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Using data collected with the Belle detector at the KEKB asymmetric-energy e™e™ collider, we mea-
sure the energy dependence of the ete™ — hy(nP)ntn~ (n = 1,2) cross sections from thresholds
up to 11.02 GeV. We find clear Y(10860) and Y (11020) peaks with little or no continuum contri-
bution. We study the resonant substructure of the Y(11020) — hy(nP)nt 7~ transitions and find
evidence that they proceed entirely via the intermediate isovector states Z;,(10610) and Z;(10650).
The relative fraction of these states is loosely constrained by the current data: the hypothesis that
only Z,(10610) is produced is excluded at the level of 3.3 standard deviations, while the hypothesis
that only Z;(10650) is produced is not excluded at a significant level.

PACS numbers: 14.40.Rt, 14.40.Pq, 13.66.Bc

Heavy quarkonia are the bound states of ¢ or bb the basic properties of the system [1]. The first state that
quarks. In such states, the quarks are moving relatively did not fit potential model expectations was observed in
slowly, and therefore a non-relativistic approximation 2003 by Belle [2]; since then, nearly twenty such states
based on the interaction potential accurately describes  have been reported [3]. All these states correspond to



high excitations and have masses above the DD or BB
thresholds.

Many quarkonium-like states were found in the energy
scans of the cross sections of eTe™ annhilation into con-
ventional quarkonia and light hadrons. Among these are
the Y (4008) and Y (4260) in J/¢ 7tmx~ [4], the Y (4360)
and Y (4660) in ¢(2S) 77~ [5], the ¢)(4040) and 1)(4160)
in J/v 1 [6], and possibly the Y (4220) in h.w "7~ [7]. The
partial widths of the corresponding transitions are much
higher than expected for conventional quarkonia [8]. Sur-
prisingly, the peaks observed in the cross sections de-
pend on the final states. In other words, each such
charmonium-like state decays to only one channel with
charmonium. To explain this “selectivity”, a hadrochar-
monium notion is introduced [9]: a bound state of a char-
monium and a light hadron. Such a system decays pre-
dominantly into its constituents.

Recent energy scans of the eTe™ — Y(nS)rtn~
(n = 1,2,3) cross sections by Belle [10, 11] show that
the situation is different in the sector of bottomonium-
like states: all of the cross sections exhibit peaks of the
T(10860) and Y (11020) resonances that are also seen in
the total hadronic cross section. The observed decay
patterns of Y(10860) and Y(11020) agree with the ex-
pectations for a mixture of the B((:)) B((:)) molecule and
conventional bottomonium: open flavor channels domi-
nate, while channels with quarkonium have anomalously
high partial widths [12]. The striking difference between
charmonium-like and bottomonium-like states, that we
describe above, is not yet understood. Further scans
in the bottomonium region are therefore of high impor-
tance. In this Letter, we report the first energy scan of
the eTe™ — hy(nP)rtm~ (n = 1,2) cross sections. We
find clear Y(10860) and Y(11020) peaks without a sig-

nificant continuum contribution.

To date, the eTe™ — hy(nP)m "7~ processes were seen
only at a single energy near the Y(10860) peak [13].
They were found to proceed entirely via the intermediate
isovector states Z,(10610) and Z,(10650) that are situ-
ated near the BB* and B*B* thresholds [14] and likely
have corresponding molecular structures [15]. Here,
we report on the resonant substructure study of the
T(11020) — hp(nP)ntm~ decays, where we find first
evidence for intermediate Z; states. Hereinafter, the
T(10860) and Y(11020) are referred to, for brevity, as
the T(55) and Y(6S5) according to the potential model

assignment.

We use 121.4fb~" of on-resonance Y(55) data taken
at three energies close to 10.866 GeV, as well as 1fb~!
of data taken at each of 19 different energies between
10.77 and 11.02GeV. These data were collected with
the Belle detector [16] at the KEKB asymmetric-energy
ete™ collider [17].

The ete™ — hy(nP)rtn~ processes are recon-
structed inclusively based on the w77~ missing mass,

3

Mpiss(77) = \/(Ec,m, — Ex )2 —p:2 where E. . is the
center-of-mass (c.m.) energy and E_ and pX_ are the
energy and momentum of the 77~ pair as measured in
the c.m. frame. The c.m. energy is calibrated using the
ete™ = Y(nS)rTr~ — ptu~wtr™ and ete™ — putp~
processes, as described in Ref. [11]. This analysis closely
follows those of previous Belle publications [13, 14, 18].

We use a general hadronic event selection with require-
ments on the position of the primary vertex, track mul-
tiplicity (more than two tracks), and the total energy
and momentum of the event [19]. These criteria suppress
Bhabha, putp~, 7H7~, two-photon and beam-gas pro-
cesses. Continuum eTe™ — ¢ (¢ = u, d, s, ¢) events
have jet-like shapes in contrast to the spherically sym-
metric signal events and are suppressed by a requirement
on the ratio of the second-to-zeroth Fox-Wolfram mo-
ments: Ry < 0.3 [20]. We only consider positively identi-
fied 7T 7~ candidates that originate from the interaction
point region.

The measurements of the cross sections are performed
with an additional requirement on the single-pion m*
missing mass,

10.59 GeV/c? < Mpiss(rh) < 10.67 GeV/c?, (1)

which selects signal events proceeding via the interme-
diate Z,(10610) or Z,(10650) states. We combine the
M piss(m7) distribution for 71 satisfying (1) and that for
7~ satisfying (1). The 77~ pairs with both Myss(7™)
and Mpiss(77) in the Z, mass window are counted twice.
(If they are counted only once, the combinatorial back-
ground develops a dip slightly above the h,(2P) signal,
making the background parameterization difficult.) We
take the double entries into account by correcting the
errors of the M,iss(77) histogram and, based on Monte
Carlo (MC) simulation, the hy(2P) signal yields.

We fit the Mpss(mm) distribution in the hy(1P) and
hy(2P) intervals, defined as 9.8 GeV/c? — 10.0 GeV/c?
and 10.17GeV/c? — 10.34 GeV/c?, respectively. The
fit function is the sum of the hy(nP) signal and
combinatorial- and peaking-background components.
The shapes of the h,(nP) signals are determined by con-
volving the probability density of the initial state radia-
tion (ISR) process with the experimental resolution, de-
scribed by a Gaussian. We use the ISR probability, cal-
culated up to the second order [21], and take into account
the energy dependence of the eTe™ — hy(nP)mT 7~ cross
sections using an iterative procedure. The resolution is
determined using the exclusively reconstructed decays
YT(55) - Y(nS)rTr~, T(nS) — putpu~ to be (6.84 +
0.13) MeV /c? for the hy(1P) and (6.15+0.22) MeV/c? for
the hy(2P). The resolution is dominated by c.m. energy
smearing. The hy(nP) masses are fixed at the previous
Belle measurement [18]. We normalize the signal den-
sity functions in such a way that the measured hy(nP)
yields include the ISR correction, 1 + digr, and can be
used directly to measure the Born cross sections. The



combinatorial background is described by a fourth-order
Chebyshev polynomial in both fit intervals. The order is
chosen by maximizing the confidence level of the fit.

Using MC simulation, we find that combining a ran-
dom pion that satisfies the Z; mass requirement and a
signal pion from Z, — hy(nP)r produces a broad bump
under the hy(nP) signal. This background is absorbed
in the polynomial of the combinatorial background and
results in minor corrections in the hy(1P) and hy(2P)
yields of 0.99 4+ 0.01 and 0.995 + 0.005, respectively. The
7t~ pairs originating from the Y(25) — T(1S)r 7~
transitions with the Y(2S5) produced inclusively or via
ISR result in a peak at Ecm. — [my(2s) —my(ig)] that is
inside the hy(2P) fit interval for the c.m. energies close
to the Y(55). The shape of this peaking background
is found from exclusively reconstructed Y(15) — ptpu~
data to be a Gaussian with o = 11 MeV/c?. Its normal-
ization is floated in the fit.

To determine the reconstruction efficiency, we use
phase-space-generated MC, weighted in M,ss(7) accord-
ing to the fit results for the T(55) — hy(1P)r "7~ tran-
sitions [14] and in angular variables according to the ex-
pectations for the Z, spin-parity J© = 1% [22]. The
efficiencies for the h,(1P)nT7~ and hy(2P)7n 7~ chan-
nels are in the range 40 —55% and 35— 50%, respectively;
they rise with c.m. energy. At the lowest energy point,
there is a drop of efficiency by a factor of two since this
point is close to the kinematic boundary and the pion
momenta are low.

At each energy, the Born cross section is determined
according to the formula:

N

O'B(€+€7 — hb(TLP)ﬂrFﬂ'i) = m,

(2)
where N is the number of signal events determined from
the Mpiss(7m) fit that includes the ISR correction, L
is the integrated luminosity, ¢ is the reconstruction ef-
ficiency and |1 — IT|? is the vacuum polarization correc-
tion [23], which is in the range 0.927 — 0.930. The re-
sulting cross sections are shown in Fig. 1. The cross sec-

tions, averaged over the three high statistics on-resonance
points at E. . = (10865.6 & 2.0) MeV, are

oP(ete™ — hy(1P)rT ™) = 1.66 4+ 0.09 £ 0.10 pb, (3)
oP(ete™ — hy(2P)r ™) =2.70 4+ 0.17 £ 0.19pb. (4)

The ratio of the cross sections is 0.616 + 0.052 + 0.017.
Here and elsewhere in this Letter, the first uncertainties
are statistical and the second are systematic.

The systematic uncertainties in the signal yields orig-
inate from the signal and background shapes. The un-
certainties due to the hy(nP) masses and ISR tail shapes
are found to be negligible. The relative uncertainty due
to the Muyiss(77) resolution is correlated among different
energy points and is equal to 1.4% for the hy(1P) and

a®(h,(1P)I'T) (pb)

a®(h,(2P)r'T) (pb)

10.8 10.85 10.9 10.95 11

E.n, (GeV)

FIG. 1. (colored online) The cross sections for the ete™ —
hoy(1P)r 7w~ (top) and ete™ — hy(2P)nTn~ (bottom) as
functions of c.m. energy. Points with error bars are the data,
outer error bars indicate statistical uncertainties and inner
red error bars indicate uncorrelated systematic uncertainties.
The solid curves are the fit results.

3.3% for the hy(2P). The background-shape contribu-
tion is the only uncorrelated systematic uncertainty. It
is estimated by varying the fit interval limits by about
50MeV and the polynomial order for each fit interval.
The corresponding uncertainties are 1.1% and 2.5% for
the on-resonance cross sections in Egs. (3) and (4), re-
spectively.

A relative uncertainty in the efficiency contributes to
the correlated systematic uncertainty. An uncertainty
due to the Z, mass requirement of T18% is estimated
by varying the Z;, parameters by +1¢ and taking into
account correlations among different parameters. The
efficiency of the Ry requirement is studied using inclu-
sively reconstructed Y(55) — Y (nS)ntn~ decays. We
find good agreement between data and MC and assign
the 5% statistical uncertainty in data as a systematic un-
certainty due to the Ro requirement. Finally, we assign
a 1% uncertainty per track due to possible differences in
the reconstruction efficiency between data and MC.

An uncertainty in the luminosity of 1.4% is primar-
ily due to the simulation of Bhabha scattering that is
used for its determination and is correlated among energy
points. We add in quadrature all the contributions to find
the total systematic uncertainties shown in Egs. (3) and
(4). The values of the cross sections for all energy points
are provided in Ref. [24].

The shapes of the hy(1P)rt7n~ and hy(2P)7 7~ cross



sections look very similar. They show clear Y(55) and
T(6S) peaks without significant continuum contribu-
tions. We perform a simultaneous fit of the shapes,
adding in quadrature the statistical and uncorrelated sys-
tematic uncertainties at each energy point. We use the
coherent sum of two Breit-Wigner amplitudes:

An (I)n(S) |FBw(S,M5,F5)+(L€i¢FBw(S,M67F6)|2, (5)

where s = E2, ®,(s) is the phase space calculated
numerically, taking into account the measured Z; line
shape [14], and Fgw(s, M,T) = MT/(s — M? + iMT)
is a Breit-Wigner amplitude. The fit parameters M5,
T's, Mg, I's, a and ¢ are common for the two channels,
while only the normalization coefficients A,, are differ-
ent. Equation (5) is convolved with the E. . resolution
of (5.0 £ 0.4) MeV, which is found using exclusively re-
constructed Y(55) — YT (nS)ntn~ events. The fitted
functions are shown in Fig. 1. The confidence level of

the fit is 93%. The fit results are:
M; = (10884.73 4155 MeV /2,
D5 = (40.675:0%,5:1) MeV,
Mg = (10999.0T23716-5) MeV /2, 8)
I = (271771,3) MeV, 9)
a=0.65T03+01T and ¢ = (0.179 £ 0.3) 7. (10)

6)
7)

o~ o~ o~ o~

The measured masses and widths agree with the results
of the Y(nS)rtn~ scan [11].

The first error in the fit results is not purely statisti-
cal but includes uncorrelated systematic uncertainties in
the cross sections. The contributions of other considered
sources are listed in Table I.

TABLE 1. The systematic uncertainties in the Y(55) and
Y (65) masses (in MeV/c?), widths (in MeV), amplitude a,
and phase ¢ (in units of ).

Ms T's Me T a 1)
Fit model 09 Ter T80 Lals oo oo
Zy substructure 02 05 0L 40T H0AL +0.00
Vs scale CRO O O s
Resolution 00 53 01 06 00 55
Total S0 Twen T8 L5 Toao 103

To study systematic uncertainties due to the fit model,
we introduce a non-resonant continuum amplitude, be*?.
The significance of this contribution is only 1.60. How-
ever, the shifts in the fit results are large, and this is
the dominant source of systematic uncertainty. We also
consider the possibility that the parameters a and ¢ are
different in the hy(1P)r 7~ and hy(2P)n 7w~ channels.
We find that the values in the two channels agree and
the shifts in masses and widths are small. Using MC
pseudo-experiments, we find that there is no significant
fit bias.

If the resonant substructures of the Y (55) and Y (6.5)
decays are different, the Y(55) and Y(6S) amplitudes
in Eq. (5) are not fully coherent, and the interference
term is suppressed by a decoherence factor k [11]. If
only Z,(10610) is produced at the T(65), k is calculated
numerically to be 0.62; if only Z,(10650) is produced, k is
0.80. We introduce these factors in the fit and take into
account that the efficiency of the Z, mass requirement is
smaller for a single Z; state compared to two Z; states
by 12% since the two Z;, states interfere destructively
outside their signal region.

We account for an uncertainty in the E. ., scale and
the uncertainty in the FE. ., resolution. We add in
quadrature the contributions of the various sources to
determine the total systematic uncertainties.

To study the resonant substructure of the Y(6S) —
hy(nP)mtm~ transitions, we combine the data samples
of the five highest-energy points. The corresponding
M iss(m7) spectra are fitted using the same procedure as
described above (see Figs. 2 and 3). The hy(nP) signal
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o
o
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]
o
o
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10[
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FIG. 2. (colored online) The Mmnijss(mm) spectrum in the

hy(1P) region for the combined data samples of five energy
points near the Y(65). In (a) the data are the points with er-
ror bars with the fit function (solid curve) and background
(red dashed curve) overlaid. (b) shows the background-
subtracted data (points with error bars) with the signal com-
ponent of the fit overlaid (solid curve).

density functions are determined by averaging over the
data samples that are combined; we use weights propor-
tional to the integrated luminosity and the cross section
at each energy. We note that the hy(1P) and hy(2P)
peaks are shifted by about 2.5MeV/c?, and the width
of the hy(2P) peak is narrower by 1.20 compared to
the fit. The shift could be due to a miscalibration of
the c. m. energy, and is accounted for in the system-
atic uncertainty. The narrow width is likely a statisti-
cal fluctuation.  The confidence levels of the fits are
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FIG. 3. (colored online) The Mmniss(mm) spectrum in the
hy(2P) interval for the combined data samples of five energy
points near the T(6S5). The legend is the same as in Fig. 2.

50% and 52%, respectively. From Wilks’ theorem [25],
we find that the significances of the hy(1P) and hy(2P)
signals are 3.50 and 5.30, respectively, including sys-
tematic uncertainty, determined by varying the poly-
nomial order. Thus, we find the first evidence for the
Y(6S) — hy(1P)m 7~ transition and observe for the first
time the Y(6S) — hy(2P)7 "7~ transition.

We release the requirement of an intermediate Z;, and
fit the Myiss(7m) spectra in bins of Myiss(m) to measure
the hy(nP)rtn~ yields as functions of Mpss(m). The
distribution of the phase-space-generated signal events
in the Mpyiss(m) vs.  Mpiss(7™) plane has the shape
of a narrow slanted band; each structure at high val-
ues of Mmiss(wi) produces a “reflection” at small values
of Muiss(7F). We combine the Mpyss(mm) spectra for
the corresponding Mpyiss(m) and Mpiss(7™) bins and
consider the upper half of the available M, () range.
Thereby, we consider all signal events and avoid dou-
ble counting. The yields, corrected for the reconstruc-
tion efficiencies, are shown in Fig. 4. The data are not
distributed uniformly in phase space; they populate the
7Z,(10610) and Z,(10650) mass region. We fit the data
to a shape where the Z;,(10610) and Z,(10650) parame-
ters are fixed to the Y(5S) — Zym — hy(1P)nT 7™ re-
sult and the non-resonant contribution is set to zero [14].
Such a model describes the data well: the confidence
levels of the fits are 65% and 77% for the hy(1P) and
hp(2P), respectively. The phase space hypothesis is ex-
cluded relative to this model at the 3.60 and 4.50 levels
in the hy(1P)r" 7~ and hy(2P)7r 7~ channels, respec-
tively. The single Z,(10610) hypothesis is excluded at
the 3.30 level in the hy(1P)7 7w~ channel, while the sin-
gle Z,(10650) hypothesis cannot be excluded at a signif-
icant level. In the hy(2P)7 7~ channel, the Z;(10610)*
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FIG. 4. The efficiency-corrected yields of hy(1P)7nt 7~ (a)
and hy(2P)r 7~ (b) as functions of Mmiss(7) for the com-
bined data samples of five energy points in the Y(6S) region.
Points represent data; the solid histogram represents the fit
result with the Z, signal shape fixed from the Y (55) analysis;
the dashed histogram represents the result of the fit with a
phase space distribution.

and Z,(10650)* signals overlap with the Z,(10650)F and
Z,(10610)T reflections, respectively, which obscures the
determination of the relative yields. The exclusion levels
are determined using pseudo-experiments from the x?2
differences of the two hypotheses being compared, and
include systematic uncertainty.

In conclusion, we have measured the energy depen-
dence of the ete™ — hy(nP)rTn~ (n = 1,2) cross sec-
tions. We find two peaks corresponding to the Y(55) and
T(6S5) states and measure their parameters, which agree
with the results from Ref. [11]. The data are consistent
with no continuum contribution.

We report first evidence for T(6S) — hy(1P)ntm™
and first observation of the Y(65) — hy(2P)r 7w~ tran-
sitions. We study their resonant substructures and find
evidence that they proceed entirely via the intermediate
isovector states Z,(10610) and Z,(10650). Their relative
fraction is loosely constrained by the current data: the
hypothesis that only Z;(10610) is produced is excluded at
the 3.30 level, while the hypothesis that only Z;,(10650)
is produced is not excluded at a significant level.

The shapes of the ete™ — hy(nP)rTr~ and ete™ —
Y (nS)rtn~ cross sections look similar. The only signif-
icant difference is a smaller relative yield of Y (nS)rtn~
at the Y(65). Since the hy(nP)r "7~ final states are pro-
duced only via intermediate Z, while Y (nS)rtn~ at the
T (55) are produced both via Z, and non-resonantly, this
difference indicates that the non-resonant contributions
in Y(nS)rT 7~ are suppressed at the Y(65).
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