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Using the Csl calorimeter of the CLEO II detector, the spin triplet gb(2P) states are observed in

Y(3S) radiative decays with much higher statistics than seen in previous experiments. The observed
mass splittings are not described well by theoretical models, while the relative branching ratios agree
with predictions that include relativistic corrections to the radiative transition rates.

PACS numbers: 14.40.6x, 13.40.Hq

We report the results from a study of the gb(2 PJ)
states (J=(),1,2) produced in radiative Y(3S) decay us-

ing the new CLEO II detector at the Cornell Electron
Storage Ring (CESR). The data consist of 116 pb

' of
integrated luminosity collected at the peak of the Y(3S)
resonance. The gb(2 PJ) states are expected to be split

into three mass states with J quantum numbers 0++,
1++, and 2++. In the strict nonrelativistic potential
model these three states are degenerate in mass and the
matrix element for the electric dipole transitions 3 Si

y+2 PJ is independent of J. The relativistic effects,
primarily spin-orbit and tensor interactions, are responsi-
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ble for spin dependence of the gb(2 PJ) masses and ma-
trix elements for the photon transitions.

The CLEO II detector was designed to detect both
charged and neutral particles with high resolution and
efficiency. The detector consists of a charged-particle
tracking system surrounded by a time-of-Aight scintilla-
tion system and an electromagnetic shower detector con-
sisting of 7800 thallium-doped CsI crystals [1]. The
tracking system, time-of-Bight system, and calorimeter
are installed inside a 1.5-T superconducting coil. Im-
mediately outside the coil are iron and chambers used for
muon detection [2].

The crystals in the barrel portion of the detector point
approximately toward the e+e collision point. They
have a roughly trapezoidal shape = 5 cmx5 cm at the
front and 30 cm (16.2 radiation lengths) in length. The
relative calibration of crystals was performed using
Bhabha scattering (e+e e e ). The energy of the
scattered electrons then is the well-known beam energy of
5. 18 GeV. We have converted this calibration of electron
energy to photon energy using e+e yy events.

We have further corrected the photon energies for
small nonlinearities in the energy measurement [3]. An
energy-dependent correction factor which multiplies the
measured photon energies, Et,„,/E „„is dete. rmined
from z yy events. In Fig. 1 we compare these results
with a Monte Carlo simulation and at higher energies
with radiative Bhabha events and e+e pity events.
In the energy region around 100 MeV, we find that we
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FIG. 1. E&,„,./E„,„„,determined from rr .. decays (open circles),
Monte Carlo simulation (diamonds), radiative Bhabha events

(solid circles), three-y events (open squares), and e+e yy
events (solid square). The vertical error bar on the radiative

Bhabha events gives the statistical error, while the skewed error
bar gives a linear combination of the statistical and systematic
errors. There is an additional + 0.3% scale error on the z
measurements.

need to lower the measured energies by = 1%. The error
on the absolute energy scale is + 0.5%, while the error on
the relative energy determination is ~0.1% in the re-
stricted energy region relevant for this analysis.

Radiative transitions from the Y(3S) can be studied
inclusively by the observation of monochromatic peaks in

the photon-energy spectrum. Hadronic events have been
selected using criteria based mainly on drift chamber in-
formation. We require at least three charged tracks of
good quality, a reasonable event vertex, a visible energy
(charged and neutral) of at least half the center-of-mass
energy, and events not consistent with radiative Bhabhas
or beam-wall collisions. We have approximately 700000
observed events, of which 410000 come from Y(3S) de-
cays and the rest from the continuum, where we use the
measured luminosity and cross section [4] to calculate the
number of Y(3S) decays.

For this analysis we use only the barrel portion of the
calorimeter which subtends 70.7% of the solid angle. The
end plates of the drift chamber, the cables, and other ma-
terial worsen the resolution substantially in the end-cap
regions. Photon candidates are selected from the showers
in the barrel by requiring that the shower is not matched
to a charged-particle track from the drift chamber and
that the shower has a lateral energy distribution con-
sistent with Monte Carlo photons.

The energy spectrum of photon candidates in these
events is plotted in Fig. 2(a) for the energy region around
100 MeV. The large background in our sample is mainly
due to photons from other processes (mostly rr decays)
and hadronic showers produced from interactions of had-
rons with the crystal nuclei. The curve is a fit by a third-
order background polynomial plus three bifurcated
Gaussian signal functions whose means are allowed to
float. A bifurcated Gaussian has two width parameters,
one on the higher side, oh;gh, and the other on the lower
side, cr~,„. We constrain the ratio crh;sh/a~, „ to be the
same in each peak. Furthermore, we constrain the aver-

age, —. (crh;sh+cr~, „), to have an energy dependence as
predicted by Monte Carlo simulation. Thus we are left
with two overall width parameters. Assuming that the
mass splittings in the gb(2P) system follow the same pat-
tern as in the gb(IP) system [5], the lower-photon-energy
line corresponds to the J=2 case, with the others follow-
ing in order of increasing photon energy. The energies E,
and their errors, determined from the fit, are given in

Table I [6]; they are more precise than previous deter-
minations [7]. The background-subtracted spectrum is
shown in Fig. 2(b).

The fit gives an energy resolution of (4.2 ~0.2)% at
100 MeV. The width on the high-energy side is 4.0 MeV
and on the low-energy side is 4.3 MeV. This compares
well with other crystal-based detectors in this energy re-
gion [8].

The y detection e%ciency e~ is determined by implant-
ing Monte Carlo photons into real hadronic events. We
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TABLE I. Energies and branching ratios of Y(35)—y+ 2 'I'g.
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I0.5-+( ) ~ 1.3
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jets from the gb decays will not have a preferred orienta-
tion along the e+e beam direction. The branching ra-
tios are given in Table I; the first error is due to statistical
uncertainties and other uncertainties which occur when
considering the errors on the relative branching ratios,
while the second error reflects our uncertainty in the
overall scale [10].

The widths for the electric dipole transitions 3 5]
@+2 PJ are given by

I F ~

= —,aeb E» (2J+ 1)(2P~r ~
3S)
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FIG. 2. Inclusive photon spectrum from Y(3S) decays. (a)
The solid curve is a fit with bifurcated Gaussian signal functions
plus a third-order polynomial background. The dotted curve
shows the background. (b) Background-subtracted spectrum.

find that e»=(53+ 3)% for Z's distributed uniformly in

solid angle. The y's in these decays have difl'erent angu-
lar distributions depending on the gb angular momentum.
Defining cosO as the angle between the y and the e+
beam direction, the angular distribution dN/dcoso varies
as 1+ 1'3 cos 0, 1

—
& cos 0, and 1+cos20, for J=2, 1,

and 0, respectively. We correct the eSciencies for these
distributions.

We have evaluated the J-dependent hadronic-event
selection eSciencies by a LUND-based Monte Carlo simu-

lation including our event trigger. Angular momentum
and parity considerations lead to the expectation that the
J=O and J=2 states decay by annihilating into two
gluons (gg), while the J=1 annihilates into quark and
antiquark plus a gluon (qqg) [9]. We have taken into ac-
count that the J= 1 and J=2 states have significant radi-
ative branching ratios to Y(2S) and Y(15) which subse-

quently decay dominantly into ggg. We find these
efticiencies are independent of J at the level of 2%. Note
that we do not expect the efticiency for these events to be
as low as that for continuum two-jet events because the

where a is the electromagnetic coupling constant and eb

is the charge of the b quark, assumed to be 3 . Because
of the E,' dependence of I ~ ] we compare with the predic-
tions for the matrix elements (2P~r ~35) which are almost
independent of the gb masses. In the nonrelativistic ap-
proximation, (2P~r ~35) is spin independent. Its value de-

pends slightly on the choice of the potential; for example,
four papers give nonrelativistic predictions of 2.64 [11],
2.68 [12], 2.66 [13], and 2.75 [14] (in GeV ' ) for
(2P~r ~35). By averaging over the transitions to all three
gb(2 PJ) states and using I &,t(3 5~) =24.3+ 2.9 keV
[15], we find (2P~r ~35) =2.6~0.2 GeV '. Thus, the
data roughly agree with the nonrelativistic prediction
confirming that the relativistic eAects are small, in con-
trast with the similar transitions observed in the cc system
[11]. Most of the relativistic calculations [11—14, 16] pre-
dict lower rates for the 3 S[ y+2 PJ transitions. The
relativistic corrections are J dependent and are expected
to be the largest for J=0 because the spin-orbit and ten-
sor forces have the same sign and the largest magnitude
[11]. Experimental and theoretical uncertainties in the
absolute scale of the transition widths are comparable to
the magnitude of the expected relativistic corrections.
The ratios of the transition widths for diferent J can be
determined with less uncertainty. Ratios of the quantity
I e ~/E» (2J+ I ) for J =2 and J=0 relative to J = I

which equal ratios of the squared matrix element in Eq.
(I) are shown for the data and for various relativistic
models in Table II. Our measured ratios deviate
significantly from unity, thus disagreeing with the nonre-
lativistic expectation, and confirming the pattern of the
spin dependence predicted in all relativistic calculations.

The splittings of the PJ states are related to the expec-
tation values of the vector (V) and scalar (S) parts of the
quark-antiquark potential. If we define M as the spin-
weighted center of gravity, a as the spin-orbit contribu-
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TABLE II. Ratios of I .i/E„'(21+ I ).

Ref. [11] Ref. [12] Ref. [13] Ref. [16] Ref. [14]

(1=2)/(1 = I )
(I=0)/(J = I )

1 7 +0.03

o.74 —o.o(

1.17
0.73

1.04
0.90

1.12
0.86

1.08
0.80

1.14
0.85

tion, and b as the tensor contribution, the masses are
given by [9] M(gq) =M+a ——', b, M(gl) =M —a+2b,
and M(go) =M —2a 4b—He. re a and b are computed
as the configuration-space expectation values:

&v„;...b;, ) =a&L s)=, — —— (L s),1 3JV 1dS
r dr r dr

&v,„„,.„)=s&s„)= I I dv
1 2mb~

where mb is the b-quark mass, L and S are the total an-

gular momentum and spin of the qq pair, and 5 ] 2

=2[3(S r)(S r) —S ]. We measure M=10260. 1

+ 0.7~0.7 MeV a =9.4~0.2 MeV and b =2.3+0.1

MeV, showing a larger spin-orbit than tensor contribu-

tion.
Since the spin-orbit and tensor terms contain diferent

amounts of vector and scalar components, it is convenient

to define a parameter R~ which gives information about

the diA'erent proportions. R~ is a function of the masses

of the diA'erent g states:

M(g, ) —M(g, )
M (g, ) —M (~,)

A value of R~ equal to 0.8 corresponds to a potential with

no scalar confinement (i.e., Coulomb-type potential). We
find R~, ~2pi =0.574+ 0.013+ 0.009. The systematic er-

ror is due to the error in the relative energy calibration
added in quadrature with the uncertainty in background

shape. This value is smaller than the value for the lower

radial excitation of the I' wave in the Y system, R~, ~]p)
=0.68+'0.03 [17], and higher than the value for the y
system, R~ (]p) =0.48+ 0.02.

Dib, Gilman, and Franzini have studied a general class

of potential models and find that R increases from the

lowest P states to their radial excitations which is also a
feature of the other models [12,18,19]. However, this be-

havior is sensitive to the Lorentz character of the ex-

changes between heavy quarks. Our measurement indi-

cates that R~, (qpi ~ R~, (]p). There are currently no mod-

els which correctly predict both this and the magnitude of
R.

The CsI calorimeter gives us the capability of making

precision photon-energy measurements with high e5-
ciency. %e have measured the photon-energy spectrum
from Y(3S) ygb(2 PJ). We find the mass splitting
ratio R~ for these states to be 0.574~0.013+ 0.009.
Our measurements of the relative branching ratios
confirm the presence of the relativistic eAects predicted
for these transitions.
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