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Abstract

A review of most recent results in bottomonium
physics at B factories is given. Besides the discovery
of the long sought ground state 7, the first evidences
of exclusive decays of x; states to light hadrons, of the
suppressed inclusive decay YT(1S) — D** have charac-
terized the last two years of studies on the narrow states.
Great progress has also been made experimentally, on bb
production above bottom threshold. At the energy of
T(55) and above, the asymmetric B factories detected
exclusive decays to narrow bottomonium and to three-
and four-body final states, at unexpectedly large rates.
Finally, I will report about the most recent searches for
physics effects beyond the Standard Model (light Higgs,
dark matter candidates, lepton flavor violation) in bot-
tomonium decays.

1. Introduction

At the beginning of the new millenium, during its last
two years of operation (2002-3) at /s =~ 10GeV, the
CLEO collaboration integrated O(107) data samples of
Y(1,2,35) decays on the peak of narrow bottomonia.
While these data were being taken, at the 1% QWG
workshop [1], many participants urged the asymmetric
B-factories to plan for further running below BB thresh-
old. The CLEO runs yielded a number of important
discoveries: the Y(1D) states, the x,(2P) — x»(1P)7mw
and xp(2P) — wY(1S) transitions, new limits on lep-
ton flavor violation or lepton universality violation in T
decays, but left some major questions unanswered, be-
cause of lack of statistics, in particular in the sector of
parabottomonia, i.e. the bound states with S=0 (shown
as dashed lines in Fig.1.).

The analysis of the CLEO data sets is still under
way, and I will review its most recent outcomes, to-
gether with the results from the asymmetric B-factories.
In 2006, BELLE integrated about 11M Y(35) decays,
to search for dark matter candidates in the Y(1S) de-
cay pattern, tagged by the occurrence of the transition
Y(35) — af7~ Y(15). In 2008, BABAR devoted its
last three months of running to Y(2,35) and a scan on
the region 10.54 < 4/s/GeV < 11.2, while BELLE col-
lected record samples at T(15,55) peaks, and a large
sample at T(2S5). The total amount of luminosity inte-
grated by CLEO, BELLE, and BABAR at the narrow
bottomonium resonances, T(1,2,35), and above T(45),
is summarized in Table 1.

Table 1. Y(nS,n # 4) datasets after year 2000 at B-factories
Expt. T(1S) 7Y(2S) 7Y(3S) 7YT(B-69)
CLEO 20M 9M 6M 0.5 fb !
BELLE 98M 44M 11M 100 fb !
BABAR - 100M  122M 3.3 fb~!

The analysis of O(10%) samples of narrow bottomonia

from asymmetric B-factories has just started and has
already yielded important results, which will be summa-
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Fig. 1. Bottomonium spectrum: the undiscovered states

n5(2,35), hp(1,2P) are shown as dashed lines

rized in the present review, together with the progress
made above bottom threshold.

2. Search for parabottomonia

A major milestone has been reached in 2008 by
BABAR collaboration, with the discovery of the ground
state of parabottomonium, the 7, (1S) [2]. Such state is
reachable by hindered M1 transitions from the 1(2,35)
states. Detection of the n;, peak is challenged by the pres-
ence of O(10?) larger peaking background in the proxim-
ity, due to the favored E1 transitions from x,(1,2P) to
the T(15). Moreover, an extra source of peaking back-
ground, of size comparable to the yield expected by the
7y, signal, comes from the radiative return photon from
ete™ — vrsrT(1S). As very little is known on 7, decay
pattern, it is very difficult to device cuts which would al-
low to increase the S/B ratio. The cuts were optimized
on a test sample containing about one tenth of the total
dataset.

Photons from 7° decay are a significant source of back-
ground: candidate photons were rejected if they matched
the 7% mass within 15 MeV with any other photon in the
detector, with Fj,; > 50 MeV.

The main improvement introduced by BABAR with
respect to previous analyses, is a cut on the angle 61
between the inclusive candidate photon and the thrust
axis of the recoiling system. In continuum, events mostly
have a two jet topology and therefore the inclusive can-
didate photon is likely to be correlated to one of the two
jets. The ny is a pseudoscalar state, and therefore we ex-



pect a flat distribution in cosfr. After such preliminary
cuts, the smooth photon spectrum outside the peak re-
gion is fitted with an empirical function and subtracted.
Figure 2. shows the peaks in the region of interest. All
monochromatic photon peaks were fitted with a Crystal
Ball resolution function.
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Fig. 2. The inclusive photon spectrum at 3S from BABAR, after

continuum subtraction: the peaks from xp1,2 — T(15), ISR
production of Y(15) and Y (3S) — n, are visible, left to right
in the plot.

Soon after, BABAR confirmed the observation of the
ny also from the analysis of the 2S data sample[3]. Cuts
were optimized as in the 3S analysis. Given the larger
peak cross section at the 2S, the cosfr threshold could be
raised at 0.8, and the minimum Fj,;, for photons checked
for 7° rejection could be lowered to 40 MeV. The results
from the two analyses can be compared in Table 2.

Table 2. 1, properties measured by BABAR
Transition T(25) —m Y(3S) — m
B,y 610.5735 £1.8  921.275 5 +24
M(ns) 9392.9795 + 1.8 9388.9751 +2.7
AMpyy 67.4755 +1.9 714733 + 2.7
BRx10* 42715409 4.840.5 4+ 1.2

The observed hyperfine splitting is 30 MeV larger
than the one predicted by NLL NRQCD calculations [4],
praised as one of the most robust achievements of theory
in this field. Earlier results at leading order hit closer to
the observed result [5, 6].

While BELLE and CLEO are poised to provide an
independent evidence of the ground state 7,(1S5), the
challenge is now open to measure its width. Concern-
ing the higher excitations, the search for the direct M1
transition Y (msS) — ym,(mS)) seems hopeless with the
current statistical samples. The large sample integrated
by BABAR at the Y(3S5) peak can be studied to search
for the T(35) — ym(2S5) transition or for the cascade

T(35) — ﬂ'ohb(lP) — 7r0'y77b(15’)

. It is also worth to mention that the recent observation
of a large rate of Y(4S5) — nY(1S) [7], may suggest
new ways to search for the remaining bottomonia, via
hadronic transitions from above BB threshold.

3. Inclusive and exclusive decays of T’s and x;’s
In the continuum, charm meson production from the
QED process ete™ — ¢q is enhanced by the Zg term.

This fact is usually quoted to stress the importance of
B-factories in D meson physics. On the contrary, leading
order QCD calculations suggest that vector bottomo-
nium decays would scarcely contain charm. This pre-
diction was confirmed by the upper limit set by AR-
GUS at 1.9% on inclusive D*+ production from Y(15)
[8]. Lately, BABAR succeeded to detect [9] the long
sought inclusive transition Y(15) — D** + X) and to
measure its branching ratio BR=2.59 + 0.13 & 0.15%,
a value which exceeds the quoted ARGUS upper limit.
The D* meson is observed via its decay mode D** —
DOr*; D° — K~—7%. The momentum spectrum is sig-
nificantly softer than the one of the continuum pro-
cess ete™ — c¢ — D** + X, and goes to zero at
PD = 0-75pmax-

Among the other bottomonia, only Y31 is expected to
show large ratios of production of inclusive charmonium,
as the dominance of the gqg contribution to the decay
leads to predict flavor blindness, i.e. branching fractions
close to 1/4, in the decay pattern for such states. Quan-
titative estimates for the other x; states were made pos-
sible by the advent of NRQCD, which allows to overcome
the infrared log divergences [10]. Theory predictions are
shown in Table 3.
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Fig. 4. Inclusive photon
spectrum from Y (3.5) de-
cays containing a D? me-
son

Fig. 3. Inclusive photon
spectrum from Y'(2S5) de-
cays containing a D® me-
son

CLEO has then searched for inclusive produc-
tion of D® mesons in x; decays [11]. CLEO se-
lected events containing a DY meson, reconstructed in
K7t K-atn® K—atn~nt (total BR = 25%) and
searching for peaks in the inclusive photon spectrum,
as shown in Figures 3. and 3.. Results are summarized
and can be compared with theory in table 3.

Table 3. Fractions of x;, — LH decays containing D° mesons:
measurements, upper limits at 90% CL, and theory predic-
tions

State B(D" + X)/B(LH) UL NRQCD
Xw0(1P) 9.6 +£6.2+0.8+0.8% 17.9% 6.3%
Xo1(1P) | 24.8 £3.8+£2.24+3.6% 23.7%
Xb2(1P) 9.8 +35+0.9+0.9% 14.6% 10.8%
Xw0(2P) 87+6.4+0.9+0.7% 17.7% 4.9%
xo1(2P) | 25.3+£4.3+2.5+24% 22.1%
X»2(2P) 0.4+354+0.44+01% 6.1% 7.4%

Searches for radiative transitions to hidden charm are
underway at BELLE, inspired by recent theory predic-
tions [13], which expect BR ~ 0.5-107°. At the same
time, inclusive transitions to charmonium, measured at
CLEO [14], suggest that production of higher excita-
tions is as likely as production of J/v; will it be possible
to detect inclusive production of X(3872) or Y(4260) at
BELLE or BABAR?



CLEO has also published [12] the first results from a
broad search of exclusive decay modes to light hadrons
of the x(1,2P) states. Full reconstruction of 659 chan-
nels was performed, but only 14 decay modes exceeded
5 o significance. Such effort, if repeated on 10 to 100
larger samples, may result in exclusive evidence of the
direct transitions T(nS) — np(nS) and possibly to a
measurement of the width of the n,(n.S) states.

—3

curve for all the channels, yielding a mass average of
10889 4 1.8 +- 1.5 MeV/c? and a width of 54.7’:?3 +2.5
MeV, or with three independent Breit-Wigner curves: fit
results are given in Table 6.

Table 6. Parameters of the three excitation curves describ-
ing the resonant process ee™ — Y(1,2,35)nn studied by
BELLE in the proximity of the T(55) peak

Table 4. Exclusive BRxp1(1,2P) — LH, in units 104

Decay mode  T(25) — xp1(1P) Y(3S) — xp1(2P) n Peak o(pb) Mass(MeV) Width(MeV)
2m2 K 7° 1.4+03+0.3 3.9+0.8+0.9 1S | 2037027 £0.15 108874751 +1.6  7471;+3
3TIKKY 09+0.3£02 14£05+03 28 | 5771090 £ 0.67  10890.37%0 £ 1.4 37.0705 £3.1
3r1KK2n° <4.2 9.7+3.0+26 35 | 1.657035 £0.21  10882.3772 4+ 1.5 52120 41
4m2m® 55+09+14 74+16+19

4m2K 1.0£0.3+£0.2 1.2+04+£0.3

42K 1.04+0.3+0.2 1.24+0.4+0.3 BABAR scan [16], shown in figure 5., suggests instead
42K 270 59414417 12.14£2.943.3 that the simple Breit-Wigner parametrization is not ad-
5TKKZ17° 6.4+1.6+1.6 85 +23+22 equate for the description of the complex dynamics in
6 13£03+03 15£04+03 the proximity of the B®) B®) and B B,™ thresholds.
6m2m” 11.9+1.8+3.2 15.0+£3.0+4.0 A strong qualitative agreement is observed between the
6m2K 1.84+0.440.4 2.5+ 0.7+ 0.6 experimental behavior of the ratio R, = o(bb)/o(uu)
6m2K m° 524+11+14 TT+1.7+21 and the theory predictions based on the coupled channel
8 18+04+05 22+06+05 approach[17], published in 1984.

8m2m° 96+24+29 241 £4.7£72

The branching ratios of the x1 2 exclusive decays ob-
served by CLEO are summarized in Table 4. and Table
5. The largest branching fractions belong to transitions
with 6,8 pions. At any given value of N, decays contain-
ing a neutral pair are favored on those with a charged

pair.

Table 5. Exclusive BRxp2(1,2P) — LH, in units 10~%
Decay mode Y (2S) — xu2(1P) Y (3S) — x12(2P)
22K 0.6+03+0.2 <14
3TIKKY <0.7 <1.2
3r1K K270 3.84+1.44+1.0 < 8.7
47270 25+0.8+0.6 51+16+1.3
472K 0.8+0.24+0.2 12404403
472K 70 1.5+0.5+0.4 32411408
472K 270 28+1.14+0.7 6.2+23+1.7
5TKK217° < 3.6 <5.8

61 0.5+0.2+0.1 1.24+04+0.3
6m2m° 7.34+1.6+2.0 15.9+3.3+4.3
612K <0.6 1.94+0.7+0.5
6m2K1° 2.6+0.8+0.7 55+1.6+1.5
81 0.6+0.2+0.2 1.24+0.5+0.3
8m27° 13.24+3.1+4.0 16.5 + 4.6 + 5.0

4. bb spectroscopy above open flavor threshold

The B factories have also scanned the energy range
above open bottom threshold with two different strate-
gies: BELLE has performed a six-point scan with about
1 fb~! per point, BABAR focused on a low luminos-
ity (25 pb~! per point), high granularity scan. BELLE
run was motivated by an anomalously large 77 Y (2S5)
cross section at the Y(5S5) peak energy, if compared
to the yield at Y(4S5) peak. The maximum yield in
7w Y(1,2,35) was actually observed 30 MeV above the
known 58S peak [15], and suggested the existence of a new
state, maybe analogous to Y (4260), in the bottomonium
system. The data were fitted using the same excitation
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Given the variety of structures, it is reasonable to ex-
pect some insight from the exclusive deconvolution of
the two-body (i.e. BB, BB*, B*B*) and more body de-
cay modes. BELLE has analyzed a sample of 7.1M BB
pairs [18, 19] taken at the Y(5S5) peak. Charged B
mesons were reconstructed in 2 decay channels, K*.J /)
and D7+ (with J/v — [T~ and D° — K, Krrr.

Neutral B mesons were reconstructed in K*°.J/1 and
D*r¥F, with D* — K*ng*xF. The B* mesons were
reconstructed via their radiative decays to B mesons.
BELLE discovered that the 3- and 4-body decay modes,
i.e. B®BWr B BHrr add up to 16.5% of the total
of bb pairs, in striking contrast with theory predictions,
which range from 0.03% [20] to 0.3%[21]. Such large
discreppancy may partly be accounted for as a feeddown
from ISR produced two-body decays of T(45).

5. New physics searches in T decays

In the last five years, a number of alternative theo-
ries have been devised to explain the non-observation of
the scalar Higgs boson at LEP. Among the others, an
extension of MSSM, the next-to-minimal supersimmetry



model, predicts that the scalar Higgs boson should decay
to a pair of light CP-odd Higgs bosons, hereafter denoted
as AY [22, 23, 24, 25]. If M(AY) < 2my, this would natu-
rally explain the failure of the searches for Higgs to b-jets
done at LEP and Tevatron. Recent theory papers have
then hypothesized that the A° can be observed in the
radiative decays of T resonances, with BF ranging from
1076 up to 104

If M(A%) > 2m,, direct searches for the A° aim to
find bumps in the photon spectrum of low multiplicity
~TT 7T~ events, with either both 7’s decaying leptonically
(i.e. in pvw or in evi), or allowing one of the two 7’s
to decay via 7. If M(A%) < 2m,, A should decay
preferentlally to u™ Tp , therefore v bumps are looked for
in the process ete™ — wﬁ,u

BABAR results on 4y — ptp~ [26, 27] with new
record samples supersede previous ones from CLEO
[28]. BABAR searched for a peak in M(utp™) in
the range 0.212-9.3 GeV, corresponding to about 1500
independent bins, from samples of 99M T(25) and
122M Y(3S) decays. No significant fluctuations were
observed. By assuming that the branching fractions
scale as BR(Y(nS) — ~A%)/BR(Y(nS) — ITl7) =
(ff/2ma)(1— M3, /m3,s)), BABAR [27] combined the
limits from both states and set 90%C.L. limits on f% B,

below 3-10~¢ in most of the range under the 7 threshold,
as shown in Fig.6..
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Searches of the Ag in the region between 777~ thresh-
old and bottomonium aim to find bumps in the pho-
ton spectrum of v77 events. This process was already
studied at CLEO, with data taken at the 1S peak, set-
ting upper limits on BR, ranging from 10~> (on the low
mass range) up to 48 x 107 (close to Y(1S) mass).
BABAR has further lowered these limits, using the 122
M T(3S) decays. Most of residual background is dom-

inated by QED continuum ete™ — 4777~ or higher
order QED processes, such as ete™ — eTe"eTe™ or
ete™ — ete putp~. 90% C.L. limits on BR(Y(35) —
AYxBR(A? — 7777) at few 1077 level were set on the
full range (see FigureT., with the exception of the range
9.52 < m,, < 9.61GeV/c?, because of the irreductible
peaking background from x;(2P) radiative decays.
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Fig. 7. BABAR upper limits on B(A? — 77)

If the light Higgs boson has a mass which is very
close to np, the two radiative processes may interfere,
resulting in shifts in 7, mass and couplings [29], and
the appearance of an additional contribution to the
T(nS) decay to 7777, as the low energy radiative pho-
ton is likely to escape detection. A value of the ratio
R+ = BR(Y(nS) — 77)/BR(Y(nS) — pp) signifi-
cantly larger than one, would therefore indicate a vi-
olation of lepton universality. Searches for such vio-
lation in Y (nS) decays were performed by the CLEO
collaboration [30] on the three narrow T states. This
year, BABAR has improved [31] the measurement for the
T(1S), from a sample of tagged Y (3S) — Y(19)rT 7~
decays. The transition to Y(1S) was tagged by mea-
suring the recoil momentum of the dipion pair. Events
with exactly 4 charged tracks were accepted, therefore
selecting only 1-prong decays of 7’s. The most recent
measurements of R, are shown in Table 7.

Table 7. Lepton universality violation tests at CLEO and
BABAR

Exp. State R+
CLEOI30]

T(1S) 1.02 £ 0.02 £0.05

T(25) 1.04 £0.04 £ 0.05

T(35) 1.05 £ 0.08 £ 0.05
BABAR |[31]

(1S)  1.009 £ 0.010 £ 0.024

Besides the lepton universality violation described
above, also charged lepton flavor violation can be in-
vestigated in Y decays. Such process, not expected
in Standard Model, can be mediated by new parti-
cles at =~ TeV scale in loop diagrams. Searches for

Y(3S) — et ¥, e 1T decays were done at BABAR with
the current record sample of Y(35) decays [32]. In the



et sample, the 7 was requested to decay either leptoni-
cally in pvo or hadronically in 7+7%, pit7%7%0. In the
w7t sample, 7 leptonic decay mode was limited to evw.
Control samples of 77.7fb~! taken on Y(4S5) peak, and

2.6 pb—! taken 30 MeV below the T(39) resonance, were
analysed as a cross check, expecting no signal from the
QED continuum process. No statistically significant sig-
nal was observed, allowing to put 90%C.L. limits on the
B(Y(35) — er,ut) at (5,4.1) x 1075 respectively. Such
result represents the first limit on er and an improve-
ment of a factor four with respect to previous CLEO
limit on w7 [33].

Searches for decays of Y(1.5) to light dark matter can-
didates were pioneered by BELLE [34]: triggering on
the low momentum 77~ pair, and looking for events
without other tracks or extra energy in the calorimeter
a peak in the recoil momentum spectrum was searched
for in events without other tracks, to search for evidence
of T(15) decays in final products escaping undetected
the experimental apparatus. Events on the T(15) re-
coil peak have to be naturally expected, mainly from
eTe™, uTp~ which are emitted back-to-back at shallow
angles, as these detectors are not fully hermetic in polar
angle.

Table 8. Search for T(1S5) — invisible decays: expected and
observed events, and 90%C.L. upper limits from BELLE[34]
and BABAR|[35]

Ref. Newp Nobs BR(Y(1S) — invisible)
[34] 133.2137 38+39 <2.5x1077
[35] 2451438 23264105 <3x107*

An excess of events with respect to MonteCarlo ex-
pectations would be therefore interpreted as evidence of
invisible decays of the Y. Standard Model expectations
for BR(Y(1S) — invisible)= BR(Y(1S) — vv) are at
0(107°) level. Expected and observed yields, as well as
90% C.L. experimental limits are summarized in Table
8.
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