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Abstract 

_ Results are presented from studies of the inclusive photon spectra in hadronic 

decays of the ‘I’ and ‘I’ and the exclusive channel ‘I’ -+ 7r’I -+ @+f?-, by 

the Crystal Ball detector at DORIS II. We measure two signals in the ‘I” -+ 7 

+ anything inclusive channel at E(r) = 108.3 f 0.9 f 3.0 MeV and at E(r) = 

127.5 f 1.2 f 4.0 MeV. Branching ratios obtained for these signals are: 

BR [T’ + q(108) + anything] = (6.3 f 1.3 f 1.4)% 

. . _ BR [T” -+ $128) + anything] = (6.0 f 1.3 f 1.4)% 

i :- -. . 
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1. Introduction 

The main focus of our investigation at DORIS is a study of the 66 quark- 

onium system with emphasis on the radiative decays of the T’, especially tran- 

sitions to the 3P~ states. The theoretical interest in the upsilon spectrum is en- 

couraged by the expectation that it is a less relativistic system than charmonium.2 

From an experimental point of view, it is a new and incompletely-mapped family - 
of states associated with the relatively unknown massive 6-flavoured quark.3 

Figure 1 shows the level structure for states up to the T’ mass as expected 

from non-relativistic potential models.:! Also indicated are the predicted radia- 

tive transitions between the levels. The decays T’ + r3P~ and the cascade 

decays 3P~ -+ 7T are electric dipole (El). The transitions involving the ‘So 

pseudoscalar states T’ 4 7~: and T h-7~6 are allowed magnetic dipole (Ml) 

decays, while T’ ---) 7?lb and ‘1: + .7T are “hindered” Ml. The Ml rates are 

expected to be small4 (compared to the El rates) and no candidates for these 

states have been observed. Candidates for the 3P~ states have been previously 

reported by the CUSB collaboration5 in the inclusive photon channel T’ + 

r3P~ --+ 7 + hadrons. Three states were seen corresponding to photon energies 

of 108 f 2, 128 f 3, 149 f 5 MeV, where the errors reflect the dominant sys- 

tematic uncertainty. The two higher mass states were also seen in the exclusive 

process5 Tt + r3P~ + 77T ---) r7e+e-. Precise identification of these states 

with the triplet P states of the theory awaits a measurement of their spin and 
-. -.- 

parity. Finally there are hadronic transitions between T’ and T. The T’ + 

lrnT ---) Ir&fe- decay has been observed6 in both the ~F+?T- and the ?T’@  chan- 

nel. Neither the process 7” + qT nor the isospin forbidden decay T’ + +-‘T 

have been seen. 

The Crystal Ball experiment has been running at the DORIS II storage ring 

since the Fall 1982. We have taken data in the region of the b6 resonances T 

and T’. The current data sets consist of 66k produced T’ and 53k produced 

‘r decays, corresponding to 24.5 pb-’ and 7.8 pb-‘, respectively. The ratio of 

-resonance to continuum hadronic decays at T” is about 1:1 and at T is about 

2.5:1. We also obtained 4.8 pb -l of continuum data just below the T’, which _-, ._ . 
was mainly used as a systematic check on signals observed in the T’ resonance. 
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Fig. 1. The level scheme for the b6 bound states below ‘I”. The arrows indicate 
radiative transitions, except for the TA, q, and 8“ transitions between 7” and 
T. The lP1 spin-singlet P-wave state, which is expected to have a mass equal 
to the 3P~ center of gravity, is not shown here (it is believed to be very difficult 
%e observe4). 
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We expected the analysis of the inclusive ‘Y” radiative decays to be more 

difficult than a similar analysis at the $‘, due to a combination of factors: i) 

smaller branching ratios; ii) large continuum contamination; iii) higher photon 

multiplicities; and iv) lower photon detection efficiencies. The result is a reduc- 

tion in the expected signal/noise ratio of l/10 to l/15 compared to +‘. 

The Crystal Ball detector is well- suited to study &he+adia-tive transitions 

between-the upsilon resonances. The components of the detector in its SPEAR 

configuration have been described in detail elsewhere.‘p8 Only a review of the 

major characteristics including the modifications for DORIS will be given here 

(see Fig. 2). The Crystal Ball was designed to measure electromagnetically 

showering particles with a high resolution over a large solid angle and consist,s 

of a segmented array of 672 NaI(Te) crystals (each 16 radiation lengths deep), 

covering 93% of the solid angle. This coverage is increased to 98% with addi- 

tional crystals forming the endcaps.- No particle identification is attempted in 

the endcaps. For inclusive hadronic decays the energy resolution achieved for 

photons and electrons in the main detector is a(E)/E = (2.6 f 0.2)%/E1j4 (E 

in GeV), with an angular resolution of 1.5-2.5’ (depending slightly on energy). 

Charged particle tracking is provided by 3 double-layers of proportional tube 

chambers with charge division readout. As there is no magnetic field. The 

momenta of charged particles are not known while their energy is only poorly 

measured by the one absorption length of NaI. A minimum ionizing particle has 

-: a. rpost probable energy loss of 205 -Fey. Lumi&ity measurements are done by 

counting large angle Bhabha scattering events in the ball and independently by 

small angle Bhabha counters near the beam-pipe. 

Several checks on the data were made to demonstrate the correct perfor- 

mance of the detector. In particular the 77 decay of TO’S and q’s in inclusive 

hadronic events were s&died to test the ability of the detector to measure pho- 

tons (see Fig. 3). They also provided checks on the energy calibration and 

resolution of the crystals. Both signals have the width expected from our reso- 

lution but the fitted masses are about 2.5% below their known valuesg. 
-- 

In addition we checked the exclusive channel 
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Fig. 2. The Crystal Ball detector at DORIS. 
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Fig. 3. The top figure shows the 77 invariant mass distribution for hadronic 
-decays of the T’. The photons were required to have lateral energy deposition 
patterns consistent with single electrom-agnetic showers. The inset shows a fit 
to the $’ mass signal. The bottom figure sho\i;s the spectrum -after removing 
photons which reconstruct to a 1~’ mass. The bottom inset shows a fit to the 
resulting enhanced q mass signal. Only statistical errors are shown. 



(the T is detected through its decay into a lepton pair). In Fig. 4 we plot the 

mass-difference 

AM = M(‘I”) - Mrecoil 

where Mrmoil is the mass recoiling against the 47 system. In this channel we 

would expect a signal at the T/-T maSs difference (about 562 M&).‘O Again we 

find that the width of the AM distribution agrees with what we expect from 

energy and angular resolution but that the mean of the distribution is about 

3% below 562 MeV. Comparable shifts had been observed in similar analyses of 

SPEAR data in the charmonium system and indicate a systematic bias in our 

absolute energy scale. 

2. Inclusive photon study 

Of particular interest to the Crystal Ball experiment at DORIS is a search 

for the positive C-parity 3P~ states lying below the T’. These states can be 

detected through the presence of monochromatic lines in the inclusive photon 

spectra. The method of selecting events and photons will be described below. 

Detailed descriptions of a similar study in the charmonium system may be found 

in the references.8 

Hadronic decays were selected from the available triggers by criteria de- 

i s@ed to remove backgrounds from beam-gas interactions, cosmic rays and 

QED events.. The resulting sample of hadronic events contain not only’contribu- 

tions from the resonance decays, but also from the continuum process e+e- ---) 

hadrons. In this study no attempt was made to separate the two. The over- 

all hadronic selection efficiency was found to be (85 f lo)% from Monte Carlo 

studies. The background contamination is about 2%. 

The photon selection was designed to remove charged particles, photons 

from r” decays and photons with showers contaminated by energy deposits of 

near-by particles. The following criteria were used: 
-- 
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Fig. 4. For the process T” --) ?TOA’~+C --) 7777@1?- we plot the observed 
AM = M(T’) - M(t’+t--) mass difference where M(f?t-) is calculated as the 
mass recoiling against the 47 system. We find that AM = (545 f 15) MeV, 
about 3% below the expected value of 562 MeV.1° 
-- 
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1. The particle must be detected within, 1 cos8,j < 0.75, where 8, is the 

angle between the photon and the positron beam direction. This solid 

angle cut ensures that the particle passes through all three proportional 

chambers. 

2. The particle must be called neutral using information from the propor- 

tional chambers. About 7% of the charged particles were misidentified 

as photons, while about 15% of the photons were tagged as charged. 

3. The remaining photons were searched for pairs in which both particles 

had lateral energy deposition patterns in the NaI consistent with a single 

electromagnetic shower and which reconstructed to a ?r” + 77 decay. 

The pair could not be closer than cos 6ij = 0.85. These photons were 

removed. 

4. Finally, all remaining photons were required to have lateral energy de- 

positon patterns consistent with a single electromagnetic shower, but the 

criteria imposed here were more stringent than in 3. 

The resulting inclusive photon spectrum for ‘I” is shown in Fig. S(a). Several 

clear structures are seen in the T’ spectrum in the regions 100-150 MeV and 

430 MeV. The T spectrum is shown in Fig. 5(b). Fits to various regions of 

the T spectrum yielded no signal with a significance of more than 2 standard 

deviations. We used this as a check on the validity of the structures observed 

in the T’ spectrum. -1 
-_ . 

In order .to calculate branching ratios the photon detection efficiency was 

measured between 50 MeV and 500 MeV. We employed a similar technique to 

that used in the +’ inclusive photon analysis. 8 The efficiency is plotted in Fig. 

6 and is seen to vary from about 20% at 100 MeV to about 38% at 500 MeV. 

These values are lower than we measured on charmonium due to the higher 

multiplicity in the upsilon final states. 

To investigate the structure in the T’ spectrum, the region between 80 and 

200 MeV in Fig. 5(a) was fit with two Gaussians and a quadratic background. 

-The resolution was fixed at a(E)/E = 2.4%/E’/4 (the value prefered by the fit) 

while the means and amplitudes were-allowed to-vary. Two clear- lines are 
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-Fig. 5. Inclusive photon spectra from hadronic decays of the a) 7” and the b) 
T resonances. The photon selection criteria are described in the text. 
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Fig. 6. Photon detection efficiency as a function of energy for the photon 
selection criteria used to make the spectra shown in Fig. 5. The region near 
200 MeV is complicated by the contamination from minimum ionizing charged 
particles and so no efficiency is shown. 
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observed: one at about 108 MeV with a significance of 4.9a and one at about 

128 MeV with a significance of 5.0~. The x2 of the fit, per degrees of freedom is 

7.4119. 

The results, shown in Table I, are seen to be in good agreement with the two 

low energy photon signals reported by the CUSB experiment,5 both in energies 

and in branching ratios. In addition CUSB fitted a third line to their data at 

E(7) = (149.4 f 0.7 f 5.0) MeV. To test for the existence of this line in our data 

a third Gaussian folded with a Breit-Wigner line shape was included in the fit 

under two assumptions: 

1. the natural line width of the state is negligible compared to the detector’s 

energy resolution; and 

2. the third line corresponds to a transition to a broad state with a natural 

line width of 10 MeV. _ 

Table I. Results from T’ Inclusive Photon Study. 

DATUM LINE 1 LINE 2 

Er WN 
Crystal Ball 108.3 3~0.9 f 3.0 127.5 f 1.2 f 4.0 

CUSB 108.2 f 0.3 f 2.0 128.1f0.4f3.0 

BR (%) 
Crystal Ball -- i -.- 6.3-f 1.3 f 1.4 6.0 f 1.3 f 1.4 

. CUSB S.li 1.4 5.9f1.4 

Taking into account the possible systematic uncertainty in the photon energy 

scale between the various experiments, 5J1 the position of the Gaussian was 

stepped through the region from 142 to 170 MeV. This was done to map out 

an upper limit for a transition in this area. Figure 7 shows an example of the 

fit for a third line at 155 MeV and a 10 MeV wide stat,e. The results are given 

in Figure 8 along with measured branching ratios5p11 from other experiments. 

Although we do not see a significant signal in the region 142-170 MeV, our upper 

limits are not in contradiction with these measurements. _-. _ -. 
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Fig. 7. An example of a fit to the ‘I” spectrum in Fig. 5(a) used to map the 
upper limit between 142 and 170 MeV. The third line here is fixed at 155 MeV 
for a transition to a broad state with a natural line width of 10 MeV. 
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Fig. 8. The curves indicate our 90% confidence level upper limit for a radiative 
transition to a state with photon energy between 142 and 170 MeV, under the 
two indicated assumptions for the state’s natural line width. The curves were 
obtained from fits to the T’ inclusive photon spectrum in Fig. 5(a). A typical 
-fit is shown in Fig. 7. The photons were assumed to have a 1 + cos2 6 angular 
distribution in the U.L. calculation. T-he data points indicate measurements 
made by a) the CUSB experiment5 and b) the ARGUS experimentr’ 
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We now turn to an investigation of the other structure in the T’ spectrum 

located near 430 MeV. A fit with a single Gaussian and a quadratic background 

yields a significance of 3.9 standard deviations. However the fitted width is wider 

than expected from our energy resolution. It is interesting to see if the 430 MeV 

structure is connected with the signals at 108 and 128 MeV under the cascade 

hypothesis T ’ --) 7X + 77T (see for .example the ‘PJ_stat_es inJig. 1). To test 

this hypothesis the region from 280 to 650 MeV was fitted with two Doppler- 

broadened Gaussians and a quadratic background. The means of the Gaussians 

were calculated from the 108 and 128 MeV lines and the T’-T mass difference, 

which was allowed to vary in the fit. The result is shown in Fig. 9. The measured 

mass difference from the fit is AM = M(T’) - M(‘Y’) = (555.3 f 5.9) MeV, in 

excellent agreement with the known mass differencelO of 562 f 2 MeV, including 

our systematic error of & 3%. This is a very good indication for the validity of 

the cascade hypothesis. However, the-relative strengths of the two contributing 

lines are poorly determined. 

The resulting branching ratio for the single structure is 

E(7) WY significance(s.d.) BR (%) 
427 3.9 (3.6 f 0.9 f 0.8) * 

This may be interpreted as the sum of product branching ratios 

BR (T’--+ 7(@8) +3 P2) - BR (3& ---* 7(42?) + T) 
:- -_ . 

+ BR (T’ --t 7( 128) +3 PI) b BR t3Pl -+ 7(427) + T) , 

assuming that the two states correspond to the 3P2 and 3Pl states of the 68 

theory. The CUSB experiment5 measures a branching ratio of BR = (4 f l)% 

at a similar gamma energy. By simply counting the number of transition photons 

it is clear that the structure at 430 MeV cannot represent the primary photon 

line in a cascade process where the signals at 108 and 128 are the secondary 

lines. 

-- 
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Fig. 9. The fit made to the structure near 430 MeV in the T’ inclusive pho- 
ton spectrum shown in Fig. 5(a). Two Doppler-broadened Gaussians with a 
quadratic background were used. The position of the signals were calculated 
from a cascade hypothesis assuming that the lines at 108 and 128 MeV are the 
$imary transitions. The signals at 417 and 4.37 MeV are clearly not separated. 
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3. Exclusive Cascade Analysis 
i 

A second way to look for the 3P~ states is to study exclusive decays in the 

channel 

V-+7 3~J 
k-+ 7r 

[ + e+e-, p+i;- - . - 
- 

To extract candidates for these decays from the data, we imposed the following 

selection criteria: 

1. 

2. 

3. 

Exactly 4 particles in the ball within a restricted angular range of I cos 0,l 

< 0.90 to ensure that detector edge effects do not degrade energy and 

angular resolution. 

Two lepton candihates among the 4 particles with cos Oij < -0.85 (“back 

to back”). In the electron channel both electron candidates had to have 

an energy of 3500 < E, < 6200 MeV. For the muons it was required 

that their signature was compatible with the lateral energy deposition of 

a minimum ionizing particle and had an energy between 150-350 MeV. 

The remaining two particles were considered to be the photon candidates 

and had to have an energy > 50 MeV and no other track closer than 

COS Oij = 0.9, to obtain a clean energy measurement. 

The surviving events were subjected to a kinematic fit for the hypothesis i rf- -b 77e+e- or or rf + 77p+p-: For the electron channel this, is a four 

constraint fit since the four momenta of all final state particles are measured. In 

the muon channel only the muon directions but not their energies are measured, 

which results in a two constraint fit. Events having a confidence level of < 10% 

were rejected. In Fig. 10 we plot the observed mass difference T’-T defined by 

AM = M(T ‘) - Mrecoil 

where ~recoil is the mass recoiling against the 77 system. Cutting on a win- 

-&w around 545 f 45 MeV, which is f3a as determined from our study of the 

2” -+ +‘?r”f2+~- channel, yields our final sample of 46 events (20 77e+e- and .-. ~_ 
26 77~+~-). 
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Fig. 10. A plot of the observed M(T’)-M(@r) mass difference for events in 
the exclusive channel T’ --, 77e+r where M(@f?-) is calculated as the mass 
recoiling against the 77 system. A cut was made at 545 f 45 MeV to select the 
cascade events. 
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The energy distribution of the low energy photons is shown in Fig. 11. 

Superimposed is a fit of two Gaussians, with widths given by our detector reso- 

lution, over a flat background. The fit separates 2 lines with a confidence level 

of 70% and the energies are found to be El = 102 f 2 f 5 and E2 = 127 f 2 f 5 

MeV. Within our errors these signals are in agreement with the transitions seen 

in the inclusive photon spectrum. r - s 

4. Conclusions 

The Crystal Ball at DORIS haa observed two monochromatic lines in the 

inclusive photon spectrum from decays of the T’; one at E(7) = (108.3 f 0.9 f 

3.0) MeV with a branching ratio of BR = (6.3 f 1.3 f 1.4)% and one at E(7) = 

(127.5f 1.2f4.0) MeV with a branching ratio of BR = (6.0f 1.3f 1.4)%. These 

results are consistent with the values measured by the CUSB collaboration. We 

also observed a structure at E(7) z 427 MeV which has an energy and width 

consistent with being the second lines of the cascade process T’ -+ r3P~, 3P~ + 

7T for the two signals seen above. The summed product branching ratio for 

these processes is BR = (3.6&0.9&0.8)%. With our present statistics we do not 

observe a third line between 142 to 170 MeV. We therefore set an upper limit on 

the branching ratio for a line in this region (see Fig. 8). We determined the mass 

splitting between the two observed states in the inclusive photon measurement 

to be 
i- : -  

- .  1 

AM = (19.2 f 2.0)MeV/c2 , 

where we have assumed that the systematic error in our energy scale cancels 

in the difference. With the statistical limitations of the current data set no 

measure of the natural line widths of the states are possible. Presently they 

are consistent with our resolution. For a comparison with theory the reader is 

referred to the theory talk4 in this conference. 
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Fig. 11. The histogram shows the low energy photon distribution from the final 
cascade data sample (T’ + yy@e-). The curve represents a fit to the data 
while the dots result from integrating the fit over the data bins. 

-- 



Acknowledgements 

I particularly want to acknowledge the major contributions made by J. Irion 

to the inclusive photon analysis and the joint preparation of this report. I also 

would like to thank my colleagues in the Crystal Ball collaboration for many 

stimulating reviews of this work. In particular I am grateful to A. Schwarz, 

D. Gelphman, A. Litke, S. Cooper, P. Ratoff, B. Glare, and W. .Lockman for 

d&ailed-discussions of the exclusive and inclusive studies. Many thanks go to 

the Crystal Ball Collaboration and DESY-DORIS staff members for their work 

in collecting and preparing the calibrated data sets. 

References 

1. The Crystal Ball Collaboration: CEdwards, C. Peck, F. Porter, P. Ratoff 
(California Institute of Technology, Pasadena, USA); I. Brock, A. Engler, 
B. Kraemer, D. Marlow, F. Messing, D. Prindle, B. Renger, C. Rippich 
(CarnegieMellon University, Pittsburgh, USA); Z. Jakubowski, B. Niczy- 
poruk, G. Nowak, T. Skwarnicki (Cracow Institute of Nuclear Physics, 
Cracow, Poland); J. K. Bienlein, S. Cooper, B. Gomez, T. Kloiber, W. 
Koch, M. Schmitz, H.-J. Trost, P. Zschorsch (Deutsches Elektronen- 
Synchrotron DESY, Hamburg, Germany); D. Antreasyan, J. Irion, K. 
Strauch, D. Williams (Harvard University, Cambridge, USA); D. Bes- 
set, R. Cabenda, M. Cavalli-Sforza, R. Cowan, D. Coyne, C. Newman- 
Holmes (Princeton University, Princeton, USA); E. Bloom, R. Chestnut, 
R. Clare, J. Gaiser, G. Godfrey, S. Leffler, W. Lockman, S. Lowe, K. 
Wacker (Stanford Linear Accelerator Center, Stanford University, Stan- 

‘- 

-- 

ford, USA); D. Gelphman, R. Hofstadter, I. Kirkbride, R. Lee,, A. Litke, 
T. Matsui, B. Pollock, J. Tompkins (Stanford University, Department of 
Physics and HEPL, Stanford, USA); G. Folger, B. Lurz, U. Volland, H. 
Wegener (Universitat Erlangen-Niirnberg, Erlangen, Germany); A. Car- 
tacci, G. Conforto, D. de Judicibus, B. Monteleoni, P. G. Pelfer (INFN 
and University of Firenze, Italy); A. Fridman, F. H. Heimlich, R. Leke- 
busch, P. Lezoch, W. Maschmann, R. Nernst, A. Schwarz, D. Sievers, 
U. Strohbusch (Universitat Hamburg, I. Institut fur Experimentalphysik, 
Hamburg, Germany); A. Kijnig, J. Schotanus, R. T. Van de Walle, W. 
Walk (University of Nijmegen, The Netherlands); S. Kah, H. Kilian, K. 
Kiinigsmann, M. Scheer, P. Schmitt (Universitat Wiirzburg, Germany); 
D. Aschman (University of Cape Town, South Africa). 

- _- ~. -. 

21 



2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 
:- 

10. 

11. 

W. Buchmuller and S.-H. H. Tye, Phys. Rev. D 24, 132 (1981); E. Eichten 
et al., Phys. Rev. D 2l, 203 (1980); K. H. Krasemann and S. Ono, Nucl. 
Phys. Bl54, 283 (1979); A. Martin, Phys. Lett. m, 338, (1980) and 
lOOB, 511 (1981); C. Quigg and J. L. Rosner, Phys. Rev. D 23, 2625 
(1981). 

M. Gilchriese, “Heavy Particle Spectroscopy,” Proceedings of the SLAC 
Summer Institute on Particle Physics, Stanford, July l&29, 1983; R. 
Ehrlich, “Heavy Quark Decays,” Proceedings of the SLAC Summer In- 
stitute on Particle Physics, Stanford, July 18-29, 1983; J. Lee Franzini, 
“CUSB Results on T Spectroscopy and B Physics,” Proceedings of the 
SLAC Summer Institute on Particle Physics, Stanford, July H-29, 1983. 

E. Eichten, “Quarkonium from Bottom Up,” Proceedings of the SLAC 
Summer Institute on Particle Physics, Stanford, July N-29, 1983. 

C. Klopfenstein et al., Phys. Rev. Lett. 5l, 160 (1983). 

B. Niczyporuk et -al., Phys. Lett. - lOOB, 93 (1981); G. Mageras et al., 
Phys. Rev. Lett. 46, 113 (1983); J. J. Mueller et al., Phys. Rev. Lett. 
46, 1181 (1981). 

M. Oreglia et al., Phys. Rev. D 25 2259 (1982); M. Oreglia, Ph.D. Thesis, 
Stanford University, SLAC-236 (1980). 

J. Gaiser, “Charmonium Spectroscopy from Inclusive $’ and J/lc, Radia- 
tive Decays,” SLAC-PUB2899 (1982) to be published; J. Gaiser, Ph.D. 
Thesis, Stanford University, SLAC-255 (1982); F. Porter, “Recent Results 
from the Crystal Ball,” Proceedings of the SLAC Summer Institute on 
Particle Physics, Stanford, July 27 - August 7, 1981, SLAC-PUB-2796. 

Particle Data Group, Review of Particle Properties, Phys. Lett. 1llB 
(1982). -. . 

A. S. Artamonov et al., J. Phys. (Paris), Colloq. 43, C3-789 (1982), 
report value of 9459.7 f 0.6 MeV for T mass. DORIS II measurement 
gives 10021.6 f 2.0 MeV for T’ mass (reported at the Lepton Photon 
Conference, Cornell, 1983). 

P. M. Tuts, “Heavy Quarkonia,” Proceedings of the Lepton Photon Con- 
ference, Cornell, 1983. 

22 


