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Bottomonium Studies at Belle
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Abstract. Recent results on studies of bottomonium and bottomonium-like states at Belle are reported. The
results are obtained with a 121.4 fb' data sample collected with the Belle detector in the vicinity of the Y (55)

resonance at the KEKB asymmetric-energy e*e” collider.

1 Introduction

Bottomonium is the bound system of bb quarks and is con-
sidered to be an excellent laboratory to study Quantum
Chromodynamics (QCD) at low energies. Due to rela-
tively large mass of the b quark, the system is essentially
non-relativistic, thus the quark-antiquark QCD potential
can be investigated via the bb spectroscopy.

Analysis of spin-singlet states h,(mP) and n,(nS) pro-
vides information on the spin-spin interaction in the bot-
tomonium system. Hyperfine splitting is the difference
between the spin-weighted average mass of the P-wave
triplet states y,;(nP) (n3P; state) and that of the corre-
sponding &, (mP), or m' P,. These splittings are predicted
to be close to zero [1], and recent precision measurements
of the h.(1P) mass validate this expectation for charmo-
nium.

The CLEO Collaboration has recently measured the
cross section of the e*e™ — h.(1P)n*n~ process to be
comparable to that of the ete™ — J/yn*n~ in data taken
above open charm threshold [2]. Such a strong enhance-
ment in the rate contradicts to expectations as the pro-
duction of the &.(1P) requires a c-quark spin flip, while
production of the J/iy does not. Similarly, the Belle Col-
laboration reported anomalously high rates for e*te™ —
T(nS)ntn™ (n = 1,2,3) process at energies near the T(5S)
mass [3]. Combined, these observations motivated a more
detailed study of bottomonium production at the c.m. en-
ergy near the peak of T(5S) resonance.

We use a 121.4 fb~' data sample collected on or near
the peak of the Y(5S) resonance (/s ~ 10.865 GeV) with
the Belle detector [4] at the KEKB asymmetric-energy
ete” collider [5].

2 Observation of /,(mP)

As mentioned above, the CLEO Collaboration observed
strong enchancement in rates of both ete™ — h.(1P)n*n~
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Figure 1. The inclusive M,,;(n*7™) spectrum with the combi-
natorial background and K(S) contribution subtracted (points with
errors) and signal component of the fit function overlaid (smooth
curve). The vertical lines indicate boundaries of the fit regions.

and ete” — J/yn*n~ processes. Based on the observation
of the anomalously large rate of the ete™ — Y(nS)m*n~
process in the vicinity of the T(55) resonance by the Belle
Collaboration, we decided to extend the analysis to mea-
sure the rate of the e*e™ — h,(mP)n*n~ process. As there
is no dominant h;,(mP) decay channel, we use inclusive
reconstruction.

A set of requirements applied to select hadronic events
includes a well reconstructed primary vertex, consistent
with the run-averaged interaction point and at least three
high-quality charged tracks. The n*zx~ candidates are all
pairs of oppositely charged tracks that are identified as
pions and are not consistent with being electrons. Con-
tinuum e*e” — ¢g (¢ = u,d,s,c) background is sup-
pressed utilizing event topology variables: the ratio of the
second to zeroth Fox-Wolfram moments is required to be
R, < 0.3. More details can be found in Ref. [6].

We calculate missing mass defined as My,;(n7n7) =
V(Pyssy — Pren-)?, where P~ and Pyp- are 4-momenta
of the initial e*e™ system and 7*7~ system, respectively.
The Mpis(ntn™) spectrum is divided into three adja-
cent regions with boundaries at My, (n*7n7) = 9.3, 9.8,
10.1 and 10.45GeV/c? and fitted separately in each re-
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Table 1. The yield and mass determined from the fits to the
M s (7t 7) distributions.

Yield, 10° Mass, MeV/c?
T(1S) 1052 +5.8+3.0 9459.4+05+1.0
hp(1P) 50.4 +7.8%4 9898.3 + 1.1719
3§ > 18 56+ 19 9973.01
Y(2S) 1435+87+68 100223 +0.4+1.0
Y(1D) 220+7.8 10166.2 + 2.6
hy(2P) 84.4 +6.8%2 10259.8 + 0.67]4
25 > 1S 151.7+£9.750  10304.6 £ 0.6 + 1.0
Y(3S) 456+52+51 10356.7+0.9+1.1

gion. In the third region, prior to fitting, we perform
bin-by-bin subtraction of the background associated with
the Kg — m*n~ production. The combinatorial back-
ground is parametrized by a Chebyshev polynomial func-
tion (6th order for the first two regions and 7th order
for the third region). The signal component consists of
three Y'(nS) signals, two h,(mP) signals, Y(1D) as well as
feed across from the T(2S) — Y(1S)7*n~ and Y(3S) —
T(1S)n*n~ transitions. The peak positions of all signals
are floated, except that for Y(35) — Y(1S)x*n~, which is
poorly constrained by the fit. The background subtracted
M iss(r" ™) distribution is shown in Fig. 1, where signals
of both h,(1P) and h,(2P) are clearly visible. The signal
parameters are listed in Table 1. Statistical significance of
all signals except that for the Y(1D) exceeds 5o

The measured masses of h,(1P) and h,(2P) are
M = (98983 + l.l’j}:(l))MeV/c2 and M = (10259.8 +
0.6"10)MeV/c?, respectively. Using the world average
masses of the y,;(nP) states, we determine the hyper-
fine splittings to be AMyp = (+1.6 + 1.5)MeV/c? and
(+0.5f%:g) MeV/c?, respectively, where statistical and sys-
tematic uncertainties are combined in quadrature.

We also measure the ratio of cross sections R =
%. To determine the reconstruction efficiency
we use the results of resonant structure studies reported
below. We find the ratio of cross sections to be R =
0.46 + 0.08*%07 for the h,(1P) and R = 0.77 + 0.08f8%

-0.12
for the h,(2P).

3 Observation of Z,(10610 and Z,(10650)

As shown above, the rates of the processes T(5S) —
hy(mP)r*n~ (m = 1,2), that require a heavy quark spin
flip, are found to be comparable to those for the heavy
quark spin conserving transitions Y'(5S) — T(nS)n*n~,
(n =1,2,3). This observation contradicts to a priori theo-
retical expectations and strongly suggests that some exotic
mechanisms are contributing to T(55) decays.

To study the resonant substructure of the T(55) —
hy(mP)r*n~ (m = 1,2) three-body decays, we measure
the h,(mP) yield as a function of the A, (mP)n* invariant
mass. We use the same inclusive approach as described
in the previous section. We fit the M;(n*77) spectrum
in bins of h,(mP)x* invariant mass, defined as the missing
mass to the opposite sign pion, My,;ss(7™). We combine the
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Figure 2. The (a) h,(1P) and (b) h,(2P) yields as a function of
M ;55 (1) (points with error bars) and results of the fit (histogram).

M yiss(m"17) spectra for the corresponding bin in My (77)
and M ,;s(") and use half of the available M,;;(r) range
to avoid double counting.
The results for the yield of Y(55) — hy(mP)n*n~
(m = 1,2) decays as a function of the M, (;1) are shown
in Fig. 2. The distribution for the /;(1P) exhibits a clear
two-peak structure without a significant non-resonant con-
tribution. A similar distribution is observed for the /,(2P)
yield, though the available phase space is much smaller.
In the following we refer to these structures as Z,(10610)
and Z,(10650), respectively. To fit the M. () spectrum
we use the following combination:
e ar
s
Here /s = My;(n); the variables My, Iy (k = 1,2),
a, ¢, b and y are free parameters; % is a phase-space
factor, where p (g) is the momentum of the pion orig-
inating from the T(5S) (Z,) decay measured in the rest
frame of the corresponding mother particle. The P-wave
Breit-Wigner amplitude is expressed as BW,(s, M,T) =

W. Here F is the P-wave Blatt-Weisskopf form
s—iMT

factor F = llfgg); , qo 1s a daughter momentum calcu-
lated with pole mass of its mother, R = 1.6 GeV~l. The
function (Eq. 1) is convolved with the detector resolution
function, integrated over the histogram bin and corrected
for the reconstruction efficiency. The fit results are shown
as solid histograms in Fig. 2. We find that the non-resonant
contribution is consistent with zero in accord with the ex-
pectation that it is suppressed due to heavy quark spin-flip.
In case of the h,(2P) we fix the non-resonant amplitude at
Zero.

Another possibility to study the observed Z, states is
provided by the e*e™ — Y(nS)n* 7, n = 1,2,3 process.
The observed rates for these processes are about two or-
ders of magnitude higher than expected. To study these
processes we use a full reconstruction approach that al-
lows to reduce the background significantly.

To reconstruct T(55) — Y(nS)n*n~, T(nS) — u u”
candidates, we select events with four charged tracks with
zero net charge that are consistent with coming from
the interaction point. Charged pion and muon candi-
dates are required to be positively identified. Candi-
date T(58) — T(nS)m*n~ events are selected by requir-
ing M piss(m¥ ™) — m'r(,,s)l < 0.05 GGV/CZ, where My(ns)

IBW1(s, M1,T1) + ae'’ BW, (s, M, T) + be (1)
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Figure 3. Comparison of fit results (open histogram) with experi-
mental data (points with error bars) for events in the V(1S (top),
T(2S) (middle), and T(3S) (bottom) signal regions. The solid
histogram is for J© = 1* model, dashed one is for J* = 2* model
for Z, states. The hatched histogram shows the background com-
ponent.

is the mass of an T(nS) state [7]. Sideband regions
are defined as 0.05GeV/c? < |Mpiss(n*n™) — Myes)| <
0.10GeV/c?. To remove background due to photon con-
versions on the innermost parts of the Belle detector, we
require M*(n*7”) > 0.20/0.14/0.10 GeV/c* for a final
state with an T(15), T(2S5), and Y(3S), respectively. More
details can be found in Ref. [8].

One-dimensional invariant mass distributions for
events in the Y(nS) signal regions are shown in Fig. 3,
where two peaks are evident in the Y'(nS)r system near
10.61 GeV/c? and 10.65 GeV/c?.

Amplitude analyses are performed by means of un-
binned maximum likelihood fits to six-dimensional phase
space [9]. The variation of reconstruction efficiency across
the Dalitz plot is determined from a GEANT-based MC
simulation. The distribution of background events is de-
termined using sideband events and found to be uniform
across the Dalitz plot.

We parametrize the T(5S) — Y(nS)n*n~ three-body
decay amplitude by:

M=Az +Az, +As +Ap + Ap, + Ay, 2)

where Az, and Az, are amplitudes to account for contribu-

tions from the Z,(10610) and Z;,(10650), respectively.
Consequently, we parametrize the observed Z,(10610)

and Z,(10650) peaks with an S -wave Breit-Wigner func-

tion BW(s, M,T) = Y

— > Where we do not consider

possible s-dependence of the resonance width. To account
for the possibility of Y'(5S) decay to both Z/n~ and Z, n*,
the amplitudes Az, and Az, are symmetrized with respect
to 7t and 7~ transposition. Using isospin symmetry, the
resulting amplitude is written as

Az, = az, % (BW(s1, My, Ty) + BW(s2, M, T1)),  (3)

where s; = M*[Y(nS)n*], s2 = M*[Y(nS)n~]. The rela-
tive amplitudes az,, phases ¢, , masses M, and widths I';
(k = 1,2) are free parameters. We also include the Ay
and Ay, amplitudes to account for possible contributions
in the 7* 7~ channel from the f;(980) scalar and f>(1270)
tensor states, respectively. We use a Breit-Wigner func-
tion to parametrize the f,(1270) and a coupled-channel
Breit-Wigner function for the f(980). The mass and width
of the f>(1270) state are fixed at their world average val-
ues [7]; the mass and the coupling constants of the f,(980)
state are fixed at values determined from the analysis of
B* — K*m*n~: M[f,(980)] = 950 MeV/c?, gnr = 0.23,
gkk = 0.73 [10].

The non-resonant amplitude A, is parametrized as
Ap = a el + al e 53, where 53 = M*(n*n) (s3 is
not an independent variable and can be expressed via s;
and s, but we use it here for clarity), a’, a3’, 6]" and 05"
are free parameters of the fit.

The logarithmic likelihood function £ is then con-
structed as

£=-2" log(figS (s1,5) + (1 = fig)B(s1,52)),  (4)

where S (s1, 52) is the density of signal events |M(sy, )
convolved with the detector resolution function, B(s1, 5»)
describes the combinatorial background that is considered
to be constant and f, is the fraction of signal events in the
data sample. The fractions of signal events in the signal
region are determined from fits to the M, (7 77) spec-
trum and are found to be 0.937 + 0.015(stat.), 0.940 +
0.007(stat.), 0.918 + 0.010(stat.) for final states with
T(LS), T(2S), T(3S), respectively. Both S(sy,s,) and
B(s1, s,) are efficiency corrected.

In the fit to the data, we test the following assumptions
on the spin and parity of the observed Z, states: J© = 17,
17, 2* and 2~. Note that J® = 0" and 0~ combinations
are forbidden because of the observed Z, — Y'(nS )7 and
Z, — hp(mP)m decay modes, respectively. We find that the
model with J¥ = 17 assigned to both Z, states provides the
best description of the data for all final states. Results of
the fits to 1(5S8) — Y (nS)n* 7~ signal events are shown in
Fig. 3, where one-dimensional projections of the data and
fits are compared. More details can be found in Ref. [9].

Analysis of quark composition of the initial and final
states allows to state that Z;, states should be comprised of
(at least) four quarks. The proximity of the Z,(10610) and
Z,(10650) masses to the sum of the B and B* mesons and
the sum of the two B* mesons, respectively, suggests that
the decay rates of Z, states to these final states might be
large. To search for Z, — B®B* decays we study three-
body e*e™ — B™B*r transitions.

B mesons are reconstructed in the following channels:
B* — J/yK*, Bt — Dn*, B® - J/yK*°, B® - D n*,

01014-p.3
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Figure 4. The (a) recoil mass distribution to B system and (b) pion recoil mass distribution for signal BB*x candidates, and (c)
pionrecoil mass distribution for signal B*B*r candidates. Points with error bars are data, solid line is the result of the fit with the
nominal model (see text), dashed line - fit to pure non-resonant amplitude; dotted line - fit to one Z, state plus a non-resonant, and

dash-dotted - two Z, states and non-resonant. Hatched histograms represent level of combinatorial background.

B — D*~n*. We identify B candidates by their invariant
mass, M(B), and momentum P(B). We require M(B) to be
within 30 to 40 MeV/c? (depending on the B decay mode)
of the nominal B mass. Neutral (charged) D mesons origi-
nating from B decays are reconstructed in the D’ > K*n~
and D > K*n*zmn (D~ — K*m n~) modes. Those
originating from D*~ decays are also reconstructed in the
D° — K*n~n° mode. To identify D*~ candidates we re-
quire |[M(D°7™) — M(D®) — 0.14542| <2 MeV/c2. The in-
variant mass of the J/y — u*u~ candidates is required to
satisfy [M(u*u™) — Myl < 30 MeV/c?, where My, is the
nominal mass of the J/ meson. The K** is reconstructed
in the K*° — K*7~ mode, the invariant mass of the K*°
candidate is required to be within 70 MeV/c? of the nomi-
nal K*° mass. The invariant mass of a two-photon combi-
nation is required to be within 12 MeV/c? of the nominal

ﬂ'o mass.

Reconstructed B* or B® candidates are then combined
with a 7~ candidate and a recoil mass to the Br combina-

tion, rM(Br), is calculated as rM(Br) = JECZmS - P2

Bn>
where E.,s is the center-of-mass energy, Pp, - three-
momentum of the Br combination. Signal T(55) — BB*«w
events produce a narrow peak in the rM(Bm) spectrum
around nominal B* mass, while T(58) — B*B*m events
produce a peak shifted to higher mass by about 45 MeV/c?
due to a missed photon from the B* — By decay. Fig-
ure 4(a) shows the rM(Br) + M(B) —5.279 GeV/c? distri-
bution for the experimental data. Use of rM(Br)+ M(B) —
5.279 GeV/c? instead of just rM(Br) allows to remove
correlations between rM(Bm) and M(B) and improve res-
olution. It is important to note here that according to sig-
nal MC, BB*r events where the reconstructed B is the one
from B*, produce a peak in the »rM(Br) distribution at the
same position as signal events where the reconstructed B
is the prompt one.

For the subsequent analysis, we require |(rM(B) +
M(B) — 5.279) — Mg| < 0.015 GeV/c? to select T(55) —
BB*revents and |(rM(B)+M(B)—5.279)—(Mp-+0.045)| <
0.015 GeV/c? to select Y(55) — B*B*r events. For se-
lected candidate events we calculate mass recoiling against

the charged pion: rM(n) = +/E%, — P%, where P, -

three-momentum of the charged pion. The rM(r) distribu-
tion for candidates in the BB*r and B*B*x signal regions
are shown in Fig. 4(b) and (c), respectively. Excesses
of signal events over the expected background levels are
clearly visible at lower mass edges of the rM(r) spectra.
Distribution of signal events for the 1'(5S) — BB*r decay
is parametrized with the following model:

S p:x(m) = Az, 10610) + ANg> (5)

where Apg is the non-resonant amplitude parametrized as
just a complex constant and the Z,(10610) amplitudes is
a Breit-Wigner function. We also apply a correction for
reconstruction efficiency and phase space. As a variation
of this nominal model, we also add a second Breit-Wigner
amplitude to account for possible Z,(10650) — BB*x de-
cay. We also fit the data with the Z,(10610) channel only.
Results of these fits are shown in Fig. 4(b). Two models
give about equally good description of the data: the nom-
inal model and a model with an additional non-resonant
amplitude. However, we select the former one as our nom-
inal model since adding a non-resonant amplitude does a
not improve the fit quality that much. The worst fit to the
data is provided by a model with just non-resonant ampli-
tude. From this analysis we estimate the significance of
the Z,(10610) — BB* signal to exceed an 8¢ level.

As the nominal model for the T(5S) — B*B*r decay,
we use the following parametrization:

S ppa(m) = Az,10650) + ANR (6)

We also fit the data without a non-resonant component and
with a non-resonant amplitude alone. Results of the fits are
shown in Fig. 4(c).

The best description of the B*B*r data is achieved by
a model with the Z,(10650) amplitude only. Addition of
a non-resonant amplitude does not provide any signifi-
cant improvement of the fit quality. A fit with a non-
resonant amplitude alone gives a much worse likelihood
value. From this analysis, we estimate the significance of
the Z,(10650) — B*B* signal to be 6.8

01014-p.4
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4 Evidence for the 7,(25) and observation
of /,(1,2P) — n,(1S)y

To study the processes efe~ — Y(58) — hy(mP)n*n~,
hp(mP) — np(nS)y we reconstruct a ntz~ pair and
photon.  The selection criteria are described in de-
tail in Ref. [6]. The two-dimensional distribution
M,(gis(fﬂ_)’) = Mmiss(ﬂ+7r_7) — Myiss(m77) + Mp,(mp) VS.
M iss(r 1) contains a signal cluster at the location of two
crossing bands. A band at Myss(m*717) = my,,up) is due to
events where the 77~ pair from the e*e™ — hy(mP)n*n~
process is combined with a low energy combinatorial pho-
ton; a band at Mfgzs(ﬂ*n‘y) = My, sy is due to eTe” —
ny(nS )~y events, not necessarily produced via h,(mP).
We fit the My;s(7*77) spectra in Mfl'l’ilgs(n*n’y) bins to
measure the h,(mP) yield.

The results for the h;,(1P) and h,(2P) yields as a func-
tion of Ml(;'i’;s(ﬂ*n’y) are presented in Fig. 5. Clear peaks
at 9.4 GeV/c? and 10.0 GeV/c? are identified as signals for
the 17,(nS) and 1,(2S), respectively. Generic MC simula-
tions indicate that no peaking backgrounds are expected in
these spectra.

We fit the h,(mP) yield dependence on Mfr'l’i’is(ﬂﬂr‘y)
to a sum of the n,(nS) signal components described
by the convolution of a non-relativistic Breit-Wigner
function with the resolution function and a background
parametrized by an exponentiation of a first- [second-] or-
der polynomial in the 7,(1S) [17,(2S)] region. The two
M[(r'l'i'is(fﬂ‘y) spectra [from the /,(1P) and h,(2P)] with
n,(18) signals are fitted simultaneously. We find event
yields for the h,(mP) — n,(nS) transitions of Nip_15 =
(23.5+2.0)x10%, Nap_,15 = (10.3£1.3)x10% and Nyp_,p5 =
(25.8+4.9)x 10°; the fitted masses and width are m,,,(15) =
(9402.4 £ 1.5+£1.8)MeV/c?, T, a5y = (10.8 fg:g f;:(s)) MeV
and my,s) = (9999.0 + 3.5*75)MeV/c?. The confi-
dence level of the 7,(1S) [17,(25)] fit is 61% [36%]. If
the 77,(2S) width is allowed to float in the fit, we find
s = (433) MeV or I, 05y < 24MeV at 90% C.L.
using the Feldman-Cousins approach [11]. For mass and
yield measurements, we fix the 77,(2S) width at its value

T(2S)
from perturbative calculations [12] Iy, 25y = I, (1 5)1% =

(4.9*%7)MeV, where the uncertainty is due to the experi-
mental uncertainty in I, (15).

To estimate the systematic uncertainties in the 7,(nS)
parameters, we vary the polynomial orders and fit in-
tervals in the Mys(m*7n7) & M[(;l’i’is(ﬂ’rn‘y) fits, and the
M;”i’;s(ﬂ*ﬂ‘y) binning by scanning the starting point of the
10MeV/c? bin with 1 MeV/c? steps. We also multiply
the non-relativistic Breit-Wigner function by an Ei term
expected for an electric dipole transition and include the
uncertainty in the h,(1P) and h,(2P) masses and in the
estimated value of the 7,(2S) width. We add the various
contributions in quadrature to estimate the total systematic
uncertainty. For the hyperfine splittings meyus) — My, ns)
we determine AMyp(1S) = (57.9 + 2.3)MeV/c? and
AMyp(2S) = (24.3719) MeV /c?, where statistical and sys-
tematic uncertainties in mass are added in quadrature.

Using Wilks® theorem, we find 150 [90] for the
hy(1P) — 1(1S)y [hp(2P) — np(18)y] statistical signif-
icance. For the significance of the 7,(2S) signal, we use
a method [13] that requires definition of the search win-
dow to take into account the “look elsewhere effect.” For

the ratio r = ﬁ%‘:gg; perturbative calculations [14] pre-
m: FZ,(ZS)

2
dict = <55 = 0.513 + 0.011 (where the error is due to

T(1S) * ee
the uncertainties in I',,); this is consistent with the mea-
sured value of 0.420*)70. To determine boundaries of the
search window, we conservatively assume r = O and r = 1.
We find the significance of the 7,(2S) signal to be 4.8
(4.2 0 including systematics).

We measure B[h,(1P) — n,(1S)y] = (49.2 =

5739 %, Blhy(2P) — 1,(1S)y] = (22.3 3.8 *31)% and
Blhy(2P) — 728 )y] = (47.5 £ 10.555)%.

5 Conclusion

In summary, we have observed the P-wave spin-singlet
bottomonium states h,(1P) and h,(2P) in the reaction
efem — Y(55) — hy(mP)n*n~. The measured hyper-
fine splittings are consistent with zero as expected. A de-
tailed analysis revealed that h,(mP) states in Y(5S) de-
cays are dominantly produced via intermediate charged
bottomonium-like resonances Z,(10610) and Z,(10650).

01014-p.5
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Both these resonances have also been observed in Y'(nS )z
spectra in the T(5S) — Y(nS)nr*x~ decays. Weighted
averages over all five channels give M = 10607.2 +
20MeV/c?, T = 184 + 24MeV for the Z,(10610)
and M = 106522 + 1.5MeV/c?>, T = 11.5 + 22MeV
for the Z,(10650), where statistical and systematic er-
rors are added in quadrature. The relative phase between
Z,(10610) and Z,(10650) is consistent with zero for the
final states with the T(nS) and consistent with 180 de-
grees for the final states with /,(mP). Amplitude analy-
sis strongly favors the J© = 1* spin-parity assignment for
both the Z,(10610) and Z,(10650) states. Since the Y(55)
has negative G-parity, the Z; states have positive G-parity
due to the emission of the pion. We also observe signifi-
cant signals of Z,(10610) and Z,(10650) states in BB* and
B*B* final states, respectively.

We report the first evidence for the 7,(2S) using the
hy(2P) — 1,(2S)y transition, with a significance, includ-
ing systematics, of 4.2 0, and the first observation of the
hp(1P) — 1,(1S)y and hy(2P) — n,(1S)y transitions.
The mass and width parameters of the 7,(1S) and 7,(2S)
are measured to be m,;,(15) = (9402.4+ 1.5+ 1.8) MeV/c?,
my,2s) = (9999.0 = 3.5 i%g) MGV/6‘2 and rm,(lS) =
(10.8 39 *35YMeV. The my, 25y and I, s) are first mea-
surements; the m,, 15y measurement is the most precise
and is about 10 MeV /c? higher than the current world av-
erage [7]. The hyperfine splittings, AMyp(1S) = (57.9 =
2.3)MeV/c* and AMyp(2S) = (24.3*39)MeV/c?, are in
agreement with theoretical calculations [14]. We mea-
sure branching fractions for the transitions B[A,(1P) —
m(18)y] = (49.2 £ 5.7 3%, Blhy(2P) — ny(1S)y] =
(223 £38 fgé)% and B[h,(2P) — 1,(2S)y] = (475 +
10.5*68)% that are somewhat higher than theoretical ex-
pectations [1]. We update the h,(1P) and h,(2P) mass
measurements ny,1p) = (9899.1 + 0.4 + 1.0)MeV/c?,
my,p) = (10259.8 + 0.5 + 1.1)MeV/c?, and 1P and 2P
hyperfine splittings AMup(1P) = (+0.8 + 1.1)MeV/c?,
AMyp(2P) = (+0.5 + 1.2) MeV/c%.

We thank the KEKB group for excellent operation
of the accelerator; the KEK cryogenics group for effi-
cient solenoid operations; and the KEK computer group,
the NII, and PNNL/EMSL for valuable computing and
SINET4 network support. We acknowledge support from
MEXT, JSPS and Nagoya’s TLPRC (Japan); ARC and DI-

ISR (Australia); NSFC (China); MSMT (Czechia); DST
(India); INFN (Italy); MEST, NRF, GSDC of KISTI, and
WCU (Korea); MNiSW (Poland); MES and RFAAE (Rus-
sia); ARRS (Slovenia); SNSF (Switzerland); NSC and
MOE (Taiwan); and DOE and NSF (USA).

References

[1] S. Godfrey and J. L. Rosner, Phys. Rev. D 66, 014012
(2002).

[2] T. K. Pedlar ef al. (CLEO Collaboration), Phys. Rev.
Lett. 107, 041803 (2011).

[3] K.-F. Chen et al. (Belle Collaboration), Phys. Rev.
Lett. 100, 112001 (2008).

[4] A. Abashian et al. (Belle Collaboration), Nucl. In-
strum. Methods Phys. Res., Sect. A 479, 117 (2002).
[5] S. Kurokawa and E. Kikutani, Nucl. Instrum. Meth-
ods Phys. Res. Sect. A 499, 1 (2003), and other papers

included in this Volume.

[6] R. Mizuk, D. M. Asner, A. Bondar, T. K. Pedlar, et
al. (Belle Collaboration), Phys. Rev. Lett. 109, 232002
(2012).

[71 J. Beringer et al. et al. (Particle Data Group), Phys.
Rev. D 86, 010001 (2012).

[8] A. Bondar, A. Garmash, R. Mizuk, D. Santel, K. Ki-
noshita et al. (Belle Collaboration), Phys. Rev. Lett.
108, 122001 (2012).

[91 I.  Adachi et al
arXiv:1209.6450.

[10] A. Garmash et al. (Belle Collaboration), Phys. Rev.
Lett. 96, 251803 (2006).

[11] G.J. Feldman and R. D. Cousins, Phys. Rev. D 57,
3873 (1998).

[12] W. Kwong et al., Phys. Rev. D 37, 3210 (1988) (and
references therein); R. Barbieri et al., Nucl. Phys. B
154, 535 (1979).

[13] E. Gross and O. Vittels, Eur. Phys. J. C 70, 525
(2010).

[14] R. Van Royen and V. FE. Weisskopf, Nuovo Cim. A
50,617 (1967) [Erratum-ibid. A 51, 583 (1967)]; A. De
Rujula, H. Georgi and S. L. Glashow, Phys. Rev. D 12,
147 (1975).

(Belle  Collaboration),

01014-p.6



