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ABSTRACT

The Crystal Ball experiment has been taking data at the DORIS II storage
ring at DESY/Hamburg on the T(2S) and T(1S) resonances since Summer
1982. Results on the hadronic transitions between the T(2S) and the T(1S) are
presented as well as measurements of the radiative decays of the T(2S) to the
Xp states in inclusive and exclusive channels. The exclusive T(2S) — vx; —
¥yY(1S) — 44t~ sample allows a study of the spins of the x; states. Also
discussed is the present status of the ¢(8.3) in the radiative decays of the T(18).

1. INTRODUCTION

The family of T resonances are bound states of the bb system. Many prop-
erties of these states can be calculated with the help of QCD inspired potential
models and thus measurements of these properties provide interesting tests of
QCD predictions?. We report here a study of several of the major transitions
from the T(2S) (the 2 35 state in spectroscopic notation) shown in Fig. 1. The
center-of-gravity of the triplet P states (also called x, states)is determined by
the small range behavior of a given model and the splitting of the states is due
to spin-orbit and tensor terms. The 1 1Sy and 2 1S states (n;,n}) have not yet
been observed; the energy difference between corresponding 1Sy and 38, states
is determined by the spin-spin interaction.

Another test of QCD is performed by studying the hadronic 77 decays of
the T(2S) down to the T(1S). Branching ratios and invariant mass distributions
of the mm system are compared to theoretical predictions.

* Work supported in part by the Department of Energy under contracts DE-AC02-76 ER03064
(Harvard) and DE-AC03-76SF00515 (SLAC).
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Fig. 1. The level scheme for bb bound states
below the T(28).

The Crystal Ball detector at the DORIS II storage ring at DESY is partic-
ularly suited to study these phenomena. It is a well understood, nonmagnetic
detector; detailed descriptions can be found in References 3 and 4. It is essen-
tially a highly segmented shell of Nal crystals covering more than 94% of 4.
Directions of charged particles are measured with proportional tube chambers.

The energy of photons and electrons is measured with a resolution of ﬁEﬂ =

: %’7:%%2% and their emission angle is determined with a resolution of 1-2°. Non

interacting charged particles deposit usually ~ 210 MeV into 1-2 crystals but
the energy distribution also has a tail towards higher energies due to nuclear
interactions.

During 1982-1984 the Crystal Ball accumulated ~ 200-10° T (2S) decays
corresponding to an integrated luminosity of f Ldt ~ 61pb~!. The T(2S) run
was interspersed with data taking on the Y(1S) yielding ~300-10% resonance
decays ([ Ldt ~ 33pb~!) and some data taking on the continuum below the
T(1S) resonance ([ Ldt ~ 4.5pb~1).

In the following sections measurements of hadronic Y (2S) decays and inclu-
sive and exclusive radiative photon transitions from the T (2S) will be described.
We will also discuss the status of the ¢(8.3). The analysis techniques to study
the various phenomena can only be sketched. For more detailed information
the reader will be referred to the individual references.



2. HADRONIC TRANSITIONS

The 77 transitions from the T (2S) can be viewed as a two stage process in
which 2 gluons are radiated from this excited state and subsequently fragment
into two pions (see Fig. 2). The Crystal Ball can measure this process through
the reactions Y(2S) — #n°x°Y(1S) and T(28) — n+#~Y(1S), T(1S) — IFi.

Smail Scale E1 Emission

Large Scale

Fragmentation
10-84 ™ 4947A5
Fig. 2. Elements of the Process T(2S) —
nn T (18).

The Reaction T(2S) — w°7n°Y(1S) — n°n°(ete™ or utu~) (Ref. 5)

The analysis requires that there are exactly 6 particles well within the solid
angle of the Ball, two of which (the lepton candidates) are nearly back to back
- with a signature typical of muons (minimum ionizing) or high energy electrons.
The remaining 4 particles are considered to be candidates for photons from
the m°7° decay and have to exhibit a lateral energy distribution in the crystals
compatible with showers of electromagnetically interacting particles.. To ensure
good energy measurements of the photons all particles have to be well separated
from each other.

Events surviving these cuts are then fit to the hypothesis Y(2S) — yyyy!™*I~

using energy- and momentum conservation (a 2-C ﬁt).tu For events passing
the fit we plot the 2 photon invariant mass m.,., for each pairing combination
versus the invariant mass of the other photon pair (Fig. 3). There are 3 entries
per event. A clear clustering of events in the region of 2 7’ is observed. To
reduce background a cut of +£22 MeV (corresponding to 30) on both m,, is
applied, as indicated. For events inside the box we calculate the mass differ-
ence AM = M‘r(zS) ~ M;j+;-, where M;+;- is the mass recoiling against the 4 v
system, calculated from the measured photon momentum vectors. The distri-
bution of AM (shown in Fig. 4) has a clean peak centered at the T(2S)— T(18)
mass difference.

1 We only use the directions of the leptons.
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Fig. 3. Scatter plot of the observed m.,
masses of the yyyyutu~ and yyyyete™ sam-
ples. There are 3 entries per event. The box
indicates the boundaries for the cut.
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Fig. 4. The mass difference AM = MT(2S)"

M;+;-, where Mj+;- is the mass recoiling

against the 4 4 system. The solid curve is

the Monte Carlo expectation from energy-
_ and angular resolution.

The final sample contains 44 events of the yyyyutu~ type and 46 events of
the type vyyveTe™ between 503 < AM < 623 MeV. The background, estimated
from side bands and in agreement with Monte Carlo studies, is 2 events in
the ete~ channel and 1 event in the utu~ channel. The overall detection



efficiency is calculated by Monte Carlo studies to be €yoxoee = (10 £ 1)% and
€xoxouu = (9 = 1)%. The branching ratios are given in Table I.

It is interesting to study the invariant #°7° mass distribution as there are
theoretical predictions based on QCD for its shape. Our data is shown in Fig.
5. Phasespace (dashed line) is clearly excluded; Fits to the mass distribution
with three different theoretical models®7:® give essentially the same prediction
(solid line) and provide a good description of the data.
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Fig. 5. The invariant 7°7° mass distribu-
tion. The solid curve represents fits of the
theoretical expressions to the data.

The Reaction T(2S) —» 77~ Y(1S) —» a7~ ete™ (Ref. 5)

The analysis of the reaction T(2S) — #+t7x~Y(1S) — wtr"ete™ is quite
similar to the one described above. The requirements for the e*e™ pair are
essentially the same. The main difference is a 7~ signature instead of the
four photons. These events are then subjected to a 3-C kinematic fit to test
the T(2S) — ntn~ete” hypo'chesis.u2 A final sample of 169 events survives
all cuts. Monte Carlo studies indicate a total of 8 background events.

The overall detection efficiency is estimated to be €y+y-o+.- = (17 = 3)%.

The branching ratios are listed in Table I. Recalling the corresponding result

r(r(2S)—r°r°1(1S)) _
T(T(28)—=x+x—-T(1S)) — 0.47 £ 0.11,

for the 7°#n° channel we calculate the ratio

consistent with isospin conservation. _

#2 The constraints are energy and momentum conservation and the e*e™ pair is constrained
to the T(1S) mass.



Table I
Branching ratios for hadronic decays T (2S) — 77 Y(18) T(1S) — I*i~.

7970 - channel:
B(T(2S) — #°m°T(18)) - B(Y(1S) — ete”) = (2.2+ 0.4 +£0.2) - 1073
B(Y(25) — n°x°Y(18)) - B(T(1S) — p*u~) = (2.4 £ 0.4 £ 0.3) - 10~
| Average:
B(T(28) — n°x°T(18)) - B(T(1S) — I71~) = (2.3 £ 0.3 +0.3) - 103
B(Y(28) — n°x°T(18)) = (8.0 £ 1.5)% @

ntx~ - channel:
B(T(2S) = atx~T(1S)) - B(Y(1S) — ete”) = (4.9 4+ 0.4 £ 1.0) - 1073
B(Y(28) — 77~ T(1S)) = (16.9 + 4.0)% ¥

a) Using By(T(1S)) = (2.9 £ 0.3)%, see Ref. 5.

3. PHOTON TRANSITIONS

The Crystal Ball can study the ~ transitions from the T(2S) in two differ-
" ent ways: 1) Through the inclusive reaction YT(2S) — « + hadrons, observing
monochromatic photon lines in the inclusive photon spectrum, or ¢z} through
the exclusive channel Y(2S) — qxp — Y7Y(1S) — 47 (ete~orutu™). Both
methods are complementary approaches: 3) yields the branching ratios for
T(2S) — ~xp transitions whereas #7) measures the product branching ratios
for the T(2S) — yxp — ¥7T(1S) cascade and therefore with 1) also yields the
branching ratio B(xs — 7T (1S)).

Inclusive Photon Analysis (Ref. 9)

The task is to find single, monoenergetic 4’s in a complicated multi-hadron
environment. To achieve this goal a number of cuts are introduced to suppress
various sources of backgrounds such as charged particles, photons from #° de-
cays and photons whose electromagnetic energy showers are contaminated by
energy deposits from near-by particles. A photon candidate must be neutral
as determined by the chambers, its lateral energy distribution in the crystals
must agree with what is expected from an electromagnetic shower and it must
be well separated from other particles. Also it may not form a 7° with an other
photon. The overall selection efficiency is ~ 13% estimated by Monte Carlo
studies.



In Fig. 6 the inclusive photon spectrum from the T(2S) is shown. Three
clearly separated peaks in the region between 100-170 MeV and another around
430 MeV are visible. The shoulder at 210 MeV is due to misidentified charged
particles. We interpret the peaks below 170 MeV as the primary transitions
from the T(2S) to the 3P, ¢ states and the structure at 430 MeV as the sec-
ondary transitions from the 3P, ; states to the T(1S).- - -
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Fig. 6. The inclusive photon spectrum from
hadronic T(2S) decays.

To extract the signals we fit the spectrum between ~ 50 and ~ 650 MeV
with the sum of the following terms: A fourth order Legendre polynomial (to
represent the photon background), a charged particle spectrum (to accommo-
date the punch-through), three Gaussians with their widths given by our reso-
lution (to describe the signals between 100-170 MeV) and two more Gaussians
(to describe the Doppler broadened secondary transitions), with their positions
fixed by the energies of the primary lines and the known T(2S) — T(1S) mass
difference.

The fit, shown in Fig. 7, has a confidence level of 72%. The fitted energies,
number of photons in the peaks and the resulting branching ratios are listed in
Table II.

Exclusive Photon Analysis (Ref. 10)

__The event selection for the reaction Y(2S) — yyT(18) — yy(eTe orutu™)
is similar to the hadronic YT(2S) — #°n°*l~ analysis. Four particles are re-
quired in the Ball. Two of them have to have the signature of the back-to back
lepton pair (as in the 7°7°ll case). The remaining two particles must be neutral
and have their energy deposited in the crystals as expected from photons. All
four particles must be well separated from each other.
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Fig. 7. (a) The fitted part of the pho-
ton spectrum. The curves represent
the results of the fit. (b) The same
distribution after background subtrac-
tion.

Events with this topology are subjected to a 2-C kinematic fit to the hy-

pothesis T(2S) — ~44l*l~, using energy and momentum conservation.®® A
~ total of 282 events pass.

A plot of E, i,y (defined as the lowest of the two photon energies) vs.
the mass difference AM = M’r(zS) — M;+;-, where M+~ is the mass recoiling
against the two photons, is shown in Fig. 8. Two distinct clusters in E,
are observed in the region of AM ~ 560 MeV, which indicates that indeed we
do measure the photon transitions from the Y(2S) to the Y(1S). Eliminating
all events outside the interval 562 X+ 48 MeV leaves a sample of 58 yee events
and 42 yyup events. The efficiency is calculated by Monte Carlo and is of
the order of ~ 20% (depending on spin). In Fig. 9 we plot E, i,y for the final
sample. Also shown is a fit to the two well separated lines, which are interpreted
to be the transitions to the 3P, and 3P, states. Note that in contrast to the
result from the inclusive reaction there is no indication of a third photon line.
This is expected as the 3Py — 4T (18) transition is supposed to be suppressed.
The fitted number of signal events and the corresponding branching ratios are
presented in Table II.

Comparing the photon energies measured in the exclusive channel to the
ones from the inclusive analysis we find that the results agree within their errors.

{3 We only use the directions of the leptons.
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Hence we can average the two independent results and obtain the values given in
Table II. Our results are compared with other experiments!1:12:13 jn Fig.10. All
four experiments report values for the 3P;; states that are in agreement with
each other. For the mass of the 3P, state, however, our results disagree with
CUSB!1:12 and preliminary ARGUS results!® by about 2 standard deviations!4.
Also indicated are some theoretical predictions!®1617:18 A quaptity of interest

to theorists is the ratio r = %.“ We obtain r = 0.61 + 0.10.
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Fig. 10. Experimental and theoretical values
for branching ratios of T(28) —3 P10 transi-
tions and masses of the P states as calculated
from the photon energies.

14 We use the inclusive results to calculate r.
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Table II
Radiative Transitions of T(2S).

Transition

Photon

Energy (MeV)

Number of

Photons

Efﬁciency“)
(%)

Branching

Ratio

Inclusive Analysis: T(2S) » y+X

(5.8 +£0.7+1.0)1072

3p,  |1104+08+2.2|1444 £ 176 13
3P 130.6 £ 0.8 + 2.4 | 1710 4+ 178 14 (6.5+0.7+1.2)1072
3P, 163.8 £ 1.6 £ 2.7| 799 &+ 170 12 (3.6 +£ 0.8 £ 0.9)1072
< 430 > 851 + 168 13 (3.6 +£0.7+0.5)1072
Exclusive Analysis: YT(2S) — yxp — It~
3P 1070+ 1.1+1.3| 3547 20 (4.4+0.9+0.6)10™*
9 131.7+09+1.0| 538 23 (5.8+0.9+0.7)10™*
3P 150 — 200 <28 19 < 0.4-107*(90%C.L.)|
Combining Inclusive and Exclusive Results
Photon Energy (MeV) ¥ Branching Ratio (%) ©)
3P 108.2+ 1.6 B(P, = 4Y(18)) = (28 £ 6 £ 5)%
3P 131.5+ 1.4 B(3P, — 4Y(18)) = (32+ 6+ 6)%
3P, 163.8 + 3.1 B(3Py — 7Y (18)) < 4%(90%C.L.)

a) The efficiency includes effects from the expected angular distribu-
tion of the photons. The systematic error is ~ 20 % in the inclusive
analysis and ~ 13% in the exclusive analysis.

b) Weighted averages.

Statistical and systematic errors added in

quadrature. For the energy of the 3P, transition only the inclusive
value is available.
c) Using By(T(1S)) = (2.8 £ 0.3)% and the branching ratios for the
primary transitions measured in the inclusive analysis.

Spin Determination of the x, States (Ref. 19)

— In the previous paragraphs we implicitly assumed that the observed photon
lines correspond to transitions to the x; states as shown in Fig. 1. While these
assumptions certainly are plausible it is important to measure the spin of the
states experimentally.

11



The uniform acceptance over a large solid angle of the Crystal Ball and
its good energy and angular resolution allow the study of correlations of the
two observed Y(2S) — ~4qI*l~ cascades, which are almost completely sepa-
rated in energy. The spins of the x; states are determined from the complete
angular correlations of the final state particles (including the transverse beam
polarization).

— - -

- ..The-analysis will be described with the help of Fig. 11, which serves as
an example of a likelihood test for spin O of the line at ~ 131 MeV (expected
spin J=1). The Gaussian curves represent predictions of the distributions of
the test function %EanJ=0 for Monte Carlo events generated with J=0,1,2.
(N is the number of events of the =~ 131 MeV line and W is a value of the
theoretical formula for the full angular correlation function for spin 0 calculated
from the measured angles). The vertical line is the value of the test function
for the data. Its distance from the J=0 distribution is a measure for the agree-
ment/disagreement with the spin 0 hypothesis. In this example the confidence
level for the hypothesis that the state reached by ~ 131 MeV photons has J=0
is (0.00001+3-39%97)% and therefore can be ruled out.

3] T T T T T 1
> .
& Experimental
g Value 5.20
]
o010 —
-
2 J=l
o0
a5 .
@]
T

0 _// | 1

-04 -0.2 0] 0.2

5-85 z Qn (WO)/N 5132A6

Fig. 11. Likelihood O test for the photon
line at ~ 131 MeV (expected spin: 1). The
Gaussian distributions are Monte Carlo pre-
dictions of the test function under the three
spin hypotheses. The vertical line is the
value of the test function for the real data.

" A similar result is found for the line at ~ 108 MeV, where the confidence
level for J=0 is (0.194:328)%. The data favor the expected spins of J=2 and J=1
for the state reached by the ~ 108 MeV and ~ 131 MeV photons respectively,
but opposite spin assignments have relatively high probabilities, when each
transition is considered independently.
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Once spin 0 is ruled out for both lines one can test for the ’global’ spin
assignment of J=2 and J=1 for the states reached by the ~ 108 MeV and
~ 131 MeV photons respectively against the hypothesis J=1 and J=2 for the
states reached by the =~ 108 MeV and ~ 131 MeV photons respectively. This
in effect ’doubles’ the statistics available for the test. The combination J=2
and J=1 for the states reached by the ~ 108 MeV and =~ 131 MeV photons
respectively is favored. The combination J=1 and J=2 for the states reached
by the ~ 108 MeV and =~ 131 MeV photons respectively has a probability of
only 0.6 £33 % (see Fig. 12). This technique allows only for J <2 values and
assumes that the states cannot have the same spins. We also assume that only
dipole transitions (E1) occur.
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Fig. 12. Likelihood ratio test for the com-
bined data of both lines. The subscript a
denotes the line at ~ 108 MeV, 8 stands for
the line at ~ 131 MeV. The expected spins
are J,=2 and Jz=1.
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4. Status of the ¢(8.3) (Ref. 20)

In Summer 1984 the Crystal Ball presented evidence for a new state, called
¢, from a study of the inclusive photon spectrum of 10.4pb~! T(1S) dataZ.
A photon line was observed at (1082 + 8 + 21) MeV corresponding to a mass
of ~ 8.3 GeV/c?. The branching ratio was found to be BfY(1S) — ~¢) -
B(¢ — hadrons) = (0.47 £ 0.11 £+ 0.26)%. The signal was substantiated by the
observation of a second (though less significant) signal at the same mass in a
statistical independent sample of low-multiplicity Y(1S) decays.

During Autumn 1984 an additional 22.1pb™! of T(1S) data was accumu-
lated. The inclusive photon spectrum of this second data set is shown in Fig.
13. No signal is observed and a fit gives —29+ 29 events at the expected mass of
the ¢ corresponding to an upper limit of B(Y(1S) — ~¢) < 0.8-1073(90%C.L.).
The low-multiplicity analysis has not yet been completed and will not be dis-
cussed here.
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Fig. 13. The inclusive v spectrum of
the T(1S) from the 22.1pb™! taken in Fall
1984. The best fit is shown with the mean

- constrained to 1% of that expected from
the ¢.

In order to understand the discrepancy of the two results, extensive quality
checks of the 1983 and 1984 data sets have been performed by studying known
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signals such as 7%, n, Bhabha events, 3y QED events etc.. No significant differ-
ences are found in the comparison between the two data sets. The tests indicate
that we should see the ¢ in the 1984 data with mean within +1% and width
within +5% of the values found in the 1983 data.

The only difference between 1983 and 1984 data that has been found is
the uncorrected hadron yield (Rys,). The averaged Ry, for 1983 data is 11.1,
whereas- the average value for 1984 is 12.2. Together with the DORIS beam
energy resolution and estimated errors in the R,;, determination this could
imply a difference of up to 8 MeV in the center of mass energy between the two
data sets. This could be of some importance considering models?? where the ¢
peak is due to a radiative decay of some new state close to the T(1S) mass. We
estimate that with an 8 MeV shift such models could explain the disappearance
of the ¢ in the 1984 data if this state is 16-26 MeV above the YT(1S) (at 90%
confidence level).

However ignoring this possibility, and assuming for the following estimate
that both data sets are equivalent for studies of Y(1S) decays, we combine all
our T(1S) data and obtain the spectrum shown in Fig. 14. At the ¢ mass the fit
results in 67+30 events (1.90) giving an upper limit of B(T(1S) — ~¢) < 0.19%
(90%C.L.). Work on this problem is continuing.
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Fig. 14. The inclusive photon spectrum
from all available Y(1S) data. The fit
shown has the mean constrained to +1%
of that expected for the ¢.
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5. Summary

In summary the Crystal Ball experiment presents a rather complete mea-
surement of the transitions from the Y(2S) to the T(1S).

For the hadronic decay YT (2S) — nxY(1S) we measure the branching ratios
and mass distribution of the nn system. - -

" The radiative decays of the T(2S) to the x; states are measured both in the
inclusive photon spectrum and via the v+ exclusive cascade and give consistent
results. The transition to the 3P, is observed with clear statistical significance.
A spin analysis of the exclusive reaction yields results consitent with the ex-
pected spins of the x; states for E1 transitions.

The absence of the ¢ in the 1984 data is strong evidence against its existence,
except for the possibility of beam energy shifts in combination with the existence
of a new state close to the T(1S) mass from which the ¢ is reached by radiative
decay.
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