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Observation of Three P States in the Radiative Decay of Y(2S)
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The inclusive photon spectrum in hadronic decays of the Y (2S) is measured with the Crystal Ball
detector at DORIS II. Four well separated photon lines, which are consistent with the decay hy-
pothesis Y(2S) y+'P2 t 0 and 'Pz

& 7 Y(1S), are observed. The energies of the lines from
the primary transitions are E~i = 110.4 + 0.8 + 2.2 MeV, E„2= 130.6 + 0.8 + 2.4 MeV, and
E~3 = 163.8 + 1.6 + 2.7 MeV; the branching fractions are (5.8 +0.7 + 1.0)'/0, (6.5 + 0.7 + 1.2)'/0,
and (3.6+0.8+0.9)'/0 respectively. The secondary transitions center at (E ) =430 MeV with a
combined branching fraction of (3.6 +0.7 +0.5)'/o.

PACS numbers: 14.40.GX, 13.25. +m, 13.40.Hq

According to quarkonium potential models, the
Y(2S) bb resonance is expected to decay radiatively to
three P states: 2 S& y + 1 P2 & 0. The P states can
decay hadronically or via emission of a second photon
to the Y(1S). The determination of the P-state ener-
gies yields insight into some aspects of the interquark
potential. ' Until now only two of the three expected
primary photon transitions have been observed with
good statistical significance.

Here we present an analysis of the inclusive photon
spectrum Y (2S) 7r + (hadrons) using the Crystal
Ball detector at the DORIS II storage ring. This
analysis is based on (193 + 15) x 103 produced Y (2S)
and corresponds to an integrated luminosity of
fL dt=61pb

The main Crystal Ball detector consists of a spheri-
cal, segmented shell of NaI(T1) shower counters which
cover 93'/0 of the full solid angle. The coverage is in-

creased to 98/0 of 47r by NaI(T1) end caps. The thick-
ness of the NaI(T1) shell corresponds to sixteen radia-
tion lengths and to one nuclear-absorption length.
The direction of charged particles is measured by three
double layers of proportional tube chambers with
charge division readout. The Crystal Bail in its config-
uration at the SPEAR storage ring has been described
in detail elsewhere. s 6 At DORIS II the end caps and
the luminosity monitor system were modified to allow
the installation of minibeta quadrupoles.

The energy resolution for photons is measured to be
o(E)/E = (2.7 + 0.2-)'/0/Et 4 (where E is the energy of
the photon in gigaelectronvolts) and the angular reso-
lution is 1'—2' (slightly energy dependent). The dis-
tribution of energy deposited by charged hadrons in
the NaI(T1) crystals peaks around 210 MeV due to
minimum ionizing charged particles and has a long tail
toward hi'gher energies due to nuclear interactions.
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The hadronic Y(2S) event sample is obtained by re-
moving background due to beam-gas interactions,
cosmic rays, two-photon events, and QED events.
The remaining data sample contains contributions
from the resonance and the continuum in a ratio of ap-
proximately 1 to 1. The efficiency for the selection of
hadronic decays of the Y(2S) is calculated to be
eh = (86 +7)% with use of a Monte Carlo simulation
of the properties of the detector. Further details of the
event selection and the efficiency determination can
be found in Edwards and Nernst. 8

The photon selection is described next; it is
designed to remove charged particles, photons from 7ro

decays, and photons whose showers are contaminated
by energy depositions of nearby particles. A photon
must lie within an angular range defined by Icos&I~ 0.75 (0 is the photon angle with respect to the posi-
tron beam). This cut ensures coverage by all three
tracking chambers. The photon has to be "neutral"
which means that no crystal contributing to the photon
shower is correlated with hits in the tracking chambers.
To minimize distortion of the photon energy we re-
quire that the energy cluster of any photon candidate is
well separated from all other clusters by at least 30'.
The lateral energy distribution in the crystals must be
consistent with the pattern of a single electromagnetic
shower, and photon pairs which can be fitted to

yy decays are removed.
The photon selection efficiency for these cuts is

e~ = (15.2 + 1.5)'/o, independent of energy for 50
~ E ~ 500 MeV. It is determined by adding Monte
Carlo photons in that energy range into hadronic
Y(1S) events and analyzing these events with the cuts
described above. See also Ref. 6 for details on the
method.

Figure 1 shows the energy spectrum, with a loga-
rithmic energy scale, of photons satisfying the above
requirements. Three clearly separated peaks in the re-
gion between 100 to 170 MeV and another around 430

MeV are visible. The shoulder at 210 MeV is due to
misidentified charged particles. We fit the spectrum
from E = 50 to E = 650 MeV using the sum of the
following terms: (1) A fourth-order Legendre poly-
nomial series representing the photon background.
(2) A charged-particle spectrum with variable ampli-
tude to take account of the remaining charged-particle
contamination. (The shape of this spectrum is ob-
tained by taking genuine charged particles as defined
by the three tracking chambers and applying the pho-
ton selection cuts. ) (3) Three Gaussian distributions
with widths determined by the known energy resolu-
tion to describe the signals in the 100—170-MeV re-
gion. (4) Two Gaussian distributions to describe the
Doppler-broadened secondary lines around 430 MeV,
at energies fixed by the two lower energy lines and the
known Y(25)-Y'(1S) mass difference. 9'o We assume
here and below that the line around 430 MeV is due to
the secondary transitions P2 t yY'(15), where the
P2 and P~ are assumed to be the two more massive

of the three observed states. " The Po yY(15)
branching ratio is expected to be small. '2 This is indi-
cated by a previous experiment' and our studies'4 of
the exclusive channel Y(2S) yyY(1S) yy&+I

The result of the fit to the inclusive photon spec-
trum is shown in Fig. 2. The dashed line in Fig. 2(a)
represents the smooth polynomial background. The
charged-particle "punchthrough" background is given
by the difference of the solid line (that excludes the
Gaussians) and the dashed line. In Fig. 2(b) this back-
ground has been subtracted. The fit has a confidence
level of 72%

The branching ratios for the observed transitions are
calculated according to B=N~/N„, e„„where N is
the number of photons in a given peak, N„„ is the
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FIG. 1. The inclusive photon spectrum from the Y(2S)
hadronic decay selected with the cuts described in the text.
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FIG. 2. (a) The fitted part of the photon energy spec-
trum. As described in the text, the curves represent the
result of the fit. (b) The same distribution after background
subtraction. Only error bars are shown for clarity. The data
points are in the middle of the error bars.
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TABLE I. Photon lines from inclusive Y(2S) decay.

Photon energy
(MeV)

Branching ratio
(%)

This
experiment'

Ref. 2

Ref. 3

Ref. 4

110.4 +0.8 + 2.2
130.6 +0.8 + 2.4
163.8 + 1.6 + 2.7

(430)
108.2 +0.3 +2
128.1 +0.4 + 3
149.4 +0.7 + 5
427.0 +10 + 8
109.5 +0.7 +1
129.0 +0.8 + 1

(158.0 + 7.0 + 1)b

109.0 + 1.0 + 1.0
129.8 +0.8 + 1.0
147.2 + 1.4 + 1.0

5.8 +0.7
6.5 +0.7
3.6 + 0.8
3.6 + 0.7

6.1 +1
5.9+1
3.5 +1
4.0 +1

10.2 + 1.8
8.0 + 1.7

(4.4 + 2.3
8.9 + 3.0
8.8 + 2.2
4.0 + 1.8

+ 1.0
+ 1.2
+0.9
+ 0.5

.4

.4

.0
+ 2.1

+ 1.6
+ 0.9)
+ 1.2
+ 1.0
+ 1.0

'The first error is statistical and the second is systematic. The an-

gular photon distributions assumed are 1+
&&

cos 0 for the line at

E = 110 MeV ( P2 hypothesis), 1 —
3 cos 0 for the line at

E = 131 MeV ( P~ hypothesis), 1+cos 0 for the line at E = 164
MeV ( Po hypothesis). A flat distribution for the line at E =164
MeV would lower the branching ratio by about 10%. For the secon-
dary transitions at (E ) = 430 MeV a flat angular distribution is as-
sumed.

"The third photon line at E = 158 MeV is not clearly implied by
the data.

number of Y(2S) resonance decays, and e„t is the
overall detection efficiency for photons of a given en-
ergy E. Included in this efficiency is the photon selec-
tion efficiency described above, the efficiency to detect
the hadronic final state, and losses due to conversion
of photons in the beam pipe and the chambers. The
energies9 of the observed lines, and the measured
branching ratios are listed in Table I. The systematic
error on photon energies is estimated by studying the
effect of varying the criteria used in the photon selec-
tion, and from effects of small amounts of energy
from interacting hadrons contaminating the photon
shower. The systematic error in the branching ratio is
largely due to uncertainties in estimating the photon
detection efficiency, and uncertainties in fitting the
shape of the background under the peaks in the pho-
ton spectrum. The relative strengths of the two transi-
tions contributing to the secondary line are poorly
determined. We therefore give the sum of the indivi-
dual product branching ratios for the cascades from the
transitions proceeding through the P2 and P~ states.

In Table I we also compare our measurements with
the results of recent experiments. 2 4 There is reason-
able agreement for the two lower energy lines, but our
energy measurement for the line at E= 164 MeV
disagrees with the result of Ref. 2 and the preliminary

result of Ref. 3 by about two standard deviations. This
disagreement is surprising given the good agreement
among the experiments on the lower energy lines. We
know of no effects in our calibration that could pro-
duce a difference of this magnitude over this very
small range (30 MeV), although the position of this
line is somewhat more sensitive to the background as-
sumptions employed as reflected in the larger sys-
tematic error assigned.

With the mass values of the P states, deduced from
the energies of the three primary lines, we calculate
their center of gravity' to be Mco&=9899.5 +2.0
MeV/c2. In order to further compare the observed
masses of the P states to model predictions it has be-
corne customary to use the ratio

m('P, ) —m('P, ) D,
M('P, ) —~('P, )

This ratio has the advantage that the systematic errors
of the energy measurements partially cancel. We esti-
mate the errors on the two mass differences D2, Dt to
be o-(D2) =2.5 MeV/c2 and o. (Dt) =3.7 MeV/c2,
where the statistical and systematic errors have been
added linearly. We obtain r = 0.61 +0.10. While we
lack the accuracy to distinguish between several quark-
onium potential models'6 that give r in the range
0.4—0.8, our result disagrees with higher predictions of
r (Eichten and Feinberg'7).

In summary, we observe four photon lines in the in-
clusive photon spectrum obtained from hadronic de-
cays of the Y (2S). A coherent picture is obtained
when these lines are interpreted as resulting from the
El transitions Y (2S) 7 + P2 t o and P2 t

7 Y(IS). By clearly resolving all three low-energy
lines in the inclusive photon spectrum and observing
the photon line around 164 MeV with a clear statistical
significance, we obtain a complete measurement of the
fine splitting of the 1 P~ t o states of the Y bb system.
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