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Evidence is presented for the production of x,’ states (2P) in the reaction T"—yx,
—yyT’ (or yyT) with subsequent decay of the T/ (T) into e*e” or u*u~. The data were
obtained with the nonmagnetic CUSB detector at the Cornell e*e” storage ring. Ob-
served were 14 (15) events consistent with the transition to the T/ (1) with an estimated
background of 1.7 (1.3) events. The lower-energy photons cluster around 100 MeV,
implying M(T”) — M(x,) ~100 MeV. A single-line interpretation of the lower-energy

photon spectrum is disfavored.

PACS numbers: 13.40.Hq, 13.65.+i, 14.40.Gx

In the preceding paper' we present evidence for
E1 transitions from T” to 2P bb (x,’) states.
These states can subsequently decay by a second
E1 transition into lower lying 3S states. We pre-
sent the results of a search for such double tran-
sitions using the reactions e'¢”~T” -1’ and
e’e”—T"=yyT with the T’ (¥) decaying into an
e’e” or p' " pair.

The data were obtained with the CUSB detector!
at the Cornell Electron Storage Ring. Electron

and photon energies are measured in the central
detector (CD) calorimeter covering ~ 60% of 4r
and also in two end caps of 84 Nal crystals each,
giving a total solid-angle coverage of ~ 90% of

4m sr. The relevant trigger conditions for eeyy
events are > 900 MeV energy deposited in the
outer three layers of Nal in the CD, or > 1.5 GeV
in each end cap and > 50 MeV in the CD. Scintilla-
tion counters were recently added outside the CD,
allowing us to trigger on muon pairs, operational
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for 80% of the data-taking period. The trigger re-
quired a coincidence of opposite muon counters
and at least 100 MeV deposited in the CD. The
solid-angle acceptance is 32% of 47 sr with ~ 60%
backed up by a muon filter consisting of drift
chambers and 80 cm of iron.

Tracking information in the CD is provided by
four planes of cathode-readout proportional cham-
bers, each with two views. The total material
traversed by a photon in the beam pipe and cham-
bers is about 0.06 radiation length. Information
on the position of y showers is obtained from the
shower centroid in the Nal and/or lead glass and
from three layers of proportional chambers inter-
leaved between the Nal layers of the CD.

The energy resolution for photons in the CD was
calculated as a function of energy by means of the
electron-gamma shower Monte Carlo (MC) code?
accounting for intrinsic Nal and lead-glass reso-
lution, inactive material, and geometry. The re-
sult is 0(E)/E ~ 3.9%/E®? (E in gigaelectron-
volts), and reproduces both our Bhabha event
resolution and the distribution of reconstructed
7T0’S.1

The energy calibration of the calorimeter was
obtained by use of **"Cs and *°Co sources mounted
on each crystal. Any change in the calibration by
more than 2% was automatically corrected. A
MC-derived correction factor (1.15 at 100 MeV
weakly energy dependent) was used to compensate
for inactive material. Bhabha events were used
as a cross check at 5 GeV.

The data correspond to integrated luminosities
of 14.2 pb™* at the T” and 4.4 pb™* in the continu-
um around the T”. We observe 37300 hadronic
T” decays which correspond to 55 700 produced
T,

Candidates were first selected by a computer
scan. The events were required to have either
a Bhabha-like electron pair or a muon pair,

i.e., a pair of nearly collinear tracks showing
no nuclear interaction in the Nal or lead glass,
and penetrating the muon filter if pointing to

it (11 out of the 18 events). In addition =2 y-
shower candidates of at least 7 MeV were re-
quired. These events were then hand scanned for
two and only two clean y showers together with
the electron or muon pair. Finally we required
(1) acollinearity of the electron (muon) pair less
than 17° (15°), (2) a minimum y energy of 50 MeV,
(3) a summed energy between 150 and 1200 MeV
for the two y showers, and (4) shower centroids
at least 23° (10°) away from the electron (muon)
tracks. In order to reduce background from

double-bremsstrahlung processes at least one ¥
had to be more than 45° away from the electrons.

The analysis presented here includes the fol-
lowing categories of events: (1) both electrons
and both y’ s in the CD, (ii) both electrons in the
end caps and both ¥’s in the CD, and (iii) muons
in the muon trigger sector and at least one v in
the CD. Because of limited statistics, we com-
puted acceptances assuming that the y’s are pro-
duced isotropically in the laboratory frame which
is a good approximation within our solid angle.?
A 1+ cos®d distribution is used for the lepton
pair from T’ or T decay. We obtain acceptances
of 17% (12%) for events with final-state electrons
(muons). The trigger efficiencies are > 99% and
~94%, respectively.

For the yyee events all kinematic quantities
are measured. These events are subjected to a
kinematic |four-constraint (4C)] fit. The recon-
structed invariant e ‘e~ mass is shown in Fig. 1.
The resolution is dominated by the electron ener-
gy measurement and not identical to the one in
Fig. 2(b). The pronounced peaks at the T and T’
mass clearly establish the existence of double ra-
diative transitions.* Figures 2(a) and 2(b) show
scatter plots of the raw data of the higher-energy
y versus the lower-energy y for the muon and
the electron samples. The regions for the transi-
tions to the T or T’ are indicated as solid lines,
including Doppler broadening. The dotted lines
indicate + 20 bands of our energy resolution.

The data cluster around 100 MeV for the lower-
energy ¥ and around 230 and 770 MeV for the
higher-energy v, in both the muon- and electron-
pair samples. The natural explanation is that
these events result from radiative cascade de-
cays with intermediate x,’ production, T” —yx,’
—-yyT’ or 7 ~yx,’=vyT. From the observation
of ¥’s of about 100 MeV in the transition to both
the T and the T’ we unambiguously determine the

2t T'>yyee Mg M
>
(5]
=
o
S8y 1
-
o
z 4r 1
L
>
w
0 L L
85 90 9.5 10.0 105
Mee (GeV)

FIG. 1. Invariant ete” mass from yye*e” events.
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FIG. 2. Scatter plot of the lower vs the higher-en-

ergy photon, (a) from T”—yyuu, (b) from T”—yvee.
The two circled data points denote events with the
higher-energy vy in a detector region of slightly degrad-
ed energy resolution.

X,' masses to be approximately 100 MeV below
the T” mass. In Fig. 3 the exclusive spectrum
of the low-energy y’s inside the 20 bands is su-
perimposed on the background-subtracted inclu-
sive y spectrum from Ref. 1. Both spectra peak
around 100 MeV and strengthen the evidence for
the existence of P-wave bd bound states.

Two different background processes may con-
taminate the yy i+ sample. The reactione’e”
- 757"~ (V) (ov) - LTyy can result in events with
one genuine muon, two v’s, and a charged pion
misidentified as a muon. From a MC simulation
we predict 1+ 1 background events in the entire
data sample of Fig. 2(a). As a cross check we
search for yyp it candidates in the continuum
data. No event was found. Another background
source is the reaction T” - 770" () - yyyyuu,
where two out of the four y’s go undetected. From
our measured branching ratios for hadronic 77" |

In + 20 band

FIG. 3. Comparison of unconstrained exclusive y
spectrum for 50 MeV <E,,,, <170 MeV (shaded area)
with inclusive y spectrum after background subtraction.

transitions,® we expect 1+ 1 event in the entire
scatter plot. Therefore within the 20 bands the
T”~yyup sample is basically background free.

The dominant background in the yyee sample
results from double-bremsstrahlung Bhabha
events. This QED background peaks at the tip of
the scatter plot and along the 50-MeV boundary
because of the steep energy dependence (~ 1/E
for each photon). The background inside the 20
bands of Fig. 2(b) has been estimated by (i) ex-
trapolation from the 20—-40 bands with the as-
sumption of a smooth behavior, (ii) analysis of
continuum data with the same scanning criteria,
where data were averaged over the 60 bands to
compensate for the luminosity ratio, and (iii) sim-
ulation of double-bremsstrahlung events from
5000 single radiative Bhabha events. Assuming
the validity of the soft-photon approximation, we
randomly combined two single radiative Bhabha
events and analyzed them with the above criteria.
This method predicts 21 background events out-
side the 20 bands of Fig. 2(b) versus 24 observed
and 9 versus 10 in the continuum sample. The
analysis results in the following background esti-
mate:

In + 20 band and 70< E,,< 130 MeV

T// _’T"}/’Y T”—’T')/'Y T” _’T'W T""T'V’}/
(i) 4+2 6+2.5 2+ 1.5 1+1
(if) 4+2 4+2 1.7+ 0.9 1.7+ 0.9
(iii) 3+0.8 2+0.5 1.4+ 0.4 1+0.3

Method (i) slightly overestimates the background because of spillover of genuine events into the 20-40

bands.

In order to estimate the position of the x,’ levels the data inside the 20 bands from the yyuu and
yyee sample have been combined. In Fig. 4 we show the energy spectrum for the lower-energy y after
the yy energy sum has been constrained to the appropriate mass differences corrected for recoil (326
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FIG. 4. The lower-energy photon spectrum from
a constrained yy fit for T” —vyyee and T”—yyuu. The
estimated background is shown as shaded area. ¢¢ de-
notes the resolution.

or 858 MeV), weighting the individual energies
according to the resolution. Constraining the
vy energy reduces possible small errors in the
absolute energy scale to <2 MeV and improves
the resolution by about 10%. Three lines, cor-
responding to J=0, 1, 2, are expected for the
X,’ states (2°P ;) with a total splitting between 30
and 60 MeV.® We do not observe a distinctive
line splitting. This can be explained either by the
splitting being <35 MeV or by at least one of the
lines being suppressed in the cascade decay. A
fit with a single line broadened by the resolution
of 6.5% yields a low confidence level of < 3% and
a mass of 94+ 2 MeV. It is predicted’ that the
cascade transition rates via the 2°%P, state to T’
and T are much smaller than those via 2%P, and
23P,. Cutting at E, <114 MeV and fitting for two
Gaussians of ¢=6.5% gives E,=84+ 3 MeV and
E,=99x2 MeV. Attributing the three events
above 114 MeV to the 2°%P state gives E, =119+5
MeV. The confidence level for this three-line
description, shown in Fig. 4, is 45%. The statis-
tical errors given are diagonal and do not include
position/area coupling between adjacent peaks.
The total number of yyuu and yyee events ob-
served within the area of + 20 and 7T0<E ,< 130
MeV is 14 (15) for the transition via x,’ to the T’
(T). The corresponding total numbers of back-
ground events are 1.7 and 1.3, respectively. Tak-
ing into account all corrections and using the mu-
onic branching ratios® of T’ and T, we derive the
following sums of product branching ratios for in-
termediate x,’ production:

3
IR =y xpi R (X’ = T") =(5.9£2.1)%,
i=1

3
YR ~yiXpi )R Xy’ =7 T) = (3.6 £1.2)%,
i=1

i=

In the region (E ,,E yg,) ~ (400, 500) MeV in Figs.
2(a) and 2(b) which corresponds to the transition
via the x, (1°P) to the T, we see eight events
while 3.3 background events are expected. From
this, we give an upper limit

3
iZ) R(C" =v;Xp )R (pi = ¥T) < 3%
=1

(90% confidence level).

In conclusion, we have observed evidence for
X’ production in the exclusive channels T7—yy,’
~yy(Y’ or T), with T’ (Y) decaying into a u*u"
or e*e” pair. Both the x,’ mass and the transi-
tion rates are in qualitative agreement with theo-
retical calculations.®*” The present statistics do
not allow an unambiguous determination of the
fine splitting.
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