation of the boson has been reported on July 4th, 2012 and later it
was identified as the Standard Model (SM) Higgs boson. In 2015, the /s = 13 TeV operation
at LHC started. However, up to now, no new phenomena beyond the SM (BSM) have been
observed.

In such a situation, the intensity frontier experiments are attracting attention since such
experiments may have the possibility to access to much higher energy scale phenomena. The
deviations from the SM predictions have been measured in the semileptonic B decays to T
leptons and the angular observables of the B — K*{*¢~ decays with £ = e, . In order
to observe the BSM phenomena, the observables should be predicted very accurately in the
SM. Otherwise the small contributions from the BSM phenomena are easily masked by the
uncertainties of the SM predictions. The uncertainties of the SM predictions are mostly come
from the strong interaction parts. In this two B-decay modes in question, there is single hadron
in the initial and final states and therefore no initial and final state interactions by the strong
interaction exist.

4.1 R(D*) and R(D)

The ratio R(D™)) = B(B — D"r~1,)/B(B — D"/~ 1), with £ = e, has much attention
since it is sensitive to the Charged Higgs boson contributions, which is the BSM phenomena.
It is naively understood that the Charged Higgs boson coupling to the 7 lepton is stronger
than that to the electron or muon because of the large mass of the 7 lepton. By taking the
ratio of the branching fractions, the theoretical as well as experimental uncertainties have been
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reduced. The SM predictions are R(D*) = 0.252 &+ 0.003 [22] and R(D) = 0.300 £ 0.008
[23]. On the other hand, experimental results are as follows. BABAR reported R(D*) =
0.332 £ 0.024 £+ 0.018 and R(D) = 0.440 £ 0.058 £ 0.042 with a semileptonic tagging method
[24]. Belle used a hadronic tagging method and the results are R(D*) = 0.293 + 0.038 - 0.015
and R(D) = 0.375 £ 0.064 £+ 0.026 [25]. In LHCb experiment, the multidimensional fit to
kinematics distributions of the candidate B decays gave R(D*) = 0.336 & 0.027 + 0.030 [26].
Recently Belle performed the measurement of R(D*) using the semileptonic tagging method
and the result was R(D*) = 0.302 + 0.030 £ 0.011 [27]. In the experimental results, the first
errors are statistical ones and the second errors are systematical ones. All the experimental
results are consistent with each other.

The Heavy Flavor Averaging Group (HFAG) summarized these results and reported them
on their web page. The averages are R(D*) = 0.316+0.016+0.010 and R(D) = 0.397+0.040+
0.028, which exceed the SM predictions by 1.90 and 3.30, respectively. The combined analysis
shows that the deviation from the SM prediction is 40, which is summarized in Fig. 6.

0.5

2 "~ BaBar, PRLI0S,1018022012) ' 2
a) —— Belle, PRD92,072014(2015) Ay =1.0
e 045 LHCb, PRL115,111803(2015)
Belle, arXiv:1603.06711
=== HFAG Average, P(%) = 67%
0.4 == SM prediction
035 =
03 -
0.25 = HFAG
R(D), PRD92,054510(2015)
E R(D*), PRDS5,094025(2012)
O. " " " " 1 " " " " 1 " " " " 1 " " " L
%2 0.3 0.4 0.5 0.6
R(D)

Figure 6: Summary of the theoretical as well as experimental results of R(D*) and R(D).
Figure is taken from HFAG web site http://www.slac.stanford.edu/xorg/hfag/semi/winter16/
winter16_dtaunu.html

4.2 7 lepton polarization in B — D*r~ 7, decay

Although I did not mention this subject on my lecture at the summer school, in this subsection, I
would like to report Belle’s new results on the 7 lepton polarization and R(D*) in B — D*7~ 7,
decay with 7 — 7v, and 7 — pv, using the hadronic tagging method [28]. The 7 lepton
polarization is defined as P.(D*) = [[T(D*) — T~ (D*)]/[l*(D*) + I'~(D*)], where ['*(D*)
denotes the decay rate of B — D*7~ i, with a 7 helicity of £1/2. The P,(D*) is considered to
be sensitive to the BSM physics. The P, (D*) can be measured from the angular distributions
in the two-body hadronic 7 decays.

The result is P-(D*) = —0.36 + 0.51f8:§é, which is consistent with the SM prediction
P, (D*) = —0.497 £ 0.013 [29]. This analysis gave the independent measurement of the R(D*)
in the two-body hadronic 7 decay modes. The result R(D*) = 0.27 £ 0.03515022 is consistent
with the SM prediction.
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4.3 Lepton-flavor-dependent angular analysis of B — K*(1(~

The B — K*{T{~ decay involves the quark transition b — s¢T¢~, a flavor-changing neutral
current that is forbidden at tree level in the SM. There may be sizable contributions from
the BSM phenomena and the LHCb reported the 3.40 deviation from the SM prediction in the
angular dependent observable P/ measured by the B® — K*°u* 1~ decay [30]. The definition of
P! is given in Ref. [30]. Recently, Belle performed the measurements of these angular dependent
observables in not only the B® — K*u%p~, but also the B¥ — K**putu~ BY = K*0¢te~
and B* — K**eTe™ decay modes [31]. The results are compatible with SM predictions, where
the largest discrepancy is 2.60 in P for the muon channels as shown in Fig. 7.
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Figure 7: The theoretical as well as experimental results of PZ. Figure is taken from Ref. [31].

5 Summary

The recent results on the hadron spectroscopy measured by the Belle detector at the KEKB
eTe™ collider have been reviewed. We have focused on the bottomonium-like and charmonium-
like mesons having the unanticipated properties from the ¢g structures.

Although the data taking of the Belle experiment was finished on June 30, 2010, there may
be rich hadron physics to be analyzed in Belle data. Quantum numbers, production rates,
decay rates, etc. have not been to be determined for many higher resonance states, which
should be measured. As discussed in this talk, many states may not have the simple quark-
gluon structures but have the rich structures. In order to clarify the structures of such exotic
hadrons, any suggestion from the theorists is very welcome.

So far, physics beyond the Standard Model has not been observed. In order to observe BSM
phenomena, the more accurate and less uncertain SM predictions of the observables as well as
the more precise experimental measurements are necessary.

The SuperKEKB /Belle IT experiment will start data taking on the end of 2017. The designed
luminosity is 40 times bigger than the KEKB-factory/Belle. Please await our new data from
the SuperKEKB-/Belle II.
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