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ABSTRACT 

Evidence is presented for a state, which we call <, with a mass M = (8322 f 

8 f 24) MeV and a line width < 80 MeV (90% confidence level) using the 

Crystal Ball NaI(T1) detector at DORIS II. Radiative transitions to this state 

are observed from about 100,000 Y(1S) decays in two independent sets of data: 

one in which < --* multiple hadrons, and one which is strongly biased towards 

< --) 2 low multiplicity jets. The branching ratio to this state from Y(lS) is on 

the order of 0.5% . 
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1. Introduction 

It has been realized for some time that precision measurement of the radiative 

decay of the various quarkonium states provides a powerful tool with which to 

search for hypothetical particles, such ss gluonic mesons,’ Higgs bosons,3 or 

supersymmetric particles.’ We report here such an investigation using Y(lS) and 

Y(2S) data. The data were obtained using the Crystal Ball NaI(T1) detector516 

installed in the DORIS II storage ring at DESY. The data samples consist of 

about 106K produced Y(lS) (integrated luminosity of 10.7/pb) and of about 

200K produced Y(2S) (integrated luminosity of 64.5/pb). The ability of the 

Crystal Ball detector to resolve and measure monochromatic 7’s in the DORIS 

II environment has been demonstrated. 7&r~Q*10 The detector has been shown to 

have the resolution and absolute energy measurement capabilities projected from 

previous SPEAR performance. In these studies a key role was played by the 

ability of the detector to reduce background caused by A decay 7’s and from 

other particles fakiig single 7’s. The results reported here were obtained using 

algorithms and subtraction techniques optimised for the region of E7 from - 700 

to - 2000 MeV. Other energy regions are still under investigation. 

Below we describe two analyses of our data searching for particles X in the 

reaction Y -+ 7X. The first involves isolation of events in which X decays 

into many particles (including photons). Additional cuts based on an X + CE 

decay model are subsequently applied. The second analysis isolates events in 

which X typically decays into few particles (including photons); the analysis 

uses cuts developed from an X -+ 75 decay model. As described below, the two 

analyses select two independent Y(lS) d eta samples. Both show evidence for y 

the new particle which hereafter we call c. However, no definite conclusion on 

any specific decay mode can be drawn using the existing limited data sample. 

In both analyses the good energy resolution and the fine spatial segmentation 

of the Crystal Ball detector are of prime importance, not only to define small 

monochromatic 7 signals and their width, but also to separate out the so + 77 

decays in which the two photons are overlapping. 

2. High Multiplicity Analysis 

The first analysis uses a sample of events at the Y(lS) energy which has 

been selected for multihadron decays. From all the recorded triggers at Y(lS) 

energy, multihadron events are selected” by efficiently removing beam gas,cosmic 

rays, e+e- -+ e+e-X and QED events (including radiative 7rt events). The 

efficiency for selecting multihadron events is found to be ch = (0.90 f 0.05) using 

Monte Carlo calculations. The resulting sample of multihadron events contains 

contributions from Y(lS) and continuum decays approximately in the ratio of 

2.5 to 1. 

The next set of cuts applied to the multihadron events was designed to obtain 

a good acceptance, a minimal background for photons from about 700 MeV to 

2000 MeV. These cuts remove charged particles: photons with showers contam- 

inated by energy depositions from nearby particles and photons resulting from 

x0 decay. The so’s were identified as either a pair of clearly separated photons 

or a single cluster formed by the two, merged-photon showers. 

To illustrate our methods, a single photon and a, generated by Monte Carlo 

with 1.0 GeV energy and tracked through the detector using the EGS shower 

program, are displayed in Fig.1. For each crystal the measured deposited energy 

is indicated. To reconstruct a particle, we first set a threshold (10 MeV is chosen) 
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Fig. 1. Energy distributions of showers for a photon (a) and a so (b), each 
generated with 1 GeV energy by Monte Carlo. 

for energies in single crystals and draw a contour line around all crystals showing 

an energy above this threshold. Each connected contour line thus defines a “con- 

nected region”; in Fig.1 the module energies inside these regions are shown with 

larger type. Next we look for local maxima of the energy distribution inside the 

connected regions; the corresponding crystals are called “bump modules” (un- 

derlined numbers in Fig.1). Their orientation already gives a crude measurement 

of the direction of the particle that caused the observed energy deposition. This 

figure nicely illustrates the problem of overlapping showers, because the two de- 

cay photons from the x0 generates the structure observed. The quantities used 

to detect and distinguish showers are: 

- The energy in the bump module “El,” underlined in Fig. 1; 

- The sum over the energies of the bump module and three crystals sharing a 

whole face with the bump module, “E4,” enclosed by dashed lines in Fig.1; 

- The sum over the energies of the bump module and the twelve crystals sharing 

a face or an edge with the bump module, “El3,” enclosed by solid lines in Fig.1; 

- The energy sum over all crystals belonging to the connected region, “ECR,” 

indicated by larger size of the energy numbers in Fig.1; 

- The invariant mass “rr+,” resulting from an attempt to fit two shower distri- 

butions to the energy distribution inside the connected region; and 

- The difference of the logarithm of likelihoods for the fit with two shower 

functions just mentioned and a fit with only one shower function, “DLL” = 

tr~(L2~) - .!n(Lp,). This quantity is near sero if the two hypotheses cannot be 

distinguished. 
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The method and algorithms used for the last two quantities will be referred 

to as “PIFIT.” The high lateral segmentation of our detector is an essential pre- 

requisite for this type of analysis. The separation power between 7’s and so’s 

reaches up to around 2 GeV particle energy. 

The set of our cuts applied to the multihadron events to identify photons are 

listed below: 

1. A photon track must be within a solid angle of Icos9,1 < 0.766 (r9, is 

the angle of the photon direction with respect to the beam). This is the 

acceptance covered by all three tube chambers. 

2. The track must be neutral. 

3. The lateral energy distribution in the crystals has to be consistent with the 

typical pattern of a single electromagnetic shower: 

(a) El3 > 0.96 x ECR, 

(b) 0.44 < El/E4 < 0.96, 

(c) 0.78 < E4/E13 < 0.98, 

(d) DLL < 2.0, and 

(4 ml1 (PZFZT) < 17.175+0.0571x ET. 

4. An overlap cut between the photon candidate and other particle is taken 

as 1 cos Bijl < 0.866 (30’ at the limit). The studies using both data and 

Monte Carlo simulations show that the overlap cut is not only effective at 

removing hadronic debris, but is also most effective for removing photons 

which come from so’s, and which are missed by the other cuts. 

5. Photon pairs which reconstruct to the rr” mass are removed. 

Figure 2a shows the resulting inclusive photon spectrum from the T(S). 

The spectrum of Fig. 2a was fitted in the region of E7 between 750 MeV and 

1604 MeV using a line shape of the Crystal Ball measured at 1.5 GeV.’ This 

line shape had variable amplitude and mean, a hxed qg/E = 0.027/E'/' (GeV) 

(our expected resolution for photons in a multihadron environment), and was 

superimposed on a background polynomial of order 3. The fit yielded a 4.0 

standard deviation signal of (89.5 f 22.5) counts at ET = (1074 f 9) MeV, where 

only the statistical error is given (an overall scale error of f2% on the energy 

is yet to be applied). When allowed to vary in the fit, UE/E = O.O28$~/E'/' 

(GeV) which is consistent with our expected resolution. No other potential line 

in the spectrum of Fig. 2a can be fitted, consistent with our resolution, with a 

statistical significance of more than 2.2 standard deviations. 

Additional cuts designed to enhance multihadronic decays of the c were then 

applied to the data to further investigate the signal. These cuts were developed by 

the use of Monte Carlo” calculations which simulated the process T(S) + 7~, 

$ -t 2 hadron jets. While charm quark jets were used as a model, jets due to 

lighter quarks or gluons lead to very similar results. This led to the following cuts 

(in the following, particles are defined as energy clusters with energy deposition 

in the NaI(TL) greater than 50 MeV): total multiplicity between 9 and 20; 

charged multiplicity 2 2; neutral multiplicity < 12; total energy deposited in the 

NaI(TL) 5 800 MeV; and sphericity of the event 2 0.16. 

Figure 3a shows the inclusive photon spectrum for the T(lS) after the ap- 

plication of the above cuts. A fit to the spectrum of the same type ss described 

above (see Fig. 3b) now yields a significance of 4.2 standard deviations for the 
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Fig. 2. (a) The inclusive spectrum for T(M) -t 7+ multiple hadrone before 
physics-oriented cuts. (b) The c-peak region of (a), with fit (see text) shown 
as a solid line. (c) Same as (b) with the fitted background subtracted. 
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Fig. 3. (a) The inclusive spectrum for T(lS) -+ 7+ multiple hadrons after 
all cuts including physics-oriented cuts. (b) The <-peak region of (a), with fit 
(see text) shown as a solid line. (c) Same ss (b) with the fitted background 
subtracted. 
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signal. The signal-parameters become 

E, = (1072 f 8 f 21)MeV 

M, = (8319 f 10 f 24)MeV 

(1) 
Counts = 87.1 f 20.5, and 

x1 = 24.8 for 32 degrees of freedom, 

where the first error in E, or A4 is statistical and the second is systematic.s 

The efficiency for this selection wsa investigated in various ways. First we 

used a q-jet-jet Monte Carlo simulation for various fixed photon energies and 

jet-jet models (uii, CZ, gg). Second we superimposed Monte Carlo generated 

photons onto real hadronic events at the c.m. energy of interest (T(lS) or 

T(2S)). The methods show a systematic difference, causing a large contribution 

to the systematic error of the efficiency. 

Including all the cuts leading to result (l), we estimate a photon efficiency 

varying from (15 f lo)% at 700 MeV to (28 f lo)% at 2000 MeV. Near 1 GeV 

the efficiency is (18 f lo)%; using this value and the number of produced T(lS) 

events one finds a branching ratio for this process: 

B[T(lS) -+ 7c]B[s -+ Hadrons] = (0.47 j, 0.11 f 0.26)% , (‘4 

where the first error is statistical and the second error is systematic. 

A number of checks were made to ensure that the signal was not instrumental 

or an artifact of the analysis. First, all the cuts used to obtain the spectrum of 

Fig. 2 were removed one at a time; thii procedure indicated that none of the 

cuts used had anomalous effects. Second, by dividing the data appropriately, no 

preference for a particular period or geometrical region could be detected. Corre- 

lations between r-energy and the triggers generated by the events containing the 

candidate 7’s were found to be essentially constant moving from below to beyond 

the region of E7 = 1 GeV. Off-resonance data, Monte Carlo 3g and gp events, 

and random beam cross events were subjected to the same analysis procedure 

and showed no significant fluctuations near 1 GeV. Finally, J/q data taken at 

SPEAR and analyzed by the same program showed no narrow line at about 1 

GeV. 

The T(2S) data set, analyzed similarly to the T(15) sample, does not show 

any narrow line (Fig, 4). This is strong evidence that the signal from the 

1S is not artificially induced. However, a signal for the < from the cascade 

T(2S) + rrT(lS), or 77T(lS) is expected. A fit using a 6xed width og/E = 

0.033 (taking account of the Doppler broadening) leads to an upper limit of 70 

events (90% C.L.) at E,, = 1072 MeV. This is consistent with an expectation of 

53 f 13 events based on the observed signal on the T(lS). 

In addition, one might expect to see at some level the direct process T(2S) + 

+< which for a c-mass of 8.32 GeV would correspond to a peak of E, = 1556 

MeV. Figure 4 does not show a distinct signal at this energy. Studies of the 

photon selection efficiencies E7 under different model assumptions and over a 

wide range of photon energies (from 700 to 2000 MeV) showed that the systematic 

uncertainty on the absolute value of c, (the photon efficiency) is rather large. The 

ratio c(E7 = 1070 GeV)/r’(E, = 1560 MeV) however, depends only weakly on 

the model assumed. Therefore, the ratio of direct branching ratios i-1 is 

affected by systematic uncertainties on only the 10% level. The results of the fits 
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Fig. 4. (a) The inclusive spectrum for T(2S) + 7+ multiple hadrons after 
the same cuts as used for Fig. 2. (b) The c-peak region of (a), with fit 
(see text) shown as a solid line. (c) Same as (b) with the fitted background 
subtracted. 

to the T(lS) and T(2S) spectrum gives an upper limit $=I < 0.22 (90% 

C.L.). 

3. Low Multiplicity Analysis 

The second analysis consisted of looking for low multiplicity decays, moti- 

vated by a possible Riggs interpretation of the signal described above for which 

the decay into r+re3 might be substantial. The data selection used previously 

tends to anti-select the l%+r- sample, in particular because of the bias towards 

multihadron states of high multiplicity. To obtain a data set biased in favor of 

7r+r- decay, a different set of cuts was employed. Disregarding the motivational 

bias, this data set can be viewed as an orthogonal set of events of low multiplicity. 

A new pm-selection wss performed on all the recorded T(lS)-region triggers 

by requiring a total energy of at least 1200 MeV and at least 2 particles in the 

detector. As in the first analysis, an initial set of cuts wss applied to arrive at an 

inclusive photon spectrum in the E7-region of 700 to 2000 MeV. Although similar 

to the cuts leading to Fig. 2, the details of these cuts are different. Care was 

taken not to exclude low multiplicity events, using a Monte Carlo calculation13 

se a guide. By exploiting the correlation of the 7 with the beam direction (strong 

in the case of radiative QED and weak for a possible < related 7r+r- final state) 

QED-background was substantially reduced. In addition cuts were applied to 

eliminate unwanted e+e- -t e+e-X events, beam-gas interactions, and cosmic 

ray events. 

The remaining series of cuts wsa derived from the Monte Carlo simulation of 

T(lS) --t 7s -+ 77 r + -.13 In essence these cuts were just boundary tunings (both 

in one and two dimensional distributions) of such variables as thrust, multiplicity, 
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event track-alignment, transverse momentum to the beam, etc. Some of these 

cuts were not new; they just strengthened earlier ones up to the more restrictive 

boundaries now allowed by the limitation to a rr+r- type configuration. In 

particular, a total multiplicity requirement of less than 9 guarantees no overlap 

with the results of (1). A check that no important bias towards E7 - 1070 MeV 

was introduced by the cuts derived from the Monte Carlo was made by evaluating 

the efficiency of the sum of all these cuts for Monte Carlo yr+r- events with E7 

between 700 and 2000 MeV (9 discrete values of E-, in this range were taken). 

The efficiency distribution obtained is approximately constant (at 24%) from 700 

to 1500 MeV, and then drops off to - 18% at 200 MeV; no peaking in the 1000 

MeV region is seen. 

Figure 5 shows the final signal obtained. The fit of 5b (similar to that in Fig. 

l), with UE/E fixed at 2.7%/E’/’ (GeV), yields a 3.3 standard deviation signal 

with the following parameters. 

E., = (1062 f 12 f 21)MeV, 

M, = (8330 f 14 f 24)MeV, 

(3) 
Counts = 23.8?;, and 

x’ = 29.9 for 41 degrees of freedom, 

in excellent agreement with the values recorded in (1). Fitting 5a with a vari- 

able width yields a a~ = O.O34'_~:~$E'/" (GeV), consistent with the expected 

resolution. 

These results are statistically independent of those shown in (1). The com- 

bined significance of both peaks is thus greater than 5 standard deviations. They 

2. i”:” , 0;s , 1.0 Z.“, 
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Fig. 5. (a) The inclusive spectrum T(U) -+ 7 + (r+r-)-biased sample 
including all cuts. (b) The c-peak region of (a), with fit (see text) shown a8 
a solid line. (c) Same sa (b) with the fitted background subtracted. 
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also provide evidence that these signals do not derive from (either real T(lS) or 

background) events of a particular kinematic configuration. Of course this fact 

would not exclude a common experimental systematic error, producing a sharp 

anomaly at E7 w 1070 MeV independent of the final state kinematics. However, 

such an error is unlikely because in the first analysis no such effect is seen in the 

closely-related T(2S)-sample. 

4. Further Investigations 

The two independent signals have been used to make an estimate for an upper 

limit to the intrinsic width of the <. The observed peaks are consistent with the 

known Crystal Ball resolution function at E., N 1 GeV, which is an asymmetric 

Gaussian of FWHM (64 f 5) MeV. Unfolding this resolution from the combined 

observed FWHM (82 f 23) MeV yields at 90% C.L. upper limit on the intrinsic < 

width of 80 MeV. This result is dominated by statistical precision in the observed 

width, not by the systematic error in the resolution function; if the resolution 

error is increased by a factor three, the upper limit increases by only 10 MeV. 

To obtain a value for B[T(lS) 4 7~1, w IC includes final states contributing h’ h 

to the second signal and not to the first, it is necessary to use a model. We thus 

aasume that the < has two kinds of decay, represented by the CE and 71 Monte 

Carlo models. The data is found to be consistent with these models and indicates 

that inclusion of low multiplicity +-like final states will increase the branching 

ratio (2) by about 20% . We have tried to model both signals by using the 

ICE Monte Carlo alone, and this results in a poor fit to the data (2-3 standard 

deviation disagreement). However, this may be due to an inadequate CE Monte 

Carlo. It must be emphasized that we do not prove that the c decays into CE and 

rt, we only show consistency with the model used as an aid in extracting the 

signal of (3). 

We have also looked for the possible contributions from T(lS) -+ 75 + 

77+7- followed by the decays r* + CHAP, r* -+ ~*vD. An upper limit of 0.2% 

(90% C.L.) for B[T(lS) -+ 7#3[< -P r+r-] has been found, compatible with the 

signal from the second analysis - even if we sssume that thii signal is entirely 

caused by a rl-decay of the c. Additionally, an upper limit of 3 x lo-’ (90% 

C.L.) for the branching ratio B[T(lS) -+ 7$]B[c -+ e’e-] has been determined. 

5. Conclusions and Outlook 

In conclusion we have observed two statistically independent signals at the 

same mass; one of 4.2 and the other 3.3 standard deviations. The fact that both 

peaks appear at the same position with a compatible width supports the hypoth- 

esis that we are seeing the same state in two different data samples. We can 

thus combine the significance of both peaks; this yields a greater than 5 stan- 

dard deviation effect. Both our signals have widths consistent with the detector 

energy resolution. Taking the weighted average of the radiated photon’s fitted 

peak value and width in the two cases gives the best estimate of the mass and 

width of this new state, herein named <, 

E7 = (1089 f 7 f 21)MeV, 

M, = (8322 f 8 f 24)MeV, 

(4 
r < 80 MeV (90% C.L.), and 

B[T(lS) -+ 7s) u 0.5% . 
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The interpretation of thii new state as the neutral Higgs boson expected in the 

standard model gives a disagreement of approximately two orders of magnitude 

between this observed branching ratio and that predicted. This branching ratio 

can be accommodated in some extensions of the standard model, e.g. two Higgs- 

doublet models. A less model-dependent quantity is the ratio -1, in 

which the strength of the Higgs’ coupling to bquarks cancels out; in either model 

this ratio is predicted to be - 1.0,3 while our upper limit is 0.22, in apparent 

disagreement. Further, given the limited statistics of the present experiment, it 

cannot be proven that the mode c -+ 76 exists, although our analysis is consistent 

with it. It has been suggested within the framework of supersymmetry that 

quarkonium states may radiatively decay to gluino-gluino bound states. For 

this mass range one expects branching ratios from the T(lS) of order 0.05% . 

This is an order of magnitude smaller than observed for T(lS) -+ y<, although 

the uncertainties in this case, which arise from the use of the non-relativistic 

approximation, are even larger than in the Higgs case. 

Given the potential importance of <, more data on the T(lS) are likely to 

be taken in the near future, both at DORIS and at CESR; they should allow 

confirmation of the c, if it is real. 
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