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Viewpoint

Searching high and low for bottomonium
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The BABAR collaboration at SLAC has observed the radiative decay of an excited state of bottomonium (the
bound state of a bottom quark and its antiparticle) to its ground state 1. Observing this long-sought ground
state should enable better tests of quantum chromodynamic calculations of quark interactions and the computa-

tional approach called lattice quantum chromodynamics.
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Just over thirty years ago, a new generation of quarks
was discovered when Fermilab announced they had
found the bottom quark [1], adding to the known up,
down, strange, and charm quarks. The discovery was
indirect—the actual detection involved finding bottom-
antibottom quark pairs (bb) that form bound states via
strong interactions and have a rich spectroscopy analo-
gous to that of the hydrogen atom [2]. These compos-
ite particles are called bottomonium, an analogy to the
well-known electron-positron pairs called positronium.
The first two bb states that were discovered are named
upsilon particles (Y and Y’) and were found in 1977 dur-
ing experiments with collisions of 400-GeV protons on
nuclear targets at Fermilab [1]. Subsequently, a variety
of other excited states (all spin triplets) have been ob-
served.

However, no spin-singlet state had been seen until
the observation of the ground state called #;, now re-
ported in Physical Review Letters[3] by the BABAR col-
laboration. The difference in mass between the Y and
the 7, is important in understanding quark-antiquark
states (generally called quarkonia) by testing existing
models, the applicability of perturbative quantum chro-
modynamics to the bb system, and the results of the nu-
merical approach, known as lattice quantum chromody-
namics (lattice QCD), to calculate hadron properties [4].
More importantly, having a measured value will chal-
lenge theorists to perform more precise calculations that
can be compared to experiment.

Heavy quarkonia, which are bound states of a heavy
quark and antiquark, are well described by nonrela-
tivistic potential models originally derived to describe
charm-anticharm (cC) states [5, 6]. The potentials in-
corporate general features of quantum chromodynam-
ics (QCD)—the theory of quarks and gluons describ-
ing the strong interactions. At short distances, these
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QCD-motivated potentials take the form of a one-gluon
exchange potential, analogous to the photon exchange
that is responsible for the Coulomb interaction in quan-
tum electrodynamics (QED). Added to this are relativis-
tic corrections, such as spin-spin and spin-orbit terms,
all with “color” factors reflecting the more complicated
group structure of QCD compared to QED. The spin-
spin term, for example, is analogous to the hyperfine
interaction that gives rise to the 21-cm line in hydro-
gen. At large separation the potential is described by a
linearly rising interaction that confines the quarks. The
QCD-motivated phenomenological potential is in good
agreement with results obtained using numerical lattice-
QCD methods [4]. Lattice QCD is a nonperturbative ap-
proach that deals with the nonlinear nature of the strong
interaction by dividing space and time into discrete grid
points and then integrating over quark and gluon con-
figurations.

In these potential models, quarkonium energy lev-
els are found by solving a nonrelativistic Schrodinger
equation, although more sophisticated calculations take
into account relativistic corrections [7]. The calculations
yield energy levels that are characterized by the radial
quantum number 7, which is equal to one plus the num-
ber of nodes of the radial wave function, and L, the rela-
tive orbital angular momentum between the quark and
antiquark. In fact, much of the nomenclature is famil-
iar from atomic physics. The orbital levels are labeled
by S, P, D (corresponding to L = 0,1,2). The spins of
the quark and antiquark couple to give total spin S = 0
(spin-singlet) or S = 1 (spin-triplet) states. S and L cou-
ple to give the total angular momentum of the state J,
which can take on values | = L —1, L, or L + 1. Thus
the L = 0 states are 1Sy and 35;; the L = 1 states are ' P;
and 3P0, 3P1, 3P2, etc.

In addition to the spin-independent potential, there
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are spin-dependent interactions that give rise to split-
tings within multiplets [7]. With these, we can predict
Y — 7, splittings in bottomonium and similar splittings
in charmonium that are analogous to the hyperfine split-
tings in hydrogen. Splittings within P-wave and higher
L-state multiplets are due to spin-orbit and spin-spin in-
teractions arising from one-gluon exchange and a rela-
tivistic spin-orbit precession term. The contact spin-spin
splitting between the singlet and triplet P-wave states is
predicted to be small due to its short range and because
the wavefunction at the origin for P-wave states is zero.

The observations of the #;, by BABAR [3] and the char-
monium state /1. by CLEO [8] are important validations
of this picture. In the experiment reported by Aubert et
al., electrons and positrons from the PEP-II storage ring
at SLAC collide with a center-of-mass energy of 10.355
GeV. This energy is selected so that the collisions create
Y(3S) particles, some of which then decay radiatively to
the 77,(1S) state. Figure 1 shows the bb spectrum of ob-
served states along with predictions for missing states
[9] by Isgur and myself. The commonly used names
of observed levels are shown. Note that bb states with
mass greater than two times the mass of a B meson (the
ground state of a meson made up of a bottom-quark and
a light up or down quark), will have a large decay rate
into B — B pairs so the branching ratio for radiative de-
cays will be small.

Electromagnetic transitions between the levels can be
calculated in the quark model and provide an important
tool in understanding the quarkonium internal struc-
ture [10]. The theory and terminology of electromag-
netic transitions between quarkonium states closely fol-
lows the treatment given for transitions in the hydrogen
atom in undergraduate quantum mechanics textbooks
with the replacement of the electric charge of the elec-
tron with that of the quark charge and one has to in-
clude both the quark and antiquark transition ampli-
tudes. The leading-order transition amplitudes are due
to electric dipole transitions (E1) between states with the
same total spin and magnetic dipole transitions (M1)
which flip the quark or antiquark spin and are inversely
proportional to the constituent quark mass. The pre-
dictions for E1 transitions, 3P] ~3 S, in the bottomo-
nium system are in good agreement with experimental
data [10]. Recently, the CLEO experiment observed a 1D
bottomonium state in a cascade of E1 transitions with a
mass of 10161.1 0.6 £ 1.6 MeV/cz[ll], which is in good
agreement with theoretical predictions [7].

In the nonrelativistic limit the spatial overlap integrals
for M1 transitions equal one between S-wave states
within the same multiplet (that is, they are favored tran-
sitions) and zero for transitions between states with dif-
ferent radial quantum numbers (that is, these transitions
are hindered). Relativistic corrections leads to small
overlaps for these hindered transitions, which can be
compensated by large phase-space factors [12]. Until the
observation of the hindered Y(3S) to #;, transition, no
M1 transitions had been observed in the bottomonium
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FIG. 1: (Top) The bb spectrum showing electromagnetic

transitions between levels. The states that have been ob-
served are labeled with masses taken from the Particle Data
Book [16] and unobserved states are shown unlabelled with
masses given by Godfrey and Isgur [9]. The unlabeled ar-
rows show electric dipole transitions and the labeled tran-
sition (green arrow) is the MI transition observed by the
BABAR collaboration in their discovery of the #,. The
dashed line indicates the threshold above which bb will have
large decay rate to B — B final states. (Bottom) The inclu-
sive photon spectrum observed by BABAR is shown, in-
cluding the background components (green, blue) that must
be subtracted to obtain the #;, signal (red) [3]. (Illustra-
tion: Alan Stonebraker/stonebrakerdesignworks.com; bot-
tom panel courtesy of P. Grenier and the BaBar collaboration.)

system.

Until now, all of the observed states in the bottomo-
nium system were spin-triplet states but quark models
predict the existence of spin-singlet partners including
the ground state. As mentioned above, while the decay
amplitudes for hindered transitions are much smaller
than those for favored transitions, this can be compen-
sated with the larger available phase space in transi-
tions such as Y(3S) — 1#,(1S). BABAR collected a
large data set by tuning the eTe™ energy to the mass
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of the Y(3S) and observed a signal in the photon en-
ergy with E, = 921.2 + 2.1/ — 2.8(stat) = 2.4(syst) MeV
where the first error is statistical and the second sys-
tematic, which they interpreted as an M1 transition to
the 7,(1S)[3]. This corresponds to an 7,(1S) mass of
9388.9 + 3.1/ — 2.3(stat) + 2.7(syst) MeV /c? with corre-
sponding Y(1S) — 1, hyperfine mass splitting of 71.4 +
2.3/ —3.1(stat) £ 2.7(syst) MeV /c?.

The measured Y(3S) — 7, splitting is consistent with
potential model predictions although a significant sub-
set of predictions lie outside experimental one-sigma er-
ror bounds [12]. A recent lattice-QCD calculation pre-
dicts a value of 61 + 14 MeV/c?, which is consistent
within the large errors [4]. Two recent calculations us-
ing a perturbative-QCD approach predict splittings of
39 + 14 MeV/c?[13] and 44 + 11 MeV /c?[14], both be-
ing over two standard deviations away from the BABAR
measurement. One can see that the recent BABAR re-
sult poses a serious challenge to theorists, which should
spur renewed effort to improve calculations. More pre-
cise measurement of the 7, mass would allow precision
tests of lattice-QCD and perturbative-QCD calculations
of the Y — #;, splitting.

The large amount of data that BABAR has accumu-
lated on the Y(3S) state should allow searches for other
missing bb states. In particular, it may be possible to
observe the 77, (2S) state via M1 transitions. Many mod-
els predict the branching ratio to the 7,(2S) to be only
a factor of 2 or 3 smaller than that to the #,(1S) and
therefore possibly observable. Other interesting possi-
bilities consist of searching for the h;,(11P;) in the pro-
cesses Y (3S) — m%hy (11 P;) — 7%y, and the sequential
process Y(3S) — ntmwhy(1'P)) — w7 n,[15]. The
discovery of these states would represent an important
step in completing the bottomonium spectrum and pro-
vide an important test of QCD-based models and calcu-
lations. Measurement of the hyperfine mass splittings
between the triplet and singlet quarkonium states is cru-
cial to understanding the role of spin-spin interactions
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in quarkonium models and in testing QCD calculations

[7].
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