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We report new measurements of the total cross sections for ee™ — Y(nS)rtzr™ (n = 1, 2,
3) and ete” — bb from a high-luminosity fine scan of the region /s = 10.63-11.05 GeV with
the Belle detector. We observe that the Y (nS)7rt 7~ spectra have little or no non-resonant com-
ponent and extract from them the masses and widths of Y(10860) and Y(11020) and their rela-

tive phase. We find Miogeo = (10891.1 £ 3.27:?:(75) MeV/c2 and Iiogeo = (53.7fg:é féi) MeV and
report first measurements Mi1020 = (10987.5fg:g fg:?) MeV/cz, T11020 = (611“(;9 tgo) MeV, and

$11020 — Pr0s60 = (—1.0 £ 0.4 T§1) rad.

PACS numbers: 13.25.Gv, 14.40.Pq

The T(10860) [1, 2] has historically been interpreted to
consist dominantly of the Y(5S), the radial excitation of
the S-wave spin-triplet bb bound state with J©¢ =1-~.
However, there have been questions about its nature
since shortly after its discovery, due to its unexpect-
edly high mass [3, 4]. The Belle Collaboration has ob-
served unexpected behavior in events containing bot-
tomonia among eTe™ annihilation events at and near
the T(10860). The rate for ete™ — Y(nS)rt7~ (n =
1, 2, 3) at the Y(10860) peak (center of mass energy
Vs = 10.866 + 0.002 GeV) is two orders of magnitude
larger than that for Y(nS) — Y(1S)rtn~ (n = 2, 3,
4) [5]. Rates to hy(mP)rT7~ (m = 1, 2) are of the
same order of magnitude as to Y (nS)mT 7™, despite the
Y (5S) — hy(mP)mT 7~ process requiring a b-quark spin-
flip [6]. An analysis of Y(nS)rt7~ (n = 1, 2, 3) and
hy(mP)rt 7~ (m = 1, 2) reveals a rich structure, with
large contributions from two new bottomonium-like res-
onance candidates Z,(10610)* and Z;,(10650)* [7]. Also
suggestive is the finding that the peak of Ry(,5)rr =
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o(Y(nS)rtn~)/op, near T(10860) occurs at a mass
944 MeV/c? higher than that of the Y (10860), derived
from Ry = o(bb)/a?, [8]. [02+H, = (47a?)/3s is the
Born ete™ — pTpu~ cross-section, with a being the fine-
structure constant.] Here we report on new measure-
ments of Ry(pg)rr and Ry, made with a large number
of additional scan points between 10.60 and 11.05 GeV.
T(10860) and Y (11020) will be abbreviated as “Y(5S)”
and “Y(6S),” respectively, for the remainder of this arti-
cle.

The data were recorded with the Belle detector [9] at
the KEKB [10] eTe™ collider. The Belle detector is a
large-solid-angle magnetic spectrometer that consists of
a silicon vertex detector (SVD), a 50-layer central drift
chamber (CDC), an array of aerogel threshold Cherenkov
counters (ACC), a barrel-like arrangement of time-of-
flight scintillation counters (TOF), and an electromag-
netic calorimeter comprised of CsI(T1) crystals (ECL),
all located inside a superconducting solenoid coil that
provides a 1.5 T magnetic field. An iron flux-return lo-
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cated outside of the coil is instrumented to detect K?
mesons and to identify muons (KLM).

The data consist of 121.4 fb~! from three energy points
very near the Y(5S) peak (y/s = 10.866 + 0.002 GeV);
approximately 1 fb~! at each of the six energy points
above 10.80 GeV, studied in Ref. [8]; 1 fb~! at each of 16
new points between 10.63 and 11.02 GeV; and 50 pb~! at
each of 61 points taken in 5 MeV steps between 10.75 and
11.05 GeV. For each energy point the data will be catego-
rized as PEAK (on-resonance), HILUM ([ £ ~ 1 fb™1)
or LOLUM ([ £ ~ 50 pb™'). We measure Ry(n8)rr
at the 16 new HILUM sets as well as the six previous
HILUM sets and three PEAK sets. We measure R, in
each of the 61 LOLUM sets and in the 16 new HILUM
sets. The non-resonant ¢g continuum (¢ € {u,d, s, c})
background is obtained using a 1.03 fb~! data sample
taken below the BB threshold, at Vser = 10.520 GeV
(where ¢t denotes the continuum point). This “gg con-
tinuum” background is distinct from the non-resonant bb
continuum signal that might be present in our data.

The collision center-of-mass (CMS) energy is cali-
brated in the PEAK set via the T(nS)nta—{T(nS) —
uTp~} (n=1,2,3) event sample. For these events, the
resolution on the mass difference AM = M (uunm) —
M (up) is dominated by the resolution on the momenta
of the two pions, which is narrow due to their relatively
low momenta. The world-average T (nS) masses [11] are
used to arrive at the CMS energy with an uncertainty
of (£0.2(stat) £ 0.5(sys))MeV over the three T states
for each of the three PEAK sets. The remaining data
sets are calibrated using dimuon mass in eTe™ — putu~
events. The peak value of M, Bu differs from +/s, primarily
due to initial state radiation (ISR). The difference is de-
termined via Monte Carlo simulation based on the KK2F
generator [12] and fitted to a straight line at 13 values
of v/s between 10.75 and 11.05 GeV. A constant correc-
tion is set by requiring that the T(1S)r 7~ and p-pair
calibrations match for the PEAK set. The systematic
uncertainty from this correction on the p-pair calibra-
tions is 1.0 MeV. The statistical uncertainties on /s are
shown in the supplemental tables[13].

Candidate YT (nS)[— pTp~]rtn~ events are required
to have exactly four charged tracks satisfying track qual-
ity criteria, with distances of closest approach to the
interaction point (IP) of less than 1 ¢m and 5 cm in
the transverse and longitudinal directions, respectively,
and with pp > 100 MeV/¢, including two oppositely
charged tracks with an invariant mass above 8 GeV /c?,
each consistent with the muon and inconsistent with
the kaon hypothesis and two oppositely charged tracks,
each consistent with the pion and inconsistent with the
electron hypothesis. Radiative muon pair events with
photon conversions, eTe™ — yuTu~[y — eTe™], are
suppressed by requiring the p* = and 77 -candidate
vertices be separated in the plane transverse to the e
beam by less than 3 (4.5) mm for T(1S,2S) (T(3S)).
We require |M (ptp~ntm™) — /s,/c?| < 200 MeV/c?,
where ¢ denotes the data set and the resolution is ~
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60 MeV/c?. Signal candidates are selected by requiring
SAM = |AM — (/5;/¢* —mr(ns))| < 25 MeV/c?, where
the AM resolution is ~ 7 MeV/c?. We select sideband
events in the range 50 MeV/c? < |[§AM| < 100 MeV /c?
to estimate background.

Reconstruction efficiencies are estimated via MC sim-
ulation. Because the relative contributions of intermedi-
ate resonances such as the Zbi may vary with /s, the
efficiency is modeled analytically as a function of s; =
M?(T7t), s = M?(T7~), and /s using MC datasets
generated at six values of /s, with the \/s-dependence of
the efficiency parameters modeled by second-order poly-
nomials. The efficiencies are 42.5-44.5%, 31-41%, and 15-
35% over the range of /s for T(1S), T(2S), and T(3S),
respectively. Candidates are summed event-by-event af-
ter correcting for reconstruction efficiency for each of the
signal and sideband samples. The net signal Ny (,,5)x7 18
equal to the signal sum minus half the sideband sum. We
then evaluate Ry (ns)rr,i=Nr(ns)rtr— i/ (LiB(L(nS) —
o, (Vs)))-

The distributions and fits are shown in Figure 1. Pre-
vious results for T(5S) and Y(6S) have been based on
measurements of Rp, where the fitted form is a coher-
ent sum of two S-wave Breit-Wigner amplitudes and a
constant (continuum), plus an incoherent constant:

F(/5) = [Aicl® +[Ac + Asse’® f5s(1/5)
+Agse™ s fos (V/s)I?,

where f,s = M,sTns/[(s — M23) + iM,sIss] and A,
and Aj. are coherent and incoherent continuum terms,
respectively. For Ry(,s)rr we adapt this function to
accommodate possible differences in resonance substruc-
ture between the T(5S) and Y(6S) and the phase space
volume of T(nS)m 7~ near the mass threshold. A. and
Ajc are found to be consistent with, and are thus fixed to,
zero in all three channels. Assuming the resonance sub-
structures are not identical, the relative phase between
the respective (normalized) amplitudes, Dsg (51, s2) and
Des.n(s1,52), varies over the Dalitz space (si,s2). The
cross term between the two resonances from Eq. (1) is

2k, Ass nAss nR[€n fos fis], (2)

where kne®n = [Dssn(s1,82)Dig,(51,52)dsidss and
the decoherence coefficient k,, is in the range 0 < k, < 1.
If the resonance substructures are identical, k,, is unity
and 0, = ¢55 — ¢gs. Given the rich structure found
at /s = 10.866 GeV [7], some deviation of both k,
and ¢, from this scenario are likely. To account for
near-threshold behavior, the fitting function is multi-
plied by ®,(y/s), the ratio of phase-space volumes of
ete” — Y(nS)rm to ete™ — Y (nS)yy. The fit func-
tion is thus

Fr(v/s) = ©,(\/s)- {|Ass,nﬁss|_2 + | Ags n fos|?
+2kn Ass n Ass nR[€" fos fis]}-

In fitting Ry (ng)rr, the T(5S) and T (6S) masses, widths,
and relative phases are allowed to float, constrained to

(1)

3)
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the same values for the three channels. Due to limited
statistics, floating the three k,, and é,, did not produce a
stable fit, so we allow the three k,, to float and constrain
the three §,, to a common value. We find k; = 1.0440.19,
ko = 0.87+£0.17, ks = 1.07 £ 0.23, and §,, = —1.0 £ 0.4.
The results of the fit are shown in Table I and Fig. 1.
As a systematic check, we fit with k, fixed to unity and
the three d,, allowed to float independently; we find §; =
—0.5+1.9, 6y = —1.1+0.5, and 63 = 1.070 % while the
resonance masses and widths change very little.

To measure Ry, we select bb events by requiring at least
five charged tracks with transverse momentum py > 100
MeV/c that satisfy track quality criteria based on their
impact parameters relative to the IP. Each event must
have more than one ECL cluster with energy above
100 MeV, a total energy in the ECL between 0.1 and
0.8 X /s, and an energy sum of all charged tracks and
photons exceeding 0.5 x y/s. We demand that the recon-
structed event vertex be within 1.5 and 3.5 cm of the IP
in the transverse and longitudinal dimensions (perpen-
dicular and parallel to the e™ beam), respectively. To
suppress events of non-bb origin, events are further re-
quired to satisfy Re < 0.2, where Ry is the ratio of the
second and zeroth Fox-Wolfram moments [14].

The selection efficiency e,; ; for the i*® scan set is es-
timated via MC simulation based on EvtGen [15] and
GEANTS3 [16]. Efficiencies are determined for each type
of open bb event found at /5 = 10.866 GeV: B*) Bt (1)

and Bg*)Bg*). As the relative rates of the different event
types are only known at the on-resonance point, we take
the average of the highest and lowest efliciencies as ¢,
and the difference divided by v/12 as its uncertainty. The
value of ¢,; increases approximately linearly from about
70% to 74% over the scan region. The value at the on-
resonance point is in good agreement with €,; determined
with the known event mixture [11].

Events passing the above criteria include direct bb, ¢¢
continuum (¢ = u,d, s, ¢), and bottomonia produced via
ISR: ete™ — Y (nS) (n=1, 2, 3). The number of se-
lected events is

N; = L; x [UbE,iGbB,i + Oqgi€azi + ) UISR@GISR@} (4)

where L; is the integrated luminosity of data set ¢ and

the sum is over the three Y states produced via ISR.

The contribution from o (qq7), which scales as 1/s, is esti-

mated from the data taken at ,/sc;, where o5 = 0, and

is corrected for luminosity and energy differences. The
N;

subtracted quantity
1
— - ()
€bh < ;Cl 0’2”)7; )

includes a residual contribution from ISR, which differs
from ¢q continuum in its s-dependence. For comparison
with a previous measurement by BABAR [17], we de-
fine Ry to include the ISR events; we use Ref. [18] and
measured electronic widths of T(nS) to calculate oisg.

th

0
‘CCtU,u,u,ct €qq,ct

€qq,i
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Although the nature of the bb continuum is not known,
it is known that the ISR contribution is not flat in /s, so
we also calculate R ; = Ry — > O’ISR)i/0'2+H,)i. These
measurements yield the visible cross-sections and include
neither corrections due to ISR events containing {bb} fi-
nal states above BB threshold nor the vacuum polariza-
tion necessary to obtain the Born cross-section [19)].

Both {Ry;} and {Rj,} are fitted to F (Eq. 1); the
fitting range is restricted to 10.82-11.05 GeV to avoid
complicated threshold effects below 10.8 GeV [20]. The
resulting masses, widths, and relative phase for { R} ,} are
shown in Table I; they do not differ significantly between
{Ry,:} and {R;, ;}. Those for R;, are consistent with those
from earlier measurements by Belle [8] and BABAR [17].
The Rj data and fit are shown in Fig. 1.

That the Y (nS)r" 7~ occurs only in resonance events
in the Y(5S) region, i.e., the continuum components A.
and A;. are consistent with zero, is in marked contrast
to the large resonance-continuum interference reflected
in the Rj fit. The relationship of the various bb final
states to the resonance and continuum may help to elu-
cidate the nature of the resonance and of bb hadroniza-
tion in this complex threshold region. As a first probe,
we evaluate the rates at /s = 10.866 of Y (nS)mT7x~ and
other states known to have essentially no continuum con-
tent, to be compared with the resonance rate obtained
from Rj. The “Y(5S) resonance rate” corresponds to
the term that includes |fss|? in Eqs. (3) and (1). We
calculate P, = |A5s(nS)fss]? x @, (n = 1,2,3) and P,
at the on-resonance energy point (v/s = 10.866 GeV)
using the results from the fits to Ry(,g)-r and Ry, re-
spectively. We find P = > P,/P,= 0.170 £ 0.009. We
argue that a number of known related final states mea-
sured in the PEAK data are expected to behave similarly,
i.e., to contain very little continuum: Y (nS)m%z° [21],
which is related by isospin to T(nS)r 7 ~; hy(mP)rt 7~
(m = 1, 2), which is found to be saturated by Zi =¥ [6, 7]
a state included in Y(nS)mt7=; hy(mP)n7%, which is
expected by isospin symmetry to occur at half the rate
of hy(mP)rT7~. Assuming isospin symmetry and tak-
ing the rate of hy(mP)rtn~ (m = 1, 2) measured in
PEAK data, [6], we include these states and obtain
P = 0.42£0.04. Another class of states that is likely to be
similarly resonance-dominated is B* B*)7 [22]: prelimi-
nary evidence indicates that [B*B™)]*x¥ is consistent
with originating exclusively from thﬂ':F. Taking the pre-
liminary measurement and again assuming that isospin
symmetry holds for [B* B™]%79 we find P = 1.0940.15.

A value of P =1 corresponds to the saturation of the
“5S” amplitude by the contributing channels. It is sur-
prising to find P so close to unity, as it implies little
room in the resonance for other known final states such
as B((:)) B((:)) , which comprise nearly 20% of bb events at

the peak[23]. More significantly, it is inconsistent with
the large resonance-continuum interference found in the
fit to R (Fig. 1) because the channels contributing to P
include little or no continuum. It has long been known
that a flat continuum distribution in this complex re-



s gion that includes many {bb} mass thresholds is overly
simplistic [20], and we conclude that this internal incon-
sistency of the Rj fit, elucidated by P, is likely due to
the model’s naiveté. This finding leads to the conclusion
that masses and widths for the T(10860) and Y (11020)

obtained from Rz(;/) carry unknown systematic uncertain-
ties due to the unknown shape of the continuum and its
interaction with the resonance, which may vary with en-
ergy. The results reported here for the masses, widths,
and relative phase of the Y(10860) and Y (11020) are thus
from the T (nS)m 7~ analysis, which are robust due to
low continuum content.
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We have considered the following sources of systematic
uncertainty: integrated luminosity, event selection effi-
ciency, energy calibration, reconstruction efficiency, sec-
ondary branching fractions, and fitting procedure. The
effects of the uncertainties in Rz(;/) and Ry (,g)rx on T(58)
and Y (6S) parameters depend on whether they are corre-
lated or not over the data sets at different energy points.
The overall uncertainty in the integrated luminosity is
1.4%, while the uncorrelated variation is 0.1%-0.2%. The
uncertainty in the bb event selection efficiency, €, stems
from uncertainties in the mix of event types, contain-
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360
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365

ing B™), Bg*), and bottomonia and is estimated to be
1.1% (uncorrelated). The uncertainty on Ry (,g)xr for
each YT (nS) is dominated by those on the branching frac-
tions, B(Y(nS) — ptp™) [11]: 2%, +£10%, and +£10%
for n = 1, 2, and 3, respectively. The uncertainties from
possible non-zero A, and/or Ajc in Ry (ps)r are obtained
by allowing them to float in the fit and taking the vari-
ation of the fitted values of the other parameters with
respect to default results. Possible biases due to con-
straints on k, and ¢, in the fit are estimated by taking
the shifts found by varying the constraints and included
as systematic errors. The lower end of the fit range is var-
ied between 10.63 and 10.82 GeV. Approximate radiative
corrections to the visible cross-section measurements are
made, as in Ref. [19], and the fits are repeated. The com-
bined systematic uncertainties and fit results appear in
Table 1.

To summarize, we have measured the cross sections
for ete”™ — T(nS)rT7~ (n =1, 2, 3) and ete” —
bb in the region /s = 10.8-11.05 GeV to determine
masses and widths for Y(10860) and Y(11020). From
Ry (ns)mr We find Miogeo = 10891.1:£3.2(stat) T 5 (sys) £
1.0(v/5) MeV/c?, Tiose0 = 53.77 15 743 MeV, Myio20 =
10987.5753(stat) T3 9 (sys) + 1.0(v/s) MeV/c?, Ti1020 =
61—_’_?9 1_30 MGV, and ¢11020 _¢10860 =-1.0+£04 té;l rad.
We find that Ry(,s)rr is dominated by the two res-
onances, with bb continuum consistent with zero. Al-
though the resonance masses and widths obtained from
Ry, are consistent with those from Ry (ng)rr, the validity
of using a flat continuum in the Rj fit is brought into
36 question by incompatibilities between the fitted ampli-
s tudes for Ry (ng)r- and R;. We thus report only results
38 from Ry (pg)-r- We do not see the peaking structure at
30 10.9 GeV in the Ry distribution that was suggested by
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wo A. Ali et al. [24] based on the BABAR measurement of
w Ry [17]. We set an upper limit on I, for the proposed
w2 structure of 9 eV with a 90% confidence level.
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TABLE I. Y(5S) and Y(6S) masses, widths, and phase difference, extracted from fits to data. The errors are statistical and
systematic. The 1 MeV uncertainty on the masses due to the systematic uncertainty in /s is not included.

Mss (MeV/c?) Tss (MeV) Mes (MeV/c?) Tes (MeV) dos-¢ss (6) (rad) x?/dof
R, 108818710 + 1.2 485712 72911003.0 £ 1.1 797 393717 713 1877022 £ 0.16 56/50
R(ns)ynr 108911 +3.2%9-6 537410 13 109875752 790 6150, F2) —1.0+£04 551 51/56
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FIG. 1. (From top) Ry (ns)xr data with results of our nominal
fit for Y(1S); T(2S); Y(3S); R;, data with components of fit:
total (solid curve), constants |Aic|? (thin), |Ac|* (thick); for
Y (5S) (thin) and Y(6S) (thick): |f|* (dot-dot-dash), cross
terms with A. (dashed), and two-resonance cross term (dot-
dash). Error bars include the statistical and uncorrelated
systematic uncertainties.
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