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1. Introduction

Bottomonia are the heaviest of tlyg bound states. Decays within the bottomonium fam-
ily of states occur viai®, n, w or di-pion emission, or by electric dipole transitions or magnetic
dipole transitions. Electromagnetic transitions between the energy levelsludttioenonium spec-
trum can be calculated in the quark model and are an important tool in tadeirsgy the internal
structure ofbb bound states. In particular, the measurement of the hyperfine mass splhitings
tween triplet and single®-wave states is of key importance in understanding the role of spin-spin
interactions in quarkonium models, and in testing QCD calculations. In theelativistic ap-
proximation, the hyperfine splitting is proportional to the square of the wawetion at the origin,
which is expected to be non-zero only fBiwave states (i.e. fok = 0, whereL is the orbital
angular momentum quantum number of tigesystem).

In particular, the mass splitting between tkf€lS) and theny(1S) is a key ingredient in
many theoretical calculations. The value measured by Balaf(1S)) — m(np(1S)) = 69.3+ 2.8
MeV/c? [1, 2], and subsequently by CLEO [3] is larger than most predictionedas potential
models [4], but is in reasonable agreement with predictions from latticelatitms [5]. According
to ref. [6], the shift in measuregy(1S) compared to QCD predictions could be explained by the
mixing of the n, with a CP-odd Higgs scalar. To test this model, a measurement ajtiédth
is essential, and was one motivation for the BaBar search fapghesing photon conversions, as
described in Sec. 2.

ForL = 1, the mass splitting between the spin-singl® ) and the spin-averaged triplet state
((3Py)) is expected to bAMye = M(3P;y) —M(1Py) ~ 0. ThelP; state of bottomonium, thia,(1P),
is the axial vector partner of tHe-wave xp;(1P) states. Its expected mass, computed as the spin-
weighted center of gravity of thgy;(1P) states [7], is 9899.8% 0.27 MeVkE?. Higher-order
corrections might cause a small deviation from this value, but a hyperpfiitérg) larger than 1
MeV/c? might be indicative of a vector component in the confinement potential [83.hyperfine
splitting for the charmoniumP; stateh. is measured by the BES and CLEO experiments [9, 10, 11]
to be ~0.1 MeVE2. An even smaller splitting is expected for the much heavier bottomonium
system [8].

Both the BaBar [12] and Belle [13] experiments collected data at the naffo® resonances
and above th&(4S) in order to carry out detailed studies in bottomonium spectrostopy

In this paper, we summarize the results of a study of radiative bottomoniusiticars using
y — eTe~ conversions done by BaBar, the search forlhelP) andh,(2P) states leading to an
evidence for théw,(1P) seen by BaBar itv(3S) — m°h,(1P) decay [14] and the Belle observation
of both theh,(1P) and theh,(2P) in the reactiorete™ — " 1 hy (1P, 2P) from Y{(5S) data [15].

2. Study of radiative bottomonium transitionsusing y — e*e~ conversions

We summarize the results of a study of radiative transitions in the bottomoniusnsysing
the inclusivey — e"e~ energy spectrum fronY(3S) and Y{(2S) decays. The rate of — e"e~

1The BaBar samples correspond to 14 ¥mf Y(2S) data and 30 fb! of Y(3S) data, and to 3.2 fo' of scanned
data taken near thé(5S) resonance. The Belle samples consist of 6, 24, 3, and T1dbY(1S), Y(29), Y(3S), and
Y(5S) data, respectively.
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Figure 1. Fit results for the inclusive converted photon spectruneraftackground-subtraction for (left)
Y(3S), and (right)Y(2S) data. The purple, blue, green, gray, and cyan curves raprésé) xno,12(2P) —
yY(1S) and (right) xn0,1,2(1P) — yY(1S), initial state radiation (ISR), and(nS) — yny(1S)events, respec-
tively.

conversion in the detector material, and of the reconstruction oetlee pairs is much lower
than that for photons reconstructed using the BaBar electromagnetiéinoetier. However, the
substantial improvemehin energy resolution for photon conversions results in better separation
of photon energy lines.

The decayY(3S) — yxno2(1P) is observed, and precise measurements of the branching frac-
tions for xp12(2P) — yY(2S) and xp1,2(1P,2P) — yY(1S) decays obtained. The background-
subtracted fit results for the latter are shown in Fig. 1. The productwfdiring fractionsz(Y(nS) —
YXba) X B(Xps — Y(1S)) obtained from the fit of Fig. 1 are consistent with and improve upon the
current values [7].

The searches fay,(1S) andny(2S) states using the converted photon energy spectrum are in-
conclusive. Over a range of approximately 9974, s < 10015 MeV/c?, we find Z(Y(3S) —
YNb(29)) < 1.9 x 1073 (at 90% C.L.). This value is consistent with, but does not improve upon,
the upper limit obtained by CLEO [16]. Due to low efficiency and high baclkgd levels, no
evidence forY(2S) — ynp(1S) is found. The most significant peaking structure seen irettes
center-of-mass energf{(y)) region expected for th€(3S) — yn,(1S) transition, if interpreted as
annp(1S)signal, trends toward recent potential model [17] and lattice [18] predistiblowever,
the small & 30) significance of the result is insufficient to measurefhelS)mass in the present
analysis. Taking advantage of the improved resolution from a convehnigip technique to make
a definitive measurement of thg(1S)mass and width will require much more data from future
experiments.

3. TheBaBar search for hy(1P) in Y(3S) data

The hy(1P) state is expected to be producedYif8S) decay viar® or di-pion emission, and
to undergo a subsequeltl transition to then,(1S), with branching fraction (BF}8(hy(1P) —

2e,g. from ~ 25MeV in the calorimeter to 4MeV or better with converted photons
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Figure 2: Results of the search fof(3S) — " hy(1P) (left) and Y(3S) — m°h,(1P) (right). (left) The

Mg spectrum after subtraction of the continuum backgroundpmmrent. The curves represent tM@l
(dotted),Kg (double—dot—dashed)qé’1 (dashed), anwg’z (dot-dashed) components. Inset: expanded view
in the h, region after subtraction of continuum and peaking backadsu (right) Themye (7°) spectrum
after subtracting background; the shaded histogram repteshe signal function resulting from the fit to
the data.

YNb(1S)) ~ (40— 50)% [8]. The isospin-violating decay(3S) — 1°hy(1P) is expected to have a
BF of about 0.1% [19, 20], while theoretical predictions for the transi¥¢8S) — " h,(1P)
range from~ 10~ [19] up to~ 103 [21]. The CLEO experiment reported the 90% C.L. limit
B(Y(3S) — 1°hy(1P)) < 0.27% [22] based on fewer than 0.5 milliof{3S) events.

We search for a signal in the inclusive recoil mass distribution againsiodi{ong) or
(Myecoil (1)) candidates.

No hy(1P) signal is seen in th¥(3S) — rrt m—hy, production channel. Assuming thgmass to
be 9900 GeV/c?, we set a 90% C.L. upper limi#[Y(3S) — " hp] < 1.2 x 104, The branch-
ing fraction measuremem8[Y(3S) — m" 1 Y(2S)] = (3.00+ 0.02(stat) + 0.14(syst))% is more
precise than the current world averag245+ 0.23)% [7]. Branching fractions#|xp1(2P) —
T T Xp1(1P)] = (9.2 0.6+ 0.9) x 1073, B[X12(2P) — 1" 1T Xp2(1P)] = (494 0.4+ 0.6) x
1073, and Z[Y(3S) — XY(29)] x B[Y(2S) — m" m Y(1S)] = (1.78+0.02+0.11)% are also ob-
tained from this analysis.

Evidence for then,(1P) state in the decay(3S) — m°hy(1P) is found by requiring a photon
with an energy consistent with that for thg(1P) — yny(1S) transition. The number ai® events
iN Myecoil (71°) is determined from a fit to then, distribution in eachmyeci (r®) bin. The resulting
distribution contains a broad peaking signal component above a smoddtjrband, as seen in Fig-
ure 2. The fit to this distribution shows preliminary evidence (at tler3evel) for ah,(1P) signal,
leading to a branching fraction & (Y(3S) — mhy(1P)) = (3.7+£1.1+0.4) x 10~* corresponding
to 90% C.L. upper limit of8(Y(3S) — n°hy(1P)) < 5.8 x 10~4. This measurement would indicate
that theY(3S) — " hy(1P) is suppressed by a factor greater than 3 w¥(8S) — 1°hy(1P).
The measured mass valuajh,(1P)] = 9902+ 4(stat.}:2(syst.) MeV£?, is consistent with the
expectation for théy,(1P) bottomonium state [8], the axial vector partner of jg(1P) triplet of
states.
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Figure 3: The MM(rrt ) spectrum with the combinatorial background d(@icontributions subtracted
(dots with error bars) and signal components of the fit fuorc{solid histogram). The vertical dashed lines
indicate the boundaries of the fit regions. The peaks cetht#r@97 GeV/c? and 1030 GeV/c? correspond
to transitionsY(3S) — Y(1§)rtm andY(2S) — Y(1S)" i1, respectively.

4. The Belle observation of the h, (1P, 2P) states from Y{(5S) data

The Belle Collaboration has collected a large sample'®&~ events at energy correspond-
ing to theY(5S) resonance, which lies above the threshold for productioBsaheson pairs, for
the primary purpose of studyinBs decays. The observation of anomalously large rates for di-
pion transitions to lower bottomonium stat¥65S) — Y(nS)r"m (n = 1,2,3) [23] led to the
speculation of the existence of an exotic resona¥ce the vicinity of the Y(5S) that might be
responsible for the high transition rates [24]. Such a resonance migtnt &ealog, in the bottomo-
nium sector, of the charmonium-liké(4260). A recent indication by the CLEO Collaboration
that the process™e™ — h(1P)mrt m— might have higher transition rate ¥{4260 energy than at
v/S= 4170 MeV [25] motivated the Belle Collaboration to search fortih@P) in Y(5S) data, to
see ifhy(NP) production might be enhanced in the region of Yge

The Belle Collaboration reports the observation oftiheLP) andh,(2P) bottomonium states
produced in the reactioa™e™ — hy(nP)mr" m with significances of 50 and 1120, respec-
tively, using a sample of 124fb~! of data collected near the peak of tHg5S) resonance.(’s ~
10.865GeV). The measured masseby,(1P)] = (9898254 1.06"103) MeV/c? andm/hy(2P)] =
(1025976 0.64"143) MeV/c?, are consistent with the center-of-gravity of the corresponging
states.

The measured cross sections relative toghe™ — Y(2S)mt" m~ cross section are large, indi-
cating an anomalous production rate for tia€lP) andh,(2P) and suggesting that these states are
produced via an exotic process that violates the suppression of heaxk gpin-flip.
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