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Originally designed for CP violation studies in the B meson system, the B-Factories recently
showed an exciting capability for improving our experimental knowledge in the field of hadron
spectroscopy. We review results on bottomonium spectroscopy from the Belle experiment at
the KEK-B e+e- collider and present exciting new results from the unique large data set taken

at the Y(5S) resonance.

1 Introduction

The Belle Collaboration has collected a large sample of e*e™ collisions at the energy of the
Y(5S) resonance, which lies above the threshold for production of B; meson pairs, primarily
for the purpose of studying decays of Bs. There have been a number of unexpected results
on the non-B;B; decays of the Y(5S). In particular, anomalously large rates for dipion
transitions to lower bottomonium states Y(55) — (Y(1S),Y(2S),Y(3S))tt 7w~ have been
observed [1]. If these signals are attributed entirely to the Y(5S) decays, the measured partial
decay widths T[Y(5S) — Y(nS)t™ 7t~ ~ 0.5MeV are about two orders of magnitude larger
than typical widths for dipion transitions among Y (nS) states with n < 4.

Recently the CLEO-c Collaboration observed the process ete™ — h.(1P)w" 7t~ at a rate
comparable to the process ete™ — [/t~ at /s = 4170MeV and found an indication
of an even higher transition rate at the Y (4260) energy [2]. This implies that the h;(mP)
production might be enhanced in the region of the Y}, and motivates a search for the hj,(mP)
in the Y(55) data.

We use the full Y(55) data sample with the integrated luminosity of 121.4 fb~! collected near
the peak of the Y(5S) resonance with the Belle detector [4] at the KEKB asymmetric-energy
ete™ collider [3].

2 Y(5S) — hy(mP)rt*t~ and Y(nS)t* 7t~ data analysis

We observe the hy,(1P) and hy,(2P) in the missing mass spectrum of 7t 71~ pairs. The 7t 71—

missing mass is defined as MM(tt17) = \/(Ec.m. — C*

* )2 —p*% _, where E,. is the
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* * +
center-of-mass (c.m.) energy, E*, _ and p%. _ are the 7" 7~ energy and momentum mea-

sured in the c.m. frame. The details of the analysis can be founnd in [5]. The MM(7t* 7t ™)
distribution for the selected 77" 71~ pairs is shown in Fig. 1(a). In this figure only the
Y(55) — Y(1S)t 7t~ and Y(5S) — Y(2S)7t* 7t~ transitions are discernible.

To fit the MM(7t* 71~) spectrum we separate it into three adjacent regions with boundaries
at MM(7ttt7) = 9.3GeV/c?, 9.8 GeV/c?,10.1 GeV/c? and 10.45 GeV /c2. We fit every region
separately to better control the complicated shape of the combinatorial background, which
is described by a Chebyshev polynomial of 6-7th order. In region 3 we subtract the K2
contribution bin-by-bin, while in other regions its shape is smooth and is absorbed into
combinatorial background. The signal peaks are described by Gaussians with paramenters
obtained from exclusive decays of the Y(nS) to u*u~. The MM(mt*7t~) spectrum with
the combinatorial background and K2 contributions subtracted, and the signal function
resulting from the fit overlaid, is shown in Fig. 1(b). The significance of the h;(1P) and
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Figure 1: (a)The MM(7t" 7t7) distribution for the selected 7 71~ pairs. Vertical lines
indicate the locations of the Y(1S), h;(1P), Y(2S), hy(2P) and Y(3S) signals. (b) The
MM(7t" 717) spectrum with the combinatorial background contributions subtracted (dots
with error bars) and signal component of the fit function (solid histogram).

hy,(2P) signals which includes the systematic uncertainty is 5.5¢ and 11.20, respectively.
This is the first observation of the h;,(1P) and h;(2P) spin-singlet bottomonium states in the
reactionete” — hy(mP)rttw~ atthe Y(55) energy. We measure the masses and the cross sec-
tions relative to the e"e™ — Y(2S)7t" 7w~ cross-section: M = 9898.25+1.06"1 > MeV/c%, R =
0.407 £ 0.07910072 for the /1, (1P) and M = 10259.76 4 0.64* 123 MeV//c?, R = 0.78 +0.09"04
for the h,(2P). The masses do not differ significantly from the center-of-gravity of the
corresponding x; states. For the hyperfine splitting we find AMyr = 1.62 + 1.52 MeV//c?
for the hy(1P) and 0.482:;; MeV/c? for the hy(2P). The values of R are comparable with
unity indicate that the h,(1P) and h;,(2P) are produced via an exotic process that violates
the suppression of heavy quark spin-flip.

For further study we investigate resonant structure of these decays [7]. Because of high
background Dalitz plot analysis is impossible with current statistics, therefore we study the
one-dimensional distributions in M(h,(mP)m). We define the M(h,(mP)7") as a missing
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Figure 2: The yield of the /,(1P) (a) and h;(2P) (b) as a function of MM(r) (points with
error bars) and results of the fit (histogram).

mass of the opposite sign pion, MM(7t~). We measure the yield of signal decays as a
function of the MM(7t%) by fitting the MM (7t 71~) spectra in the bins of MM(7tt). We
combine the MM (7t 7t~) spectra for the corresponding MM(7tt) and MM(7t~) bins and
we use half of the phase-space to avoid double counting. Results of fits for the /;(1P) yield
as a function of MM(rt) are shown in Fig. 2. The h;(1P) yield exhibits a clear two-peak
structure without any significant non-resonant contribution.

We perform a x? fit to the MM(7r) distributions. We assume that spin-parity for both
Z,(10610) and Z;,(10650) is J* = 17, therefore in the fit function we use a coherent sum of
two P-wave Breit-Wigner amplitudes and a non-resonant contribution:f = A |[BW(s, M1,I'1) +
ae'?BW (s, M, T) + be'¥|? %, where /s = MM(r); the variables A, My, Ty (k = 1,2), 4, ¢,
b and 1 are floating in the fit. The non-resonant amplitude is found to be consistent with
zero. The results of the fit are shown in Fig. 2 and are summarized in Table 2. We find
that the hypothesis of two resonances is favored over the hypothesis of a single resonance
(no resonances) at the 7.4 0 (17.9 0) level. The parameters of the Z,(10610) and Z,(10650)
obtained in the fit of #;(1P) and h;(2P) are consistent with each other.

To select Y(5S) — Y(nS)m™ 1~ candidate events, we require the presence of a pair of muon
candidates with an invariant mass in the range of 8.0 GeV/c? < M(u*u~) < 11.0 GeV//c?
and two pion candidates of opposite charge. Candidate Y(55) — Y(nS)t* 7~ events are
identified by the invariant mass of the y* 1~ combination and the missing mass associated

with the 7t 71~ system calculated as MM(nt ™) = \/(Ec,m, —E*, )?2—p _, where
Ecm. is the c.m. energy and E*, _ and p%, _ are the energy and momentum of the 7777~
system measured in the c.m. frame.

The amplitude analyses of the three-body Y(55) — Y(nS)m" 7~ decays that are reported
here are performed by means of unbinned maximum likelihood fits to two-dimensional

Dalitz distributions. The logarithmic likelihood function £ is then constructed as

1) L =2 10g(figS(s1,52) + (1 — fuig) B(51,52)),

where S(s1,52) = |[M(s1,52)|? folded with the detector resolution function, B(s,s;) = 1 and
fsig is a fraction of signal events in the data sample. Both S(s1,s2) and B(sy, s2) are corrected
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Figure 3: Dalitz plots for Y(nS)7tt 7w~ events in the (a) Y(15); (b) Y(25); (c) Y(3S) signal
regions. The regions to the right of the vertical lines are included in the fit procedure.

for the reconstruction efficiency.
The background distribution functions were obtained from the Y(nS) mass sidebands.
There is a strong concentration of background events in the very low 7 71~ invariant mass
region; these are due to photon conversion on the innermost parts of the Belle detector.
We exclude this region by applying the requirements on the 7777~ invariant mass. The
background distribution for the remaining region is consistent with the uniform one.
The variation of reconstruction efficiency across the Dalitz plot is determined from MC sim-
ulation. The fraction of signal events in the signal region for each of the three Y (nS)m* 7~
final states is determined from a fit to the corresponding MM (7t 71~) spectrum using a
Crystal Ball function [6] for the Y signal and a linear function for the combinatorial back-
ground component.
Figure 3 shows Dalitz plots of the events in the signal regions for the three decay channels
under study. In all cases, two horizontal bands are evident in the Y(nS)m system near
10.61GeV/c? (~ 112.6 GeV?/c*) and 10.65GeV/c? (~ 113.3 GeV?/c?). In the following we
refer to these structures as Z,(10610) and Z;(10650), respectively.

We use the following parameterization for the Y(5S) — Y(nS)n* 71~ three-body decay
amplitude: M(sy,s2) =
BW(s1, M2, T2) + BW(sy, My, T2) + ae’ (BW(s1, My, T2) + BW(s2, M, T2)) + A, + Ag, + Ang,
where s1 = M?(Y(nS)7*). Here we assume that the dominant contributions come from
the amplitudes that conserve the orientation of the spin of the heavy quarkonium state
and, thus, both pions in the cascade decay Y(5S) — Z,m — Y(nS)m" 71~ are emitted in an
S-wave with respect to the heavy quarkonium system. Consequently, we parameterize the
observed Z,(10610) and Z;(10650) peaks with an S-wave Breit-Wigner function without
s—dependence of the resonance width I'. We also include amplitudes A and Ay, to account
for possible contributions in the 77+ 7t~ channel from f£;(980) scalar and f,(1270) tensor
states, respectively and non-resonant amplitude [8] Anr = 4" - e 4 ay’ - %" . 53, where
s3 = M?(7t"7t7) and al¥, a%", 6% and 65" are free parameters of the fit.
Results of the fits are summarized in Table 2. The combined statistical significance of the
two peaks exceeds 10 sigma for all tested models and for all Y(nS)7t* 7t~ channels.
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Table 1: The probabilities at which different J” hypotheses are disfavored compared to
the 17 hypothesis.

v Z,(10610) Z,(10650)
Y(2S)n Tt~ Y(BS)ntm— hy(1P)tF = YQ2S)n Tt~ Y@BS)n Tt~ hy,(1P)c =
1~ 360 030 030 370 260 270
2+ 430 350 440 270
2 277 287 430 297 260 2le

We perform angular analyses to check consistency of the J° = 1% assignment for the
Z(10610) and Z,(10650) states and to attempt to discriminate against other ¥ hypotheses;
we consider [” = 17,2% and 2. The 0" (0~) assignment is forbidden by parity conservation
in Z, — Y(nS)mt (Z, — h,(mP)7) decays. We use the polar angles of the pions (denoted as
61 for a pion from the Y(5S) decay and 6, for a pion from the Z; decay), the spatial angle,
077, between the two pions and the angle, ¢,, between the plane defined by the pion from
Y(5S) decay and the beam direction and the plane defined by the two pions. Since the Z;
velocity is very small, B < 0.02, we neglect its recoil motion and measure all pion momenta
in the c.m. frame. We assume that only the lowest wave contributes to the decay in the
cases where more than one wave is possible.

We perform a binned maximum likelihood fit to these distributions. The fit function is a
sum of the Z, signal, non-resonant component and combinatorial background described by
a properly normalized MM (7t 71~ sidebands. The non-resonant contribution varies with
the cos 0, therefore this variable is not used. The fit function is corrected for efficiency.
The only floating parameter in the fit is the normalization of the Z; signal component.The
probabilities at which the 17, 2% and 2~ hypotheses are disfavored compared to the 11 hy-
pothesis are calculated as y/A2log L and given in Table 1. The presented numbers indicate
that the 17 hypothesis for both Z,(10610) and Z;,(10650) provides the best description of
angular distributions among all other hypotheses with | < 2.

Table 2: Z, and Z, parameters obtained from Y(55) — Y(nS)n*7~ and Y(55) —
hy(mP)7tt 7t~ analyses. Quoted values are in MeV/c? for masses, in MeV for widths
and in degrees for the relative phase. Relative amplitude is defined as az, /a 7

Final state Y(1S)ntm— Y(2S)ntn— Y(3S)ttm— hy(1P)t+ = hy(2P)tt i~
M(Z,(10610)) 10609 +3 +2 10616 + 275 10608 273 10605.1+2217) 10596 +7 3
I'(Z,(10610)) 229+73+2 21.1+413 122+1.7+4 114755 720 16116113
M(Z,(10650)) 10660 +6+2  10653+2+2  10652+2+2  106545+2570 10651 +4+2
I'(Z,(10650)) 1241043 164 +36"¢ 109 +2673 20913772 121+
Rel. amplitude  0.59 4019700 091 £0.1170%; 073 +0.1070¢2 1815901 13131102
Rel. phase, 53 +6173, 20 +187%5* 6+2472 188 T4 5 255 T8 T2,



http://www.hadron2011.de

X1V International Conference on Hadron Spectroscopy (hadron2011), 13-17 June 2011, Munich, Germany

3 Discussion and Conclusions

In conclusion, we have observed two charged bottomonium-like resonances, the Z;(10610)
and Z,(10650), with signals in five different decay channels, Y(nS)n* (n = 1,2,3) and
h,(mP)m® (m = 1,2). Parameters of the resonances as measured in different channels
are summarized in Table 2. All channels yield consistent results. A simple weighted av-
erages over all five channels give M[Z,(10610)] = 10608.4 + 2.0 MeV/c?, T[Z;(10610)] =
15.6 + 2.5MeV and M[Z,(10650)] = 10653.2 + 1.5MeV/c?, T'[Z;(10650)] = 14.4 + 3.2 MeV,
where statistical and systematic errors are added in quadrature.

The measured masses of these states exceed by only a few MeV /c? the thresholds for the
open beauty channels B*B (10604.6 MeV) and B*B* (10650.2 MeV). This “coincidence” can
be explained by a molecular-like type of new states, i.e., their structure is determined by the
strong interaction dynamics of the B*B and B*B" meson pairs.

The widths of both states are similar and are of the order of 15MeV/c?. The Z;,(10610)
production rate is similar to the Z,(10650) production rate for every decay channel. Their
relative phase is consistent with zero for the final states with the Y(nS) and consistent with
180 degree for the final states with the i (mP).

The Y(5S) — hy(mP)tt 7t~ decays seem to be saturated by the Z;(10610) and Z;(10650)
intermediate states; this decay mechanism is responsible for the high rate of the Y(55) —
hy(mP) 7t 7t~ process measured recently by the Belle Collaboration.

Analysis of angular distributions for charged pions favors the J* = 1% spin-parity assign-
ment for both Z;(10610) and Z,(10650). Since the Y(5S) has negative G-parity, Z, states
will have opposite G-parity due to emission of the pion.
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