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1. Introduction

Bottomonium is the bound system bb quarks and is considered an excellent laboratory
to study Quantum Chromodynamics (QCD) at low energies. The system rigxapgtely non-
relativistic due to the largb quark mass, and therefore the quark-antiquark QCD potential can be
investigated viabt_)spectroscopy.

The spin-singlet statds,(nP) andn,(nS) alone provide information concerning the spin-spin
(or hyperfine) interaction in bottomonium. Measurements oftif{@P) masses provide unique
access to thB-wave hyperfine splitting, the difference between the spin-weightedgeenass of
the P-wave triplet statesyy;(nP) or n3P;) and that of the correspondirg(nP), or n'Py. These
splittings are predicted to be close to zero [1], and recent measuremeheshgf1P) mass vali-
dates this expectation for charmonium.

Recently, the CLEO Collaboration observed the proegss — h.(1P)rr m at a rate com-
parable to that foe"e™ — J/@ " in data taken above open charm threshold [2]. Such a large
rate was unexpected because the productidn(@P) requires ac-quark spin-flip, while produc-
tion of J/ does not. Similarly, the Belle Collaboration observed anomalously high rates fo
ete = Y(n§ ' (n=1,2,3) at energies near th&5S) mass [3]. Together, these observations
motivated a more detailed study of bottomonium production a¥{8&) resonance.

We use a 124 fb~! data sample collected on or near the peak ofYff&S) resonance.('s ~
10.865GeV) with the Belle detector [4] at the KEKB asymmetric enexty collider [5].

2. Observation of hy(nP)

Our hadronic event selection requires a reconstructed primary vemeskstent with the run-
averaged interaction point, at least three high-quality charged tradksrTrr candidates are
pairs of well reconstructed, oppositely charged tracks that are idegi§igpions and are not con-
sistent with being electrons. Continuwhe  — qq (q = u,d,s,c) background is suppressed by
requiring the ratio of the second to zeroth Fox-Wolfram moments to s&isty0.3. More details
can be found in Ref. [11].

We calculate missing mass definedMigiss(TT" 1) = \/(PY(5S) — Prer )2, WhereRysg) is the
4-momentum of th&(5S) determined from the beam momenta d&hd,- is the 4-momentum of
the 1" m system. TheMmiss(7T" 77) spectrum is divided into three adjacent regions with bound-
aries aMpss(71" 1) = 9.3, 9.8, 101 and 1045 GeV/c2 and fitted separately in each region. In the
third region, prior to fitting, we perform bib-by-bin subtraction of the lgrckind associated with
the Kg — " production. To fit the combinatorial background we use a 6th (7th) @teby-
shev polynomial function for the first two (third) region. The signal comgt of the fit includes all
signals observed in thet yu~ " data as well as those arising frami 77~ transitions tchy (nP)
andY(1D). The peak positions of all signals are floated, except tha¥{86) — Y(1S)m
which is poorly constrained by the fit. THémiss(7T7 1) spectrum, after subtraction of all the
background contributions along with the signal component of the fit fumcti@rlaid is shown in
Fig. 1, where clear signals of bokig(1P) andh,(2P) are visible. The signal parameters are listed
in Table 1. Statistical significance of all signals except that foifid) exceeds 6.
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Figure 1: The inclusiveMpss(7T" 777) spectrum with the combinatorial background a{‘@icontribution
subtracted (points with errors) and signal component ofittiienction overlaid (smooth curve). The vertical
lines indicate boundaries of the fit regions.

Table 1: The yield and mass determined from the fits tokhgss( 71" 777 ) distributions.

Yield, 10° Mass, MeV/c?
Y(19) 1052+5.8+3.0 94594+0.5+1.0
hp(1P) 504+7.875> 98983+ 1.119
35— 1S 56+ 19 997301
Y(29) 1435+8.7+6.8 100223+0.4+1.0
Y(1D) 22.0+7.8 101662+ 2.6
hp(2P) 84.4+6.8"33 102598+0.6"73
25— 1S 1517+9.7739 103046-+0.6+1.0
Y(39) 45.6+52+5.1 103567+0.9+1.1

The measured masses lgf(1P) and h,(2P) areM = (98983 + 1.1719)MeV/c? andM =
(102598+ 0.6714) MeV/c?, respectively. Using the world average masses ofiénP) states,
we determine the hyperfine splittings todklr = (+1.6+ 1.5) MeV/c? and(+0.5"15) MeV/c?,
respectively, where statistical and systematic uncertainties are combineaddrature.

We also measure the ratio of cross sectiras%m. To determine the reconstruction
efficiency we use the results of resonant structure studies repottad bée determine the ratio of
cross sections to big = 0.46+ 0.08"597 for the hy(1P) andR = 0.77+0.08"322 for the hy(2P).
HenceY(5S) — hy(nP)mr" m~ andY(5S) — Y(2S)rrt i proceed at similar rates, despite the fact

that the production dfi,(nP) requires a spin-flip of &-quark.

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

As it was mentioned above, the proces¥&5S) — h,(nP)mr" m, which require a heavy-
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Figure 2: Dalitz plots forY(2S)m" i~ events in the (aY(2S) sidebands; (bY(2S) signal region. Events to
the left of the vertical line are excluded.

quark spin flip, are found to have rates that are comparable to thoseefdrethvy-quark spin
conserving transition¥(5S) — Y(nS)rt" m, wheren = 1,2,3. These observations differ from
apriori theoretical expectations and strongly suggest that some exotic mechargstostibuting
to Y(5S) decays.

First we perform an amplitude analysis of three-bd@$S) — Y(nS)mr" m~ decays. To re-
constructY(5S) — Y(nS)mr" -, Y(nS) — utu~ candidates we select events with four charged
tracks with zero net charge that are consistent with coming from the ititergmint. Charged
pion and muon candidates are required to be positively identified. Exelyseconstructed events
are selected by the requireméMy,ss(m" 71°) — M(u* )| < 0.2 GeVk?. CandidateY(5S) —
Y(nS)rr" 1T events are selected by requiridmiss(7T" 1T ) — My(g)| < 0.05 GeV/c?, wheremy s,
is the mass of alv(nS) state [7]. Sideband regions are defined & GeV/c? < |Mmjss(TT 1T7) —
My(ng | < 0.10GeV/c?. To remove background due to photon conversions in the innermost parts
of the Belle detector we requifé?(rr" ) > 0.20/0.14/0.10GeV/c? for a final state with an
Y(1S),Y(2S),Y(3S), respectively. More details can be found in Ref. [6].

Amplitude analyses are performed by means of unbinned maximum likelihood fiteoto
dimensionalM?[Y(nS)rr*] vs. M2[Y(nS)rr"] Dalitz distributions. The fractions of signal events
in the signal region are determined from fits to Mgss(77" 77) spectrum and are found to be
0.937+ 0.015(stat.), ®40+ 0.007(stat.), 18+ 0.010(stat.) for final states with(1S), Y(2S),
Y(3S), respectively. The variation of reconstruction efficiency across tigzplot is determined
from a GEANT-based MC simulation. The distribution of background evisrdetermined using
sideband events and found to be uniform across the Dalitz plot.

Dalitz distributions of events in thé(2S) sidebands and signal regions are shown in Figs. 2(a)
and 2(b), respectively, wheid (Y(nS)m)max iS the maximum invariant mass of the tW@nS)t
combinations. Two horizontal bands are evident in Yii&S) it system near 118 Ge\?/c* and
1133 Ge\2/c* where the distortion from straight lines is due to interference with othemigter
diate states, as demonstrated below. One-dimensional invariant massipngjéar events in the
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Figure 3: Comparison of fit results (open histogram) with experimiedéda (points with error bars) for
events in ther(2S) (top) andY(3S) (bottom) signal regions. The hatched histogram shows thkgoaund
component.

Y(nS) signal regions are shown in Fig. 3, where two peaks are observed YfiBgrr system near
10.61GeV/c? and 1065GeV/c?. In the following we refer to these structuresz$10610 and
Z,(10650, respectively.

We parametrize th¥(5S) — Y(nS)rrt i~ three-body decay amplitude by:

M - Azl +A22 +Afo +Af2 "‘Ann (31)

whereAz, andAz, are amplitudes to account for contributions from #3€10610 andZ,(10650,
respectively. Here we assume that the dominant contributions come frofitLatep that preserve

the orientation of the spin of the heavy quarkonium state and, thus, bothipitite cascade decay
Y(59) — Zpym— Y(nS)rrt i are emitted in ars-wave with respect to the heavy quarkonium sys-
tem. An angular analysis support this assumption [8]. Consequently, namptize the observed
Z,(10610 andZ,(10650 peaks with arS-wave Breit-Wigner functioBW (s,M,I") = %
where we do not consider possilslelependence of the resonance width. To account for the possi-
bility of Y(5S) decay to bottZ, m andZ, rr", the amplitude#\z, andAz, are symmetrized with
respect tar" and7r transposition. Using isospin symmetry, the resulting amplitude is written as

Az, = az,€% (BW(s1, My, k) +BW(s2, Mk, k), (3.2)
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Figure4: The (a)h,(1P) and (b)h,(2P) yields as a function dfy;ss(7T) (points with error bars) and results
of the fit (histogram).

wheres; = M?[Y(nS)1t"], s, = M2[Y(nS)rr"]. The relative amplitudesy,, phasesy, , massed/
and widthd (k= 1,2) are free parameters. We also includeAlagandA¢, amplitudes to account
for possible contributions in the™ m~ channel from thefo(980) scalar andf»(1270) tensor states,
respectively. We use a Breit-Wigner function to parametrizef#i#270 and a coupled-channel
Breit-Wigner function for thefp(980). The mass and width of thi(1270) state are fixed at their
world average values [7]; the mass and the coupling constants dtB80) state are fixed at
values determined from the analysisBf — Kt m: M[fo(980)] = 950 MeVk?, g = 0.23,
okk = 0.73 [9].

Following suggestions in Ref. [10], the non-resonant amplitdigds parametrized a8, =
al"d%" - a) €% 3, wheres = M?(1r" 11 (sg is not an independent variable and can be expressed
via s; ands; but we use it here for clarity®!", &', 5" andd;" are free parameters of the fit.

The logarithmic likelihood functior is then constructed as

¥ = —ZZIog(fsigS(sl,sz) + (1— fsig)B(s1,%2)), (3.3)

whereS(s;, ;) is the density of signal eventd(s;,s;)|? convolved with the detector resolution
function, B(s;,s) describes the combinatorial background that is considered to be cbasthn
fsig is the fraction of signal events in the data sample. B8{#i,s;) andB(s;,sp) are efficiency
corrected.

Results of the fits tar(5S) — Y(nS)rr" m signal events are shown in Fig. 3, where one-
dimensional projections of the data and fits are compared. The combineticstesignificance of
the two peaks exceeds @Tor all tested models and for af(nS)rr* i~ channels.

To study the resonant substructure of ¥i&S) — hy(nP)rt i~ (m = 1,2) three-body decays
we measure their yield as a function of g 1P) 7" invariant mass. The decays are reconstructed
inclusively using missing mass of tle 71~ pair, Mimiss( 777 177 ). We fit theMpmiss( 7T 777) spectrain
bins ofhy,(1P) " invariant mass, defined as the missing mass of the opposite sigrivii@g, ™).

We combine thé/niss( 771 17) spectra for the correspondiniss(77") andMmiss(77) bins and we
use half of the availabl®yiss(7T) range to avoid double counting.
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The fit function is a sum of peaking components due to dipion transitions@m@inatorial
background as described Section 2. The positions of all peaking canizoare fixed to the values
measured from the fit to the overdl(rr" 7~) spectrum (see Table 1).

Since theY(3S) — Y(1S) reflection is not well constrained by the fits, we determine its nor-
malization relative to the¥(5S) — Y(2S) signal from the exclusivet™ u~ "~ data for every
Mmiss(7T) bin. In case of théi,(2P) we use the range dflnss(71H 1) < 10.34 GeV/c?, to exclude
the region of thek — "~ reflection. The peaking components include ¥{&S) — h,(2P)
signal and &12S) — Y(19) reflection.

The results for the yield o¥(5S) — hy(nP)rrt = (m = 1,2) decays as a function of the
Mmiss(77) are shown in Fig. 4. The distribution for tig(1P) exhibits a clear two-peak structure
without a significant non-resonant contribution. The distribution forti§{€P) is consistent with
the above picture, though the available phase-space is much smaller. Watesthe two peaks
with the production of the&Z,(10610 andZ,(10650. To fit the Mpyiss(77) spectrum we use the
following combination:

IBWA(S, My, 1) -+ a8 PBWA (S, My, T2) +beiw\2?/2. (3.4)

Here /s = Mmiss(71); the variabledVi, M (k= 1,2), a, ¢, b and ¢ are free parameters“i/—p§ is
a phase-space factor, whepe(q) is the momentum of the pion originating from tg¢5S) (Zy)
decay measured in the rest frame of the corresponding mother partidé-whve Breit-Wigner

amplitude is expressed B8V (s,M,I") = ‘/N:z(f‘,élqr") HereF is theP-wave Blatt-Weisskopf form
1+(qR)?

1+(gRr)? "’
1.6GeV. The function (Eq. 3.4) is convolved with the detector resolution functicegiated

over the histogram bin and corrected for the reconstruction efficiefog. fit results are shown
as solid histograms in Fig. 4. We find that the non-resonant contributiomgstent with zero in
accord with the expectation that it is suppressed due to heavy quarKippin-case of then,(2P)

we fix the non-resonant amplitude at zero.

factorF = Qo is a daughter momentum calculated with pole mass of its mogher,

4. Evidencefor the n,(2S) and observation of hy(1,2P) — np(1S)y

We study the processese™ — Y(5S) — hy(nP)mr" 11, hy(nP) — np(mS)y. We reconstruct
only the ", m andy. The two-dimensional dlstrlbutloM,(ms(n*rry) Mmiss(TT" 1T Y) —
Mmiss(TT"7TT") 4+ My, np) VS. Mmiss(7T7 7T ) contains a signal cluster at the location of two cross-

ing bands. A band dyss(T T ) = wb(np) is due to therr" i~ from the Y(5S) — hy(nP) " -
process and a randoyna band aMmlss(n'*n’y) My, (ms) 1S due to they We fit theMpmis( 11" 177)
mlss(n*rry) bins to measure thie,(nP) yield. Thehy(nP) yield peaks at
mlss(n*rry) values corresponding to,, ms) due to theh,(nP) — np(MS)y transitions.

The selection criteria is described in Ref. [11].

We fit theMpmiss(7T7 77-) spectrum in thdi,(1P) andh,(2P) regions, defined as®GeV/c? —
10.1GeV/c? and 101 GeV/c? — 10.4GeV/c?, respectively, with a fit function that is the sum of
peaking components and a combinatorial background [11]. We find giedds for theY(5S) —
hb(nP) transitions ofNss_.1p = (703:|:33i%?) x 103 andNss_,op = (895:|:61igg) x 10°.

spectra for differenivi
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For hyperfine spllttlngsz ZHEmy ) — My (np), We findAMye(1P) = (+0.8+1.1) MeV//c?

andAMpg(2P) = (+0.5+ 1. 2) MeV/c2 where statistical and systematic uncertainties in mass are
added in quadrature.

We fit the Mmiss(7T" 77°) spectra for eaclh/lmlss(n*rry) bin. From a generic MC simula-
tion, we find that the&q — mr" 7~ contribution is independent of th\ﬂmlss(n*rry) value in the
Np(1S) region; in then,(2S) region, we restrict thévimiss(7T" 77) fit range to 1010 GeV/c? —
10.34GeV/c?, thereby avoiding the sharp rise in th& — " contribution that occurs at
10.37GeV/c?. The results for théw,(1P) andh,(2P) yields as a function oMmlss(n*n”y) are
presented in Fig. 5. Clear peaks a4@eV/c? and 100GeV/c? are identified as signals for the
Np(1S) and ny(29), respectively. Generic MC simulations indicate that no peaking backdsoun
are expected in these spectra.
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Figure5: Thehy(1P) yield vs. Mmlss(ﬁrry) (a), andh,(2P) yield vs. Mmlss(n*rry) in theny(1S) region

(b) and in theny(2S) region (c). The solid (dashed) histogram presents the fittrésackground component
of the fit function).

We fit theh,(nP) yield dependence ommlss(n*rry) to a sum of theyp(nS) signal compo-
nents described by the convolution of a non-relativistic Breit-Wignertfanavith the resolution
function and a background parameterized by an exponentiation of g$esbnd-] order polyno-
mial in theny(1S) [Np(2S)] region. The twd\/lmlss(n*n*y) spectra [from thén,(1P) andhy(2P)]
with np(1S) signals are fitted simultaneously. We find event yields for ip@P) — np(mS)
transitions ofNip .15 = (23.54-2.0) x 10, Nop_.1s = (10.3+1.3) x 10° andNop_.2s = (258 +
4.9) x 10% the fitted masses and width ang, ;g = (94024 + 1.5+ 1.8)MeV/c?, Iy 15 =
(10.8759733) MeV andm,, ,s) = (99990-£ 3.5735) MeV/c2. The confidence level of the,(1S)
[N(29)] fit is 61% [36%)]. If the ny(2S) width is allowed to float in the fit, we findl , o5 =
(4f%(2)) MeV or I, o5 < 24MeV at 90% C.L. using the Feldman-Cousins approach [12]. For mass
and yield measurements, we fix thg(2S) width at its value from perturbative calculations [13]
Cip2s) = TMno(1s) rey‘—fiz (4. 9*% g> MeV, where the uncertainty is due to the experimental uncer-
tainty inT", (1s)-

To estimate the systematic uncertainties in thénS) parameters, We vary the polynomial
orders and fit intervals in thelyiss(T"777) & M (n*rry) fits, and them " (n*rry) binning

miss miss

by scanning the starting point of the 10Mg&? bin with 1 MeV/c? steps. We also multiply the
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non-relativistic Breit-Wigner function by aIE§ term expected for an electric dipole transition and
include the uncertainty in thie,(1P) andhy(2P) masses and in the estimated value of fh&2S)
width. We add the various contributions in quadrature to estimate the total syistemeertainty.
For the hyperfine splittingsiy,s) — My, (ng) We determineAMug(1S) = (57.9+2.3) MeV/c? and
AMyE(29) = (24.3742)MeV/c?, where statistical and systematic uncertainties in mass are added
in quadrature.

Using Wilks’ theorem, we find 16 [9 ] for the hy(1P) — nu(1S)y [hp(2P) — np(1S)y]
statistical significance. For the significance of fpé2S) signal, we use a method [15] that requires
definition of the search window to take into account the “look elsewheezEff For the ratio

_ AMye(25) i i M09 TR
r= AMEi(ls), perturbative calculations [14] predlerr% i = 0.513+0.011 (where the error
0071 o

is due to the uncertainties iNe); this is consistent with the measured value ef2D" ¢ 7.
determine boundaries of the search window, we conservatively assan@eandr = 1. We find
the significance of thgy(2S) signal to be 80 (4.20 including systematics).

We measureZ|hy(1P) — np(19)y] = (49.2+5.7735)%, Z[hy(2P) — np(19)y] = (22.3+
3.8731)% andZ[hy(2P) — Nu(2S)y] = (47.5+10.5"58)%.

5. Conclusion

In summary, we have observed tRavave spin-singlet bottomonium statgg1P) andhy(2P)
in the reactioree™ — Y(5S) — hy(nP)mr" 1m~. The measured hyperfine splittings are consistent
with zero as expected. A detailed analysis revealedhf@) states inY(5S) decays are domi-
nantly produced via intermediate charged bottomonium-like reson@pE3610 andZ,(10650.
Resonanceg,(10610 andZ,(10650 have also been observed in deca¥8S) — Y(nS)rrm.
Weighted averages over all five channels gite= 106072+ 2.0MeV/c?, I = 1844 2.4MeV
for the Z,(10610 andM = 106522+ 1.5MeV/c?, I = 11.5+2.2MeV for theZ,(10650, where
statistical and systematic errors are added in quadratureZ,{h6610 production rate is similar
to that of theZ,(10650 for each of the five decay channels. Their relative phase is consigtént
zero for the final states with thé(nS) and consistent with 180 degrees for the final states with
hy(nP). Analysis of charged pion angular distributions [8] favor the= 17 spin-parity assign-
ment for both theZ, (10610 andZ,(10650. Since theY(5S) has negativ&s-parity, theZ, states
have positiveG-parity due to the emission of the pion.

We report the first evidence for th@,(2S) using theh,(2P) — n,(2S)y transition, with a
significance, including systematics, oR4r, and the first observation of thg(1P) — ny(1S)y
andhp(2P) — np(1S)y transitions. The mass and width parameters ofrif[dS) andn,(2S) are
measured to bey, (1) = (94024 1.5+ 1.8)MeV/c?, my, o) = (99990+3.577§) MeV/c? and
M1 = (108759733)MeV. Themy, »5) and T, 15 are first measurements; thg, 15 mea-
surement is the most precise and is about 10 M&\higher than the current world average [7].
The hyperfine splittingsAMye(1S) = (57.9+2.3) MeV/c? andAMype(2S) = (24.3752) MeV/c?,
are in agreement with theoretical calculations [14]. We measure branfthitgons for the tran-
sitions Z[hy(1P) — Np(19)y] = (49.2+5.7735)%, Z[hy(2P) — Np(19)y] = (223+ 3.8 31)%
and Z[h,(2P) — np(2S)y] = (47.5+ 10.5758)% that are somewhat higher than theoretical ex-
pectations [1]. We update ttg(1P) andhy(2P) mass measurememts, 1p) = (98991 + 0.4+
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1.0)MeV/c?, my, op) = (102598-+0.5+1.1) MeV/c?, and P and P hyperfine splitting@Myr(1P) =
(+0.84+ 1.1)MeV/c?, AMug(2P) = (+0.5+1.2) MeV/c2.
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