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ABSTRACT 

Preliminary results from the Crystal Ball and Mark II experi- 

ments at SPEAR are presented on radiative transitions from $'(3684) 

and J/$(3095) to an nc(2980) candidate state. In addition to the in- 

clusive photon signals reported previously by the Crystal Ball, both 

detectors now see exclusive hadronic final state signals at masses 

consistent with the states inclusively determined mass of 2981216 MeV. 

INTRODUCTION 

The existence of the 'So pseudoscalar partner of the J/Q, the 

‘lC’ 
and its detailed properties yield important tests of the basic 

charmonium mode1.l However, the difficult history of the path to the 

discovery of a likely candidate for the n, leadsone to proceed with 

some caution before finally pronouncing the task completed. In pre- 

viously reported preliminary results2'3 from the Crystal Ball 

collaboration4 at SPEAR the existence of a state which I will call 

"nc (2980) " was demonstrated by the examination of inclusive photon 

spectra from $'(3684) and J/$(3095). Though seen as a signal of more 

than five o in the +'(3684) inclusive spectrum, no signal was seen 

initially in exclusive final states by the Crystal Ball (or other 

detectors). Clearly, confirmation of the states existence through 

*the observation of exclusive hadronic final state decays was needed. 

In this review I will report evidence from the Mark II5 and 

Crystal Ball detectors for such final state hadronic decays; In 

addition, I will review the parameters of the state derived from the 

inclusive photon spectra of the Crystal Ball. 

THE INCLUSIVE PHOTON SPECTR4 FROM THE CRYSTAL BALL 

Figure 1 shows the inclusive photon distribution from the 

+'(3684). The transitions to the well-established x states arc indi- 

cated in the fi.gure as are the transitions from x(3550) and x(3510) 

* Work supported by the Department of Energy, contract DE-AC03-76SF00515. 

(Presented at the 6th International Conference on Experimental Meson 
Spectroscopy, BNL, Upton, New York, April 25 - 26, 1980.) 
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Fig. 1. The inclusive photon spectrum 
obtained from the decay of 800 K 
$'(3684)'s. The analysis leading 
to this spectrum and that of Fig. 2 
is described in Ref. 2. 

to J/+(3095), Also clearly 

seen, but not relatively so 

large, is a greater than 5 

cs signal for a state at 

Ey= 634213 MeV. The corre- 

sponding mass of the state 

is 2983+16 MeV as obtained 

from this spectrum alone.2 

Figure 2 shows the in- 

clusive photon spectrum 

from J/$(3095). The most 

obvious structure seen in 

this spectrum are the ra- 

diative transitions to n, 

n' and some additional 

structure (labeled "Glue"?), 

all at the endpoint of the spectrum. These structures are discussed 

in detail in another report to this conference.6 In addition an en- 

hancement above background can be seen at a photon energy (after fit- 

ting) of about 112 MeV corresponding to a mass of 2981 MeV. This is 

another indication 

for the state 

"rQ2980)". Also 

seen in the spectrum 

is an apparent excess 

of photons at low en- 

ergy. . This region has 

been examined, using 

Monte Carlo simulation 

and it is found that 

much of the photon 

signal below 50 MeV 

is due to hadronic 

energy from hadronic 

interactions in 

Fig. 2. The inclusive photon spectrum 
obtained from the decay of 900 K J/$(3095)'s. 
The data is plotted vs. RnE since the 
resolution, AE/E, is slowly varying in E. 

INCLUSIVE J/J, (3095) GAMMA SPECTRUM 
5000 re-1 

(r 4000 

ro 

8 3000 
z 

I (2?80)“,j 
Xtal Ball Prelminary 

900K Events -; 

5 2000 
2 
* 1000 

20 50 100 200 500 iGa0 2C30 

(MeV) I 8, E, I‘i,lP 

- 2 - 



the NaI(TR). This energy has separated from the main hadronic track 

and is erroneously identified as photons by the Crystal Ball analysis 

.software. It is expected that in the near future, using Monte Carlo 

‘code;, one will be able to subtract this background from the photon 

spectra and so find the true photon yield at low energy. This had- 

ronic "split off" energy also causes some problems in the Crystal 

Ball when exclusive states are considered, as I will discuss later 

in this report. 

In order to extract the best information possible regarding the 

mass and T, the natural width, of "n,(2980)", a g-parameter fit was 

simultaneously made to the $'(3684) and J/$(3095) inclusive spectra 

in the region of the state. The 9 fit parameters are: 3 for a back- 

ground quadratic for the +'(3684) near 634 MeV, 3 for a background 

quadratic for J/$(3095) near 112 MeV, the amplitude for a Breit- 

Wigner folded with a Gaussian resolution of 43 MeV (FWHM) at the 

$'(3684), the amplitude for a Breit-Wigner folded with a Gaussian 

resolution of 11 MeV (FWHM) at the J/$(3095), and the mass of the 

assumed resonance. The'natural line width, I', of the Breit-Wigner 

shape was also varied externally to the fit and the dependence of x2 

on T was determined. Figures 3 and 4 show preliminary results of 

cd x 

57 

56 

DEPENDENCE OF FIT ON 2.98 WIDTH this fitting procedure.7 In 

Fig. 3 is shown x2(r) and A(T) 

where A(T) is the number of 

counts in the extracted signal 

at the J/$(3095) as a function 
2 

of I'. A broad minimum in x is 

seen centered at I' = 20 MeV. 

12,500 
c 
& 10,000 

5 7500 

5 5000 

2500 

Fig. 3. Results of the 9 param- 
eter fit discussed in the text 
as a function of the separately 
varied line with r. The theoret- 
ically expected1 width is also 
shown: a) x2(T); x2 for the 9 
parameter fit b) A(r); the num- 
ber of counts in the extracted 
"1~,(2980)" signal from the 
J/$(3095) inclusive spcctruin. 
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Fig. 4. Blowups of Figs. 1 and 2 in the region 
of "qc(2980)" signal, with minimum x2-9 parameter 
fit results overplotted (r= 20 MeV). In both (a) 
and (b),unsubtracted, and background (from fit) 
subtracted spectra are shown. 

However, 2 the 1 rs limits x+ = x2 
L min 

f 1 
> of I' are +16 and -11 MeV. 

Thus, the expected QCD value1 of -5 MeV for the width of the standard 

‘I, 
is only about 1.5 u away from the experimentally preferred value 

of 20 MeV. Indeed, r= 0 is less than 20 from the experimentally 

preferred value. Figures 4(a),(b) show the common best fit with 

M=2981 (+15) MeV and r= 20(:::) MeV (x2= 53.2 for 66 degrees of 

freedom) overplotted on the data for the J/$(3095) and $'(3684) 

inclusive photon spectra respectively. The error on the mass of 

515 MeV is predominantly systematic. The error on r, however, is 

purely statistical. No attempt has yet been made to realistically 

estimate the systematic errors of r from the Crystal Ball experiment. 

Clearly, uncertainty in the form of the background for the J/$(3095) 

inclusive spectrum fit might influence the derived I'. 

Figure 5 shows an angular distribution of the photons in the 

region of "r1c(2980)" obtained from the +'(3684) inclusive spectrum by 

dividing the data into bins of /cos81 and fitting the inclusive spec- 

tra of each Icosei bin to a foided Breit-Wigner plus quadratic back- 

ground.7 If "~,(2?80)" is a spin-0 particle one expects the resulting 
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Fig. 5. The angular distribution 
of the radiated-photon in the 
decay $;(3684)+y"nc(2980)". The 
angle is the polar angle of the 
photo3 to the e+ beam direction. 
Overplotted is the expected 
distribution, Eq. 1 text, for 
a spin-0 particle. 

angular distribution to be 

= 1 + cos2e ( > (1) 
spin-0 

I------ l I I 
’ “~~‘Angular Distribution 

0 0.2 0.4 0.6 0.8 
1-w lcos8l 1150.1 

The data of Fig. 5 are clearly consistent with (1); however, the data 

are also consistent with a flat angular distribution which would be 

inconsistent with a spin-0 assignment for the state. 

HADRONIC FINAL STATES OF "nc(2980j" FROM THE MARK II 

First reports 

of the observation of 

hadronic decays of 

"q,(2980)" came from 

the Mark II collabo- 

ration at SPEAR.* 

Figure 6 shows such 

a decay in the 

Mark II detector 

$'(3684)+ y"q,(2980)" 

(2) 

Fig. 6. The decay Q'(3684j-t y"nc(2980)", 
"rlc (2980)" -+ ?rtK'Xs in Mark II detector.* 
The KS travels several centimeters before 
decaying into R~,-. 

Additional work has 

been done since the 

publication of 

Ref. 8, and I will 

report here the pre- 

liminary results of 

this recent analysis? 
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Only data from $' are presented. The final states studied were, 

~ y (direction only) 
/ 

/ 

Pig. 7. Diagrammatic description 
of Mark II technique for separa- 
ting radiative decay signal. For 
a true radiative decay, with only 
one photon in the event, 

*M z 0.0. 

direction of $ is obtained relative 

ing *M. A quantity, 

KTKsrr+ 

K+K-n+a- 

(3) 

where only the photon's direc- 

tion was measured and the had- 

ronic decay products angles and 

momenta were measured. From 

the fully measured hadrons one 

constructs,a missing momentum, 

$M- As shown in Fig. 7, the 

to the photons direction obtain- 

p: = (2(SM/ sin*M/2)2 . (4) 

is then calculated for each event. 

Figure 8 shows the resulting P: distribution for MC 3.35 GeV 

where M is the O-C mass obtained from the hadrons. The mass cut is 

made to remove contributions from the x states. 

The major background in this analysis is the process 

IG / I 1 

a-IC 

-5 0; 5 :o 15 ’ 
1 M$ 

20 25 
x13-3 

(PT)2 (GeV’) il,cI. 

'4' -f nn.' + X , (5) 

where all but one of the y's from 

the r"' s are not seen. 

Fig. 8. P: v~.events/5xlO-~ GeV2, 
for the final states of Eq.3 text. 
The radiative peak region has 
Pfrl~lO-~ GeV2, the control region 
has 2~lO-~_~P:_<lxlO-~ GeV2. A 
mass cut of MC 3.35 GcV on the re- 
constructed hadron mass is made to 
remove contamination from the well 
known x states. 
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For IT' decays it can be shown that, 
CI 

2mLo 

dNy/d(p:)" TT 2 2 

( ) 

z const. , 
2 

mlT" + pI 

(6) 

This yields a rather flat smoothly 

varying Pf distribution for Fig. 8. 

However, for a radiative decay of 

*' to a particular mass, one ex- 

pects a peak at small Pf as in the 

case for the data of Fig. 8. This 

peak results from reaction (3) if 

only one 'y is present in the final 

state. 

Figure 9(a) shows the mass 

(M) distribution obtained from the 

data of Fig. 8 cut at P:< 0.001 

GeV2. There is a rather clear 

peak at a mass of 29782 8 MeV in 

excellent agreement with the re- 

sults of the Crystal Ball. In 

Fig. 9(b) is shown the mass distri- 

bution obtained from a "controlre- 

gion", 0.002 GeV'<P:<O.Ol GeV2. 

Fig. 9. The Mark II signal for 
exclusive final states of 
'&(2980)". (a) The reconstructed 
hadron mass M(GeV) vs. events/2.5x 
1.0-2 
GeV2. 

GeV obtained for P:~lxlO-~ 
(b) M(GeV) vs. events/2.5x 

10-2 GeV2 obtained from the con- 
trol regi.on of Fl.g. 8. (c) The 
backgrourld subtracted distribu:ion 
for P!(GeV) vs. events/2.5X lo-" 
GeV2. A clear signal is seen at 
MT= 2978t 8 MeV. 

7 - 



There is no evidence for an enhancement in this distribution at the 

"nc(2980)" mass. Using the distribution of Fig. 9(b) to give the 

.shapaof the IT' background for 9(a), one can subtract 9(b) from 9(a) 

after optimally normalizing the distribution; one obtains Fig. 9(c) 

which shows a somewhat enhanced signal at 29782 8 MeV. 

Table I shows a summary of the preliminary results from the 

Mark II collaboration. As shown in the Table, an upper limit has 

TABLE I. MARK II Preliminary Results for $' + y"qc(2980)" 

L f 

Ml' 
% 

,, = 2978+ 8 MeV, p,, 
‘I, 

,, < 30 MeV (90% C.L.) 

Final State - f 

(1.5'2 0.6) x lo- 

K K IT (from I-spin conservation) (4.5* 1.8) x 10 -4 

been placed on p for the state of p<30MeY(90% C.L.). This result is 

comparable to the mass resolution of the detector in this mass range. 

It should be noted, however, that the best fit to the peak has p = 0. 

HADRONIC FINAL STATES OF "nc(2980)" FROM THE CRYSTAL BALL 

The crystal Ball collaboration has recently reportedly prelimin- 

ary results on observation of the decay "nc(2980)" + nr+a-. The re- 

sults were obtained using a 3-constraint fit in the Ball for the 

process, 

J/$(3095) -f y + "nc(29SO)" 

L hadrons . (7) 

No indication for an exclusive signal has been seen yet at $~'(3684); 
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however, preliminary estimates of inclusive branching fractions (see 

below) yield a larger number of "nc(2980)" from the J/+(3095) data 

sample by a factor of about 3 as compared to the $'(3684) data sample. 

zxclusive hadronic final states are reconstructed in the Crystal 

Ball by measuring both the energy and angles of the photons, while 

only measuring the angles of the charged hadrons. Thus for exclusive 

final states of the type, 

J/JI,JI’ -f y + HIT' + mnO + C+ + C-, m,n=l,2,... 03) 

the IT" s and n's can be completely reconstructed as is the radiative 

Y= The four constraints of energy-momentum conservation are reduced 

to two by the loss of information of EC+. Various assumptions are 

made for the masses of C' and 2-C fits are made for each mass assump- 

tion. Particle identification for C' is thus made through the fitting 

process. Fits with C.L.< 0.10 are discarded. Additional constraints 

are added by assuming TT' or no mass assignments to the correctly 

paired photons. These additional constraints improve the mass 

resolution obtained from the fit. 

Presently the Crystal Ball has an anomalous loss of about a fac- 

tor of 2 in the efficiency for reconstructing exclusive final states 

like (8). This loss of efficiency is due to the "split off" hadronic 

energy mentioned previously. The split off energy fakes extra low 

energy photons in the event, and so confuses the topology routines, 
. i.e., events which should be classified as having 2n+2mCl photons, 

are found with addition photons and thrown out of the correct topolo- 

gy class. Work with the Monte Carlo codes is progressing toward a 

solution of this problem. It's worth mentioning that the Mark II 

collaboration had a similar problem with split off energy in the Lq 

Argon and has solved it quite successfully. 

In order to estimate the efficiency for detecting states like(7) 

quantitatively, a known process was examined in detail. The exclu- 

sive state chosen was, 

J/$(3095) j. yn' 
L YP 

L Ti+lT- 
(9) 
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'Fig. 10. Examination of the process- 
es of Eq. 9 and 10 text in the Crys- 
tal Ball; 2-C fit results are shown. 
(a) ?Qry (MeV) vs. events/32 MeV, an 

The general topology of these 

events is, 

J/Q +yyC+C- . (10) 

Figure 10(a) shows there- 

sults of 2-C fits to events of 

topology(lO) the minimum 

x2 fit preferred C+C-= IT+~-. 

The confidence level for all 

events shown is greater than 

0.10. A clear indication of 

an n' at the mass of 965265MeV 

is observed. The mass error is 

due entirely to the uncertain- 

ty in the proton energy meas- 

urement. The unshaded histo- 

gram of Fig. 10(b) shows the 

corresponding distribution in 

the high proton energy with 

the n' peak at 1400+20 MeV. A 

cleaner n' signal is obtained 

by cutting on the ITST mass dis- 

tribution about the p mass. 

Figure 10(c) shows the ITIT mass 

distribution obtained from the- 

events of Fig. 10(a). A clear 

indication of a p is seen. On 

cutting at 400<M,,11000 the 

photon energy distribution 

shown as the shaded histogram 

of Fig. 10(b) results. Using 

the n' signal from the shaded 
signal is seen at 1400220 MeV. The 
shaded histogram shows events with 

histogram of Fig. 10(b), we 

400sM,, < 1000 MeV. (c) M,, (MeV) obtain 3651t 30 n' events re- 
vs. events;32 MeV, a p signal is 
seen at about 770 MeV. 

sulting from a sample of 800K 

J/+(3095) decays. 

- 10 - 



Using previously measured branching fractions ofl' 

Br(J/J1(3095) + yn') N 7 x 10m3 (11) 
and12 

4 
Br(n' -+ PY) = 0.298+ 0.017 , (12) 

plus a Monte Carlo estimate of geometrical efficiency of 0.53? 0.1, 

we expect 9052 120 n' events. The efficiency for correctly identify- 

ing topology (9) is thus estimated as 0.4+ 0.1. One should note that 

(11) was obtained through measurement of the process 

J/Q + yn' 

L+ YY , (13) 

while (12) was obtained by direct measurement of the py final state. 

So far the two decays of n' into yy and py have not been measured 

well in the same detector. The Crystal Ball hopes to accomplish this 

in the near future and so possibly reduce the systematic errors on 

the inclusive n' measurements. Of course, in order to obtain super- 

ior measurements, resolution of the split off problem is needed. 

Figure 11 shows the preliminary K+K-IT' mass distribution ob- 

tained from 3-C fits to the 

5300 2700 2900 3109 
.-*) MKKn” 3c4*,4 

Fig. 11. MmTo (MeV) vs. events/l0 
MeV for events in the mass range of 
"n,(2980)". No signal is evident. 
The region above 3045 HeV is contam- 
inated by split off photons as de- 
.scribed in the text; 3-C fit results 
of the Crystal Ball are shown. 

topology 

J/$(3095) +yy y K+K- (14) 

The branching fraction of 

"iic(2980)" is, using X-spin 

conservation, a factor of two 

smaller for the KtK-no final 

state than for the K~IT'K~ 

final state observed by the 

Mark II. As is indicated in 

Fig. 11, no signal is seen yet 

by the Crystal Bail. Assuming 

KTfI split off effects are the 
2 same as TI , an upper limit on 

the produced branching ratio 

is obtained. 
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As shown in the summary section, 

this upper limit is consistent 

withi; error with the Mark II 

measurement. 

Figure 12 shows the prelim- 

inary nn+a-mass distribution 

obtained from 3-C fit to the 

topology 

5/$(3095)+YYYr+a- (16) 

$J,- y?pT+lr- 

IO - 
5+lrylJy 
0 
2700 2800 2900 3000 3100 

A signal is seen at a mass of M a-- Tlr+n- 1 MeV) Ya.83 

Ml-&T- =2972+15 MeVin excellent Fig. 12. Evidence for an exclusive 

agreement with previously re- final state signal for J/$(3095) 
radiative decay to nrrn. Mnrrn (MeV) 

ported masses. The mass error vs. events/l0 MeV is shown for 

is primarily due to the poor events in the mass range of 
"n,(2980)". A signal is evident at 

statistics of the measurement; M- =2972+15 MeV. The region above 

1456 events are observed above 38;; MeV is contaminated by split 
off photons as described in the 

background. Indicated in both text; 3-C fit results of the Crys- 

Fig. 11 and 12 is the region tal Ball are shown. - 

where fake split off photons become a serious background. These 

regions are excluded from consideration. 

Using the previously determined estimates of efficiency for 

topology (15) the Crystal Ball collaboration obtains a preliminary 

product branching fraction. 

Br(J/1/1(3095)-n("~,(2980)")*Br("~c(2980)"~~~+n-)=(2.7~1.5)x10-4 (17) 

Figure 13 shows the angular 

distribution of the radiated pho- 

ton obtained from events in the 

region of the peak in Fig. 12. 

Fig. 13. T?le angular distribution 
of the radiated photon obteined 
from the region of the peak in 
Fig. 12. ey is the polar angle 
of the radiated photon relative 
to the e-t beam direction. 

4 

0 

. -10 
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Though the statistics are poor, the distribution is consistent with 

the expected distribution (1) for spin-O. 

SUMMARY 

(a) A candidate n, state has been observed in radiative transi- 

tions from the $'(3684) and J/$(3095). The mass obtained from the 

inclusive spectra of the Crystal Ball is, 

Mu 1, = 29812 15 MeV 
QC 

(18) 

the width obtained is, 

7 = 20(f:f) MeV ( statistical error only). (19) 

rough estimates of the branching fractions are3 (very preliminary), 

Br($'(3684)+y"nc(2980)") N 0.2- 0.5% (20) 

Br(J/J1(3095)+y"r1,(2980)") w 1% (21) 

where J/$(3095) branching fraction is strongly correlated to r. 

(b) The "qc(2980)" has been observed in exclusive decays from 

the Q'(3684). The mass obtained from the exclusive fits of the 

Mark II is, 
M,, 1, = 2978+8 MeV 

% 
(22) 

an upper limit has been obtained for the width, 

r < 30 MeV (90% C.L.) . (23) 

The final states observed and their product branching fractions 

are given in Table I. Using the Crystal Ball value of, 

Br($'(3684) + y"n,(2980)") N 0.35% (241 

The "r,,(2980)" branching fractions of Table II(a) are obtained. 

(c) The "nc(2480)" has been observed in exclusive decays from 

the J/$(3095). The mass obtained from the exclusive fits of the 

Crystal Ball is consistent with the inclusively obtained mass. The 

poor statistics of the present measurement don't allow a significant 

measurement of the width. 

Using the value (21) (1%) for the radiative branching fraction, 

the "n,(2980)" branching fractions of Tabie II(b) are obtained. 
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TABLE II(a). ' Mark. II Branching Fractions Assuming 

Br(q'(3684) +y"~c(2980)1') z 0.35% 
h 

Final State - f Br ( "n,(2980)" + f)% 

KS Kt R 

K R IT (from I-spin conservation) 

PP 

2a+ 2 71- 

Final State - f 

TABLE II(b). Crystal Ball Branching Fractions Assuming 

Br(J/$(3095)+y"nc(2980)") ~1% 

Br 
( 

"Q2980)" + f)% 

K+ K- IT' 

(d) Determination of the spin-parity of the "n,(2980)" is 

. central to the assignment of this candidate as the theoretically 

desired q,. So far no decays of the type, 

“rQ2980)” + IT+R- , or K+K- (25) 

have been reported. However, the limits on these decays should be 

improved before one can state with confidence that they are substan- 

tially smaller than the branching fractions into Presently observed 

states. The lack of these decays (25) imply that 

= O- , 1+ , . . . (26) 
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There is evidence (Figs. 

lar distribution with respect 

5,12) that the radiative photon's angu- 

to the incident e+ beam is consistent 

with, 
h da 

dn 0: (1+cos2e) . (27) 

If measurement eventually provides stronger evidence for (27), 

and if the radiative transition can be shown to be a magnetic dipole 

transition,13 then the O- assignment will be established. 

CONCLUSIONS 

A candidate nc state at M= 2980tlO MeV with radiative transitions 

from $'(3684) and J/$(3095) has been firmly established by the results 

of two experiments and with inclusive and exclusive evidence from both 

$'(3684) and J/$(3095). The challenge remains to unambiguously identi- 

fy this candidate state with the theoretically desired n,, the lsO 
pseudoscalar partner of the J/$(3095). The present sample of data 

which has led to the establishment of the candidate state is about 

lo6 $'(3684) decays for both the Crystal Ball and Mark II experiments, 

and about lo6 J/$(3095) decays for the Crystal Ball experiments. 

Clearly, in order to make further progress toward uniquely assigning 

Jp for this state, at least 4x10 6 decays must be gathered by one 

experiment having at least the capabilities of the Crystal Ball or 

Mark II detectors. 
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