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Observation of the Lowest P-Wave bb Bound States
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In a continuing study of the spectroscopy of the bb bound quark systems the discovery
of the lowest P-wave bound states by observation of photons from the decays 2351(bb_ )
—v+13P,(bb) and 13P;(bb)—y + 13S,(bb) is reported. The photons are observed as narrow
enhancements in the inclusive photon spectrum from T’ decays. The center of gravity
of the °P; states (x,), the fine-structure splitting, and the branching ratios for the two

transitions are given.

PACS numbers: 14.40.Gx, 13.65.+i

The interpretation of the T vector mesons as
bound 3S, states of a bb quark pair results in the
prediction of other states, in particular 3P ; bb
states (x,).
tric dipole (E1) transitions from the T’s. We
have recently reported the observation of the
2%p, bb state from a sample of 38000 T” decays
and measured a branching ratio (BR) of 35% for
T(38) -y +23P,, 2 The decay T(2S) -y +1°P, is
more difficult to observe because the BR for E1
transitions of the T(295) is expected to be smaller
from scaling arguments while the decay T(2S)

- 27° +7(1S) with a BR of 1092 is an additional
background.

In the period of our present run the Cornell
Electron Storage Ring (CESR) delivered an inte-
grated luminosity of 30 pb~! at the north area,
where the Columbia University—Stony Brook de-
tector (CUSB) is located. CUSB is a segmented

electromagnetic calorimeter, consisting mostly of

Nal crystals and Pb-glass blocks, with high effi-
ciency for hadronic e e ™ annihilations (~80%)
and photon showers (~13%). During our run we
collected 230000 hadronic events at the T’ peak
of which 153 000 are resonance decays. We also

These states can be reached via elec-

collected 4400 hadronic events in the continuum
and 12 900 events at the T peak of which 10 700
are resonance decays. The methods used to
identify photons and to obtain the overall photon
recovery efficiency and the energy resolution
are similar to those of Ref. 1, The only differ-
ences are as follows: (i) The inactive material
in the Nal array was reduced by removing the
four “strip chambers” between its layers (~1.5
g/cm?), This slightly improves the resolution
for low-energy photons. (ii) The efficiency for
finding hadronic events was increased by ~30%.
(iii) The photon search code was tightened, re-
sulting in a uniform efficiency of 0.13 between
80 and 500 MeV, with a resolution 0/E =3.6%/
El/“, E in gigaelectronvolts. Both efficiency and
resolution are obtained by Monte Carlo (MC) cal-
culations as in Ref. 1 and experimentally veri-
fied (Ref. 1 and see below). The energy scale
for photons is established by continuously cali-
brating the Nal crystals with 0.66-, 1.17-; and
1.33-MeV y lines from radioactive sources
while taking data, and MC calculations of the en-
ergy loss in inactive materials. The Pb-glass is
calibrated with Bhabha scattering events and

160 © 1983 The American Physical Society



VoLUME 51, NUMBER 3

PHYSICAL REVIEW LETTERS

18 JuLy 1983

MC calculations of shower development. Finally
a precision determination of the energy scale is
obtained from a sample of events of the type
T(2S) - T(18)7°1° -~ 4y +e*e~ or u*u-.* In this
way we obtain that our energy scale is low by
(2.0£0.7)% and all energies have therefore been
corrected by a factor 1.02. These events also
prove the correctness of the MC resolution cal-
culations.

The inclusive photon spectrum obtained at the
T(2S) peak is shown in Fig. 1(a). Some structure
is visible around 125 MeV, which is not present
in the spectra from T decays and continuum
events from the present run and in the larger T
and continuum samples of Ref, 1. Figure 1(b)
shows for comparison the spectrum from a re-
analysis of the T” data® with the present methods,
where the photon signal from the T” appears at
lower energy and no structure is visible around
400 MeV.

In order to extract the signals in the 125-MeV
region we fitted the photon spectrum in the region
65-280 MeV with a cubic polynominal plus three
Gaussians of free position and area and fixed
width 0/E =6%. The value of x?2 for this fit is
22.6 for 21 degrees of freedom. The cubic poly-
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FIG. 1. The observed inclusive photon spectrum
(a) at the T(2S) from 153 000 resonance decays and
77 000 continuum hadronic events; (b) at the T(3S) from
48 000 resonance decays and 38 000 continuum hadronic
events. See text for continuous lines.

nominal is required to match polynomial fits to
the remainder of the photon spectrum, with two
bins around 430 MeV (where a signal is expected
and observed) excluded. This fit, excluding the
contributions of the three Gaussians, is shown as
the solid line in Fig. 1(a); the corresponding fit
for the T(39) case is shown in Fig. 1(b), from
which results in good agreement with Ref. 1 are
obtained. This procedure properly accommodates
photons from 7°7° decays of the T(2S). The dif-
ference between the measured spectrum and the
fit is shown in Fig. 2(a). The prominent features
of the spectrum in Fig. 2(a) are a broad signal
with structure in the 90-160 MeV region (3110
+323 counts) and a statistically significant nar-
row peak (833 £ 166 counts) at ~427 MeV. This
peak has an rms spread of (4.5+0.4)%, in ex-
cellent agreement with the MC calculation of
4.4%, again confirming the correctness of the
computed resolution. This peak is also consis-
tent with the merging of two lines at 442 and 422
MeV, with a ~1.2% Doppler broadening. The
results of the fit described above are that the
enhancement is due to three photon lines smeared
by our resolution, centered at ~108, 128, and
149 MeV. These three lines and the one at 427
MeV are shown in Fig, 2(b). Fits with only the
cubic polynomial give confidence levels of ~107*
while fits with two lines give two equivalent solu-
tions, both at <1% confidence levels, with peak
positions at ~105, 125 or 125, 145 MeV, for 0,04
<0/E< 0.1,

If we assume that the photon signals observed
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FIG. 2. (a) The subtracted photon signal at the T(259),
as described in the text. (b) Fit with four Gaussians
of o/E = 3.6%/E'/4, E in gigaelectronvolts, to the sub-
tracted spectrum. The numbers identify the photon
lines as defined in Fig. 3.
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FIG. 3. Schematic level diagram indicating the E1
photon transitions between T(2S), 13P;, and T(15).

correspond to T(2S) -y, +X, followed by X ~y,
+T(19), then we expect that the sum E,, +E,
+E eon 18 equal to M(T’) = M(T), If X is identi-
fied with the three 13P, states, as we will argue
later, it is expected (and observed in the ex-
clusive channels?) that the products of BR’s for
the decays T(2S) -~y +1%P, and 1°P,; —y +T(195)
are in the ratio of 2:5:~0 for J=2, 1, and 0, re-
spectively, and that the three observed lines at
108, 128, and 149 MeV correspond to decays to
J=2, 1, and O states, respectively, while the
427-MeV line is due to decays of the J=2, 1
states. The energy sum rule above gives (108
X2 +128 X5)/7 +427+10,5=560 MeV (10.5 MeV

is the total recoil energy), to be compared with
the T’ -T mass difference of 560.8+ 0,4 MeV.5
From the excess photons observed in the 90-160
MeV region we obtain R(T(2S) -y +3P,) =(15.5
+2,5)% (+5%, -2.5% estimated systematic un-
certainty due to the fitting procedure) and for the
427-MeV signal R(T(2S) -~y +3P) XR(*P -y
+7(15)) =(4+1)%, confirming that the low-ener-
gy photons are from the parent T(2S) state and
the high-energy photons are from subsequent de-

cays. From a study of exclusive channels we
find (3.6+0.9)% for the same product of BR’s.*
The 1P, center of gravity (COG) is 99003
MeV, in excellent agreement with potential
model predictions.®*” A level diagram is shown
in Fig. 3, (Line 6 is expected to be suppressed.®)
The partial widths for E1 transitions are propor-
tional to £*(2J+1), where & is the photon momen-
tum. Table I gives the measured line energies
and the BR’s and reduced widths for the first
three lines, the last obtained by dividing by the
k%(2J +1) factor and normalizing to 1 for the
middle line. The experimental results are in
good agreement with the assumption of E1 transi-
tions and with results from the exclusive-chan-
nels search.* Combining the exclusive BR meas-
urements with the present results we obtain the
entries in Table I for the decays from the 1°P,
states to the T(19).

The results presented above for the 1°P, states
are summarized in Table II together with those
for the 23P,; and theoretical predictions from po-
tential models.®*” The partial widths for E1
transitions are obtained using our BR’s and the
best value for R(T —~ pu) of (2.8+0.3)%.° The
agreement between theory and experiments is
excellent both for the *P COG’s and the partial
widths for E1 transitions. The position of the
13p,; COG is in disagreement however with QCD
sum-rule calculations,'® With respect to the fine
structure our results expressed in terms of

r=[M(J=2) -M(J=1)]/[M(I=1) - M(J=0)]

are 7(1P)=0.93£0,1(x 0,.2) and »(2P) =0,85%0.1
(£0.3), where the errors in parentheses are an
estimate of the uncertainties due to the fitting
procedure, Theoretical predictions range from
0,45 to 1.1 for 1P and 0,5 to 1.0 for 2P.” Our re-
sults at present do not allow us to draw conclu-

TABLE I. Photon energies, BR’s, and reduced widths for the four
observed lines as described in the text and illustrated in Fig. 3.

Energy T—>y;+1%p Reduced Bp—y;+T
Line (MeV) BR (%) width BR (%)
1 108.2+0.3(x2)? 6.1x1.4 1.04+0.3
2 128.1+ 0.4(3) 5.9+1.4 1
3 149.4+ 0.7(x 5) 3.5+1.4 1.13+0.5
4 b 205
01,0+
5 427.0+1.0(=8) 47+18
1+2+3 15.5+2.5(+5)

2Errors in parentheses are estimates of systematic uncertainties.

bObserved average of lines 4 and 5.
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TABLE II. Comparison of experimental results with
potential model calculations (Refs. 6 and 7). See the
text for the derivation of experimental partial widths.

Experiment Calculations
CcOG Ig,? CcOG T'g?
State (MeV) (keV) (MeV) (keV)
13p; 9900+3 4.9+1.0 9888—9924 3.1-4.4
23PJ 10256+ 5 8.4+1.4 10242-10271 4.8-7.6

2Systematic errors not included.
bComputed from measured photon energies.

sions with respect to the different assumptions
used by various authors.

The results for the BR’s for 1°P, , -y + T(19)
are also in agreement with potential model cal-
culations® in conjunction with the two-gluon
widths of the J=2, 0 states computed from the
formulas of Barbieri et al., ' which give R(1°P,
-yT(15)) =(1524)% and R(13°P, —yT(1S)) = (40
+10)%.

In conclusion, the present results, together
with our results of Refs. 1,2, and 4, give a fair-
ly complete picture of the triplet P-wave bb
states. Most £1 transitions between these states
and the upsilons have been observed.  The fine
structure of the 1°pP, states is almost resolved
in this experiment while it could only be inferred
in the case of the 2°P, states., The agreement
with theory is excellent in the context of nonrela-
tivistic potential models.
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