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ABSTRACT 

Pre l iminary r e s u l t s from tho Hark I I and Crys t a l Bal l experiments 
on r a d i a t i v e t r a n s i t i o n s from tho ^ to ordinary nadrons a re p re sen ted . 
In add i t ion to the previous ly observed t r a n s i t i o n s to tho n, n*(958) , 
and f (1270) , bo th groups observe a t r a n s i t i o n t o a s t a t e which i a 
t e n t a t i v e l y i d e n t i f i e d as the E(1420). 

i . INTRODUCTION 

This talk is the second of two reviewing charmonium results from 
SPEAR. The first talk1 reviewed the status of the nc(2980) uhlch hao 
now been observed in radiative transitions from both the ij»(3095) and 
Che (''(3684). In this talk, I will review the status of radiative 
transitions from the ̂  to ordinary hadrons, where ordinary hadrons are 
defined to be those which, to first order, do not contain charmed 
quarks. As in the previous talk, results front both the Mark II and 
Crystal Ball experiments will be presented. 

I will begin with a brief discussion of inclusive photon produc­
tion at the ̂ . This leads naturally into a discussion of the four 
exclusive radiative transitions which constitute the main part of this 
talk. Three of these transitions, to the n, r)'(958), and f(127Q), 
have been previously observed. Hie new results are in reaoonable, but 
not perfect, agreement with the previous measurements. The fourth 
observed transition is to a state which is tentatively associated with 
the E(1420). This transition has r.ot been previously observed. I 
will conclude with a review of some recent results on hadronic produc­
tion of the E, along with an explanation for the relevance of this 
digression. 

*Woik supported by the Department of Energy, contract DE-ACD3-76SFO0515. 
(Invited talk presented at the VI International Conference on Experi­
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II. INCLUSIVE PHOTON PRODUCTION 

Measurement!! of inclusive photon production at the ̂ (3095) by the 
Hark II and Lead-Class Wall (LGM)5 collaborations have shown thai. 
there Is a sizable direct-photon component in the momentum spectrum. 
However, because of the relatively poor photon energy resolutions of 
the liquid argon (LA) shower counter system employed by the Mark II 
(5E/E "* 12Z/E , E in CeV) and the lead-glass counters in the LCU 
(SE/E * 9Z/E i / Z), neither experiment woo able to observe any narrow 
Structure in the Inclusive photon momentum distribution. 

The Crystal Ball detector was dcuigncd to provide good energy 
resolution for electromagnetic showers. The use of Nal(Tt) for shower 
detection presently allows a resolution of 6E/E * 2.8Z/E (E in CuV) 
Co be obtained. 

Figure 1 ahow3 a preliminary measurement of the Inclusive y energy 
distribution at the 0 from the Crystal Ball.7 It is plotted as a function 
of the logarithm of the y energy (E in MeV) no that the bin width is roi.ghly 
proportional to the energy resolution at all energies. This distribu­

tion is based on n sample of 
approximately 900,000 events 
obtained during approximately 
two weeks of running near the 
peak of the i>. Details of the 
analysis can be found in Ref. 6. 

The structure observed in 
Fig. 1 is evidence for exclusive 
processes of the type 

* * y + X . 

There is clear evidence for the 
radiative transitions to the 
n. 8" 1 0 n'(958), 8" n and a new 
state which ; will refer to at, 
the E(1420) which has recently 
been observed hy the Mark II 
collabon tion. (Although I 

Fig. 1. Inclusive Y distribution 
at the ty as a function of the 
logarithm of the y energy (in MeV). 
(Crystal Ball) 
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(b) 

refer to this statp as the E(1420), this assignment Is sttll In ques­
tion.] An additional transition which has been previously observed Is 
i> •* Y f(l270). ' Because of the relatively email branching fraction 
for this transition, It In not observed la this Inclusive distribution. 
Each of these four transitions will be discussed In turn in the follow­
ing sections. 

III. it •* yn» tn* 
As the r> and n' are members of the same SU(3) nonet, It makes 

aense to discuss the radiative transitions to these two states at the 
same timo, along with the transition 
to the v". I will take the extremely 
naive approach that it is possible 
to understand these processes in 
terms of leading-order QCD diagrams. 
Thus, ont can imagine that the radi­
ated photon is produced either from 
the outgoing quark line (assumed to 
be u, d, or s) as in Fig. 2(a) or 
from the initial charmed quark line 
as In Fig. 2(b). In the first case, 
the minimal coupling between the 
charmed quark line and the ordinary 
quark line requires threo gluons. 
In the second case, two gluons is 
sufficient. 

Let me first consider only the process shown in Fig, 2(a) and 
assume it 15 the dominant one. By invoking vector-meson dominance, 

1 can relate the Y*° and P*n° decay widths 

r(* * y«<>) - W Y p

2 ) rw - p 0*') . 

This leads to a prediction for the Y*" branching fraction BC* •+• Y"°) ~ 
2 * 10" 5 from the measured P'TI" branching fraction. * ' ^ This Is 
cor'-'.atent with the experimental measurement B(* •+ Y"") • (7 ± 5) * 10 . 

KOI , - I 

c i £. .. ̂ v w i - i - ^ . i . q 

g -.l>1rTnnrV>| ,_ q 

Fig. 2. Leading-order diagrams 
for radiative transitions from 
the if> with (a) photon emission 
from the flnnl-Btate quark line 
and (b) photon emission from 
the ini t ia l -s ta te charmed quark 
line. 



The next step i,i to relate the widths of the Yn and Yl' transi­
tion!) to the width of the Y"' transition. The n and n' have the fol­
lowing SU(3) singlet and octet components 

n • Hg cos9 + n. oln0 

n' •• -ig olnO + n. eos6 , 

where 0 la the standard octet-singlet mixing angle. If one assumes 
SU*(3) Invoriance, only the octet components contribute to the process 
ohown in Fig. 2(a) and one obtains (up to phase space corrections) 

r(ij» -• TO.-r(i{. * Yn):r(* + yn') - 3:cos2u:0ln2a . 
Using the experimentally determined mixing angle 9 • -11°, one calcu­
lated 

r(* - Y"*)!r(* * yn):rW - Y V > - 3:0,96:0.04 , 
which grossly contradicts the experimental measurements. ~ The ri' 

branching fraction has been experimentally determined to be larger 
than the yn branching fraction, and both are at least an order of mag­
nitude larger than the T° transition. The conclusion Is that the 
process In Fig. 2(b) is the dominant one. 

One can proceed with similar calculations for the aecond procesr 
[shown In Fig. 2(b)). Assuming SO(3) imparlance (now only the singlet 
components contribute) and Ignoring phase space corrections, one ob­
tains 

P<0 •* yn"):r(* •*• vn):r(i|i * yn') - Oisin 8:cos2a . 
This lo qualitatively In better agreement with th.3 data. However, the 
ratio r(i£ •*• yn'J/rfa •* Yn) is much larger than the experimentally cea-
sured ratio. 

If one allows for SU(3) symmetry breaking, these results are modi­
fied. Fritzseh and Jeckson have calculated the relative widths of 
the yn and Yl' tranaitiono by considering gluon-medlated mixing between 
the three laoscalar states n, n', and nc(29SQ). Based on the experi-
oental masses of these states, they fwd the following admixture of n 
and n' In the n c: 

o " cc + e*n + e'*n' , 
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uhcre e »> 10"^ and e' w 2.2 x 10 - 2. The decay widths (for HI transi­
tions) for Yn and Yn1 ore 

\2 
ftt » Yn) - e 2 4a 

3< 

r(* * m') - (c') 

where mc is the charmed quark nasa, k(k') iu the momentum of the n(n'), 
and (1 la an overlap tvitegral. If i t ia assumed chat the overlap inte­
gral is the same for both the n und n1 transitions, one finds for the 
ratio of the two partial widths 

w -
By estimating the overlap lntegf^l fi2 = 0.1, Fritzsch end Jackaon 
also nuke predictions for the absolute values of the widths, 
r<* •*• Yn) « 60 eV and r<* + YH') * 220 eV. 

Branching fractions for the transitions ty •+ fr\ and <i> •* yn* have 
recently been published by the Crystel Ball collaboration. The mea­
surements were based on a sample of decays ij> •+ 3y. Figure 3 shows the 
Dalits plot for this sample of events. Two distinct bands aa&ociated 

a0 rrr 

Myy(hign) (GeV2) 
Pig. 3. Dalitz plot for 4 •*• 3y. Boundary 
includes effects of both kinematics and yy 
opening angle.cuts. (Crystal Ball 



with the Y1 and yi\' transitions are observed. The projection of the 
low-mass YY combination, in Fig. 4, clearly shows peaks at the ri and 

n' maBnes. The branching fractions 
for these transitions wore deter­
mined from .1 tit to the Dnlitz 
plot. They are B('Ji * yn') n 

(6.9 ± 1.7) * 10" 3 and B(iJ> •+• yn) -
(1.2 ; 0.2) - 10" 3. 

Tht Mark II hoo measured the 
branching fraction for the process^ 

Fig. 6. Low-mads YY invariant 
mass combinations for <l> -*• 3y 
events. (Crystal Ball) 

The data sample used in the Mark II 
analyses discussed in this talk if 
basically the same aa the Crystal 
Ball data sample, as both experi­

ments were running at SPEAR simultaneously. Previous publications 
can be referred to for details on the detector and the analysis. * 

Events with two oppositely charged tracks identified as plans and 
two or more photona observed in the LA shower counter modules were 
fit the hypothesis 

* •*• i YY , (1) 

Events In which the fitted yy invariant mass was between 0.12 and 
0.15 CeV (i.e., consistent with the TT° mass) were eliminated. The 
it TT y invariant na3s distribution for the events remaining after the 
X and f" cuts Is shown in Fig. 5. From Monte Carlo calculations of 
the detection efficiency (which include an assumed 1 + cos 9 dependence 
for the 4 decay, where 6 is the angle between the photon and the beam 
direction), the Mark. II measures the branching fraction B(i[i •*• Y n*) • 
(3.4 ± 0.7) x 10~ 3. 

Due to the bias imposed by the trigger itaulrement, :he Mark. II 
is unable to observe the reaction 

e e •+ ty •* 3y • 
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In o rder to measure the vn branching 
f r a c t i o n , i t wan necessary to Ana­
lyze the more complicated procc30 

" * . * * 3-r (2) 

ir+Ti~Y i n v a r i a n t mass 
d i s t r i b u t i o n for events s a t i s f y ­
ing (1) w i th IT* combinations 
e l imina ted . (Mark I I ) 

Fig. 

The TV+TT" free the il>* cascode demy 
provided the trigger. Figure 6 shows 
the Invariant mass of the low-mass 
TT combinations for the 10 eventa 
satisfying fits to (2). Eight are 
peaked at the n mass. From this, 
the branching fraction B(iji * yn) D 

(0.9 ± 0.4) x 10* 3 ia obtained. 
In Table I is a compilation of 

the Mark II and Crystal Ball results, along with the previous experi­
mental results, for the yi\ and vn1 branching fractions. The HarK II 
measurement of the yt\' branching fraction is somewhat larger, but still 
consistent with thn previous measurements. The Crystal hall fiw'a a 
branching fraction that is twice that of the Hark II. This discrepancy 
is not totally understood. However, it should be noted that the two 

measurement!) are based on differ­
ent decay modes of the n', and at 
least part of the discrepancy may 
come from the uncertainty in the 
relative branching fractionn of 
the two decay modes. On the 
other hand, all four determinr-
tions of the branching fraction 
to YH are consistent. Also shown 
in Table I are the theoretical 
predictions calculated by Friteseh 
and Jackson. The excellent 
agreement between theory and ex­
periment is better than one has 

Fig. 6. Low-maso YY invariant mass j ,__ _ _ . c , *,,.„,, c '' _, , j a right to expect because of the combinations for events satisfying 
(2). (Hark II) uncertainties in the calculations. 



Table I. Branching fractions for radiative transitions 
from the ijp to the n and n'. 

decay mod'' branching fraction experiment 

V -* YH' 0°Y (3.4 ± 0.7) * 1 0 " 3 Work II 

YY (6.9 i 1.7) x 1 0 " 3 Crystal Ball 

YY (2.2 ± 1.7) * 1 0 " 3 DASP n* 

P°Y (2.4 ± 0.7) * 1 0 ~ 3 DESY-Heidelberg b ) 

3.3 * 1 0 ~ 3 theory c' 

<i> -*• y n YY (0.9 ± 0.4) •< 1 0 " 3 Hirk II 

YT (1.2 t 0.2) x 1 0 " 3 Crystal Ball 

YT (0.6 * 0.2) x 1 0 ~ 3 D A S P n ) 

TY (1.3 t 0.4) x 1 0 " 3 DBS¥-Heidelberg b* 

0.9 x 1 0 " 3 theory w 

a W . 9 
b J R e f s . 8, 11 
C J R e f - 17 

Table II summarizes the measurement of the ratio B ( ^ •+ Y n 1 ) / 
B(I(P -f YTI). The measured values range from approximately 2 to 6, and 
Che theoretical prediction is 3.9. Thus, I think it in fair to say 
that we have a reasonable understanding of the HI transitions from the 
i> to the ordinary pseudoscalar meson states. 

In order to further explore the properties of the charmoaium system, 
the Crystal Ball or.d Mark IX collaborations have begun similar studies of 
radiative transitions from the i>'. Naively, one would expect these 
branching fractions to be approximately an order of magnitude smaller 
than the corresponding branching fractions at the ^. Presently, no 
evidence for yn or yn* production from t;ie ijj' has been observed, with 
preliminary 90X confidence level upper lim.'.ts from the Crystal Ball 
of Bftfi' -* yn') < 8 x 10 and B(t^' -* yr\) < i0 . As these limits are 



Table I I . B(̂ r •* y r i ^ / B t ; -•• YH). 

ratio experiment 

3.S ± 1.9 Hark I I 

5.9 ± 1.5 Crys t a l Bal l 

2.8 ± 2.3 DASP a ) 

1.8 ± 0.8 DESi-Heldelberg 1^ 

3.9 theory 

a W . 9 
b ) R c f s . 8, 11 
c ' l l e f . 17 

only a f ac to r of e igh t below the measured ty branching f r a c t i o n s , the re 

i s no reason t o worry about the absence of these s i g n a l s a t t h i s t ime. 

IV. * •*• vf(1270) 

In o rder t o unders tand t h e r a d i a t i v e t r a n s i t i o n t o t h e f ( 1 2 7 0 ) , I 

w i l l once more consider t h e two processes shown in F ig . 1. The mea­

sured branching f rac t ion for the process i> *• wf i s approximately 

3 :•< 1 0 ~ 3 . Invoking VMD f o r t h e proceaii shown in F i g . 2 ( a ) , one in 

led to expect a r a t e for t h e yf t r a n s i t i o n which i s cons iderab ly l e s s 

s t a t e has J p ••' 2 r a t h e r than 0~ ( i t appears t h a t the p rocess i n 
Fig , 2(b) i s dominant. 

New measurements of tho y€ t r a n s i t i o n have been made by the 
Hark I I . Figure 7 shows the TT+JI~ i n v a r i a n t mass d i s t r i b u t i o n (da ta 
pointo with e r r o r ba r s ) for events which s a t i s f y a f i t to t h e hypoth­
e s i s 

* - i t + i r T (3) 

with X 2 < 15. Two structures are evident in the mass distribution, one 
at the p mass and the other at the f(lZ70) mass. Since the decay 
# •* o'y does not conserve charge conjugation parity (C-parity), It is 
assumed that the events in the p D mass region resulted from p°rcD decays 



Pig . 7. ir+fr~ Invar ian t mass 
d i s t r i b u t i o n for events s a t i s ­
fying ( 3 ) . Histogram shows 
the expected feeddoun from 
the Ti+it~TT° f i n a l s t a t e ao 
determined by Monte Car lo . 
(Mark I I ) 

F ig . 8. * +TT~ inva r i an t mass 
d i s t r i b u t i o n a f t e r s u b t r a c t i o n 
of TT+n~Tt* feeddown. Curve i s 
descr ibed in t e x t . (Hark I I ) 

la which an asymmetric dc ly of the 
» ' led to an accep tab le f i t to ( 3 ) . 
A Monte Carlo woS used to dc t e r a ine 
the it v TT" feeddwn in to the ir IT 'y 
channe l . The i n s u l t i n g d i s t r i b u ­
t ion ( inc lud ing production of buth 
o'fl" end p"n ) i s compared v l t h the 
data in F ig . 7 and can c l e a r l y 
account for the observed p° peak. 

Figure 8 shows the "" "~ mass 
d i s t r i b u t i o n a c t e r s u b t r a c t i o n of 
the ir +n~ii 0 background. The d i s t r i ­
bu t ion i s dominated by the f. An 
express ion cons i s t i ng of a B r e i t -
Wigner resonance term plus a f l a t 
background term was f i t t e d to t h i s 
d i s t r i b u t i o n . The curve in F i g . 9 
shows t h e be s t f i t which gave 
H - 12A0 MeV and T - 180 MeV for 
the resonance parameters . The 
branching f r a c t i o n for (3) was 
found to be B{̂ i -*• yf) • 
(1 .3 ± 0 . 3 ) x 1 0 " 3 . This branch­
ing f r a c t i o n i s cons i s t en t with 
the p rev ious ly measured va lues of 
B(* •*- r f ) = (2 .0 ± 0 . 3 ) « 1 0 - 3 

from PLUT: 1 3 and B(* -* yf> b e ­
tween (0 .9 ± 0 . 3 ) * 10" 3 and 
(1.5 * 0 .4) * 10~ 3 (depending on 

the h e l i c l t y of the f in the f i n a l 
14 Btate) from DASP. 

As pointed out in the previous 
s e c t i o n , ue seem to have a f a i r l y 
good u n d e r s t a n d ^ ; ; zf ii\e t r a n s i ­
t i o n s to the I j D 0 members of the 
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J' = 0~ nouct. If measureacnts of Che radiative transitions Co the f' 
and Al could be made, we would havt; an additional check on th> theo­
retical idciiR discussed previously. The Mar'-. II has preliminary re­
sults whi-h show no evidence for transitions to either of these two 
states. They c*ve 90% confldpnce level upper limits of B(iJ> •+ yf) x 
B(f' •+ KK) < lO""1 and B(î  ->• yAp < 10~ 3. Unfortunately, these limits 
are not yeC small enough tc provide meaningful constraints on models -
As in the case of the TTT" transition, one expects to see a very small 
branching fraction for yA° because of isoapin conservation. However, 
the yf* transition should be observable. Based on a naive calculation 
assuming SlH3) Invariance (similar to the n-n* calculation described 

B(» •* Yf ') m 1 
B(* + yf) 2 ' 

The Hark II limit is not yet inconsistent with this prediction. 

V. t * YEC1420) 

As the E(1420) is a fairly obscure resonance, I will briefly 
review vhst was known about the E as of the last (1978) Particle Data 
Group tables before discussing the results on the v" radiative tran­
sition. The E is a fairly narrow resonance with t»Ldch estimates 
ranging from 40 to 8u MeV. Measurements of the mass lie between 1400 
and 1440 MeV. Hone of the quantum numbers of the E have been firmly 
established' The iaospin is believed to be zero as no charged E has 
ever been observed; the C-parity is believed to be even; and analyses 
of the decay Dalitz plot favor an abnormal spin-parity assignment. 
J° *» 0 and 1 are the preferred values. The principally observed 
decay mode is KK:i> but there Is some evidence for an nun decay mode. 
Finally, up until 1978, the best signals for the E were observed in 
pp annihilations at rest. I will mention only one of these experi­
ments here. Balllon et al. studied a sample of pp" annihilations in 
the CERM 81-cm hydrogen bubble chamber. They did a spin-psrity analy­
sis of the E observed in the reaction p'p -+• Eirn and determined J1' D 0 . 

The Mark II sees evidence for the process 

* * YE , E + K S K V . (4) 



Observation of this 
shows the KgK"ir inv 
(5C) f i t co (4) with x^ 

ranaition establishes C = + for the t . Figure 9(0) 
riant naya for events satisfying the 5-constralnt 

(G*V/ca) 

The constraintJ are the normal ones of 
unergy-momenti'O conservation with nn 
additional constraint for the Kg taaes. 
A peak is seen near the mass of the 
E(1420). Oic la nor compelled to 
interpret this structure as the 
E(1420), but due to Che similar char­
acteristics of this structure and 
the previously observed E, I will 
make this tentative assignment. 

The parameters of the resonance 
were obtained by fitting the invari­
ant maGs distribution to a Brelt-
Hlgner 3 , 

The Hark II finds M => 1-WZn'ntc GeV 
+0.03 , and r » 0.05 

plus a smooth background. 
+0.01 
' 0.015 l 

These errors , CeV. ,J-0.02 ' 
Include systematic uncertainties due 
to the functional form used in the 
fit. The branching fraction product, 
based on 47 ± 12 observed events, 
is B(i> - YE) y B(E - K S K V ) -
(1.2 £ 0.5) * 10-^.33 W l t h t h e as. 
susptions that the E is ar isoscalar 

and that Kg and ICj, production are equal In the decay of the E, one can 
relate the K K~ir°, K°KaTr°, and K0K±W" branching fractions and determine 
the branching fraction product B(iji ->• YE) * B(E + KKn) = (3.6 ± 1.4) x 10~3. 

29 
Previous experiments have found the decay of ehe E to be associ­

ated with a low mass KK enhancement which is alsj observed by the 
Hark II. If a cut requiring tt̂ r < 1.05 GeV is imposed on the daeaf 

the shaded region in Fig, 9(a) is obtained. 
Since the signal is quite clean, it is possible to relax the re­

quirement that the photon be obuerved. The resulting 2C fit to (4) la 
34 shown In Fig. 9(b). Although there is an improvement in statistics. 

Fig. 9. K S K V Invariant maso 
distributions for events satis­
fying (a) 5C fita aad (b) 2C 
fits (i.e., observation of the 
photon is not required) to (4). 
Shaded regions have the addi­
tional requirement Myj; < 1.05 
GeV. (Mark II) 
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there la also on increase In the background level. However, as shown 

by the shaded region, the KK mass cut again substantially red'icos the 

background. 

The Dalitz plot for the sample of events shown in Fig. 9(b) with 

masses between 1.375 and 1.500 GeV (the signal region) is shown in 

Pig. 10. The curvet; show the low-mass and high-mas3 kinematic bound­

aries and the dashed lines show 

the nominal K*(890) mass values. 

The points are plotted as functions 

of the (Kir)° invariant mass squared 

vo. the (KIT)* invariant mass 

squared. The KK axis, if it were 

shown, would be at an angle approx­

imately bisecting the two K T axes. 

One sees an excess of events in the 

upper right-hand corner of t'.ie 
35 Dalits plot. It is not clear 

whether these events correspond to 

a low-mass KK enhancement (spread 

out by the movement of the kine­

matic boundary aa the KKTI mass 

changes), or to constructive in-

tcrfoxence where the K* bands 

overlap. 

Figure 11(a) shows the K S K " invariant mass distribution for events 

In the aignal region and Fig. 11(b) shows the corresponding distribu­

tion for events outside thu signal region. There is evidence for a 

lov-maas KK enhancement for events in the signal region which is absent 

for events outside the signal region. One possible Interpretation of 

this enhancement tr. the 5(980). 

In an attempt to understand the decay mechanism of the E, fits 

were made to the Dalitz plot which included K*K (the incluaion of both 

this state and the charge conjugi te state are implied by thin nota­

tion), in, and phase space contributions. These three contributions 

(GW/c 1) 2 

?ig. 10. Palitz plot for events 
with 1.375 £ M&T, < 1.500 GeV. 
Curves show low-mass and high-
mass kinematic boundaries. 
Das'ied lines show nominal K* 
mass values. (Mark II) 



were added incoherently, but 
the K*K? contribution includid 
components from both the chai^el 
and neutral K* states, wh.'ch 
were assumed to Interfere con­
structively where they cross on 
the Dalitz plot (as demanded by 
t i e ever. C-parity il the E). 
The beat fit favors Sn as the 
primary component of the decay 
vith 

B{E •+• KKn) 
0.2 

Pig. 11. KgK* invariant mass dis­
tributions for events (a) ir> the 
signal region and (b) outside of 
Che signal region, (Mark II) 

Thf- quoted error does not In­
clude possible systematic errors. 
One has to be careful in inter­
preting this result, as the best 
fit to the Dalitz plot does not 

completely aimulcte the KK invariant mass distribution. ThLs Indicates 
that the decay mechanism Is not completely -mderstood. 

An attempt has been made to determine the spin of the E L.;* analy­
sis of the double decay angular distribution for events consistent vith 

* -*• yE , E +• 6v . 

However, che limited statistics do cot allc a statistically signifi­
cant determination of the spin. 

Preliminary results from the Cryatal Ball alBo show evidence for 
the transit lor î  -+• 7E. Figure 12 shows the K K~ir° invariant mass 
distribution for events which satisfy the 2C fit to 

-YSTK*" (5) 

With M_= < 1.1 GeV. Although the Crystal Ball detector has excellent 
energy resolution for photons, the absence of a magnetic field does 
not allow a momentum measurement tor charged particles. This reduces 
the constraint class for (5) from 4 to 2. Evidence for an E signal is 
seen in this distribution. 
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Pig. 12. KTK"n invariant owsj 
distribution for events satisfy­
ing (5) with MRX •: 1.1 GeV. 
(Crystal Ball) 

>t> -» Ynn**"ii — 

As the Crystal Ball effi­
ciency calculations are still in 
a very preliminary state, esti­
mates of the branching fraction 
are only good to a fuctor of 
two at best. When corrections 

+ - 37 are mode for the K K ma3s cut 
and the unobserved decay modes 
of the E, they find B(^ -+ y£) * 
B(E •*• KKn) * 2 * 10~ 3. 

AH was mentioned earlier, 
there is some evidence for the 
decay of the E into nn TT . Fig. 13 
shows the ri« IT invariant IDASS dis­
tribution (from the Crystal Ball) 
for events satisfying fits to 

(6) 

In addition to the n* signal, 
masB region. A preliminary e 

Pig. 13. nn v~ invariant mass 
distribution for events satisfying 
(6). (Crystal Ball) 

there is evidence for a peak In the E 
timate of the branching fraction product 

B(iii * yE) >• B(E •+ OUT) finds i t 
to be smaller than the corre­
sponding number for KKn, but a 
firm number will have to wait 
until calculations of the effi­
ciencies are made. 

In summary, the E is ob­
served very strongly in radia­
tive transitions from the <Ji. 
The only other transition that 
has been observed with a com­
parable branching fraction is 
the yn' transition. The pos­
sible significance of this will 
be discussed In the next section. 
Observation of this transition 
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haa established the C-parlty o£ the E as even. Unfmcunatel/, a 
deteruination of the spin is impossible with thfi present statistics. 
Finally, the Mark II finds the KKn decay mode of the E to be predomi­
nantly in. The consequences of this will also be discussed in the 
next section. 

VI, REVIEW OF THE STATUS Or THE E(1420) 
I was arked by the organizers of this conference to include a 

review of the status of the E(1420) in my talk. Although this is .omc-
what outside the original scope of the talk, namely charmonium studies, 
I agreed as 1 think an understanding of the E could have important 
consequences in regard to understanding the charraoniutu system. As 1 
have already given a brief introduction to the status of the E as af 
1978, I will confine my discussion to two recent hadronic experiments 
which observe the E, and a comparison of their results with those of 
the Mark II. 

Thn first results are from a high statistics (90 events/ub) bubble 
chamber experiment in which the reaction 

w"p •* K sK ±ir ln (7) 

was studied at 3.95 GeV/c. Figure 14 shows the Kg*!4** invariant mass 
for events which satisfy the 1C fit (the neutron was not observed) to 
(7). Evidence is seen for both D(1285) and E(1420) production. A fit 
to the KgK~iT invariant mass distribution yields values for the £ mass 
and width of M = J426 + 6 MeV and r » 40 ± 15 MeV. 3 9 These errors are 
statistical only. 

The Dalitz plot ror events in the region 1.39 < M„-j7 < 1.47 GcV 
is shown in Fig. 15. ..* was observed in the Mark II data, there is 
evidence for an enhancement In the upper right-hand corner of the 
DaU*-z plot. HoweVLt, In this case, there is also clear evidence fot 
K*(890) production- A partial-wavu analysis of the data determined 
the spin-parity of the V. to be Jp - 1 +, and als 1 determined the branch­
ing fraction ratio 



£ ig . 14. KgR̂ Tt i nva r i an t mass 
d i s t r i b u t i o n for events s a t i s f y i u g 
(7) . Data i s from Ref. 38. 
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Fig- 15. D a l i t s p lo t for events 
v i t h 1.39 £. MJ5^ < 1.47 CeV. Dat; 
i s from Rcf. 38. 

However, i t should be pointed 

out tha t the E s i g n a l i s over a 

r e l a t i v e l y l a rge background 

which ban a s i g n i f i c a n t K*K com­

ponent , so tha t one should r e ­

gard t h i s r e s u l t with c a u t i o n . 

In another expei iment, ':he 

r e a c t i o n 

uwp + K S K V + x (8) 

was studied at 50 and 100 
GeV/c.40 The K^ir* invariant 
mass diaLribution for this sam­
ple of events, in Fig, 16, shows 
no evidence for an E signal. 
However, if a S cut is applied, 
Mĵ r < 1.04 GeV, both the D and 
the E become quite prominent, 
as shown in Fig. 17. If instead 
of a 6 cut, a cut is applied 
requiring one of the Kir invari­
ant mass combinations to be in 
the K* mass region (0.84 < II, < 
0.94 GeV), one still sees an E 
signal, but with considerably 
worse background, A fit to the 
KgK~Ti muos distribution in 
Fig. 17 yielded vaiues of the 
resonance parameters of 
M = 1440 1 6 HeV and r «• 110 ± 27 
HeV. (The curve in fig. 17 
represents the beat fit to ths 
data.) The errors are statis­
tical only. The systematic 
errors, especially for the 
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Fig . 16. KsK"r Invar ian t mass 
d i s t r i b u t i o n for events satisfy-in; 
( 8 ) . Data I s r rou Kef. 40. 

wid th , are prob.-1-'.;- l a r g e . 
Anotlier f i t made Co a s,ratlur 
spectrum ( a f t e r s u b t r a c t i o n o£ 
the »stimated background due LO 
K-7i m i s i d e n t l f l c a t i o n ) yielded 
H = I'-AQ ± 5 HeV and r =• 62 * 14 
M2V. Or. the surf . ice , t h i s data 
seems to ind ica te .'1 preference 
for the in decay mode of the E 
ovei the K*K decay mode. How-
1 i-ha Da l i t z plot and plus-; 
..j . d e t a i l . Thus, t h i s pref-
i n d t g a t i o n u n t i l a more aophis-

ever , ques t ions of kinematic over lap 
sp;ice boundaries have not been consi. 
erenca should bf considered only as i 
t t e s t e d a n a l y s i s is done. 

Desp i t e a l l the new information on the E from recen t experiments , 

the s i t u a t i o n i s not much c l e a r e r than I t was in 19/8, One point of 
cont roversy i s whether the E 
decays predominantly i n to 6TT or 
K*K. The Hark I I (and possibly 

ao 1 
1 1 

10 <k -

\ 
J , ,^Mh^ 

a l s o the Fermilab experimcnl 
40, 

of 

H I , . , ! / IGtVl 

f i g . 17. K ?K-TT* i n v a r i a n t mi'sn 
d i s t r i b u t i o n with N ^ c i , 0 4 CeV. 
Solid curve shovo f i t to roas-n spec­
trum- Dashed curve shows background 
d i s t r i b u t i o n determined from f i t 
Data i s fron Ref. 40. 

Bronberg et a ] . ) seem to favor 
the decay E * Sir. On the o ther 
hand, DIonis i et a l . 3 8 see 
l i t t l e evidence for <5n and find 
the pr<-.iaminant dec?y of the E 
i s i n to K*K. As for the sp in , 
Dior . is i et a l . find J p = 1 + 

which agrees with some e a r l i e r 
r e s u l t s , but d i sag rees with 
o t h e r s - Howevar, t h e i r d e t e r ­
mination of the spin goes har.d-
in-hand with the determinat icn 
Df t h e predominance of zbf K.*"iC 
decay mode. S i n e t h i s predomi­
nance i s not f i rm! / e s t a b l i s h e d . 
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I thlak that one should s t i l l consider the spin of the E to be an open 
question until the decay mechanism is understood better. 

TD understand my reasons for this excessive inrerest in the 
quantum numbers of the E, let me refer for the last time to Fig. 2(b). 
As discussed yesterday by Donoghue, if gluonium states exist, the 
process shown in Fig. 2(b), .after elimination of the outgoing quark 
linos, would be an ideal process for production of such states. I 
would like to suggest the possibility that the E might be such a 
gluoniutn state, rather than an ordinary qq resonance. Although there 
is certainly no real evidence for this hypothesis, there are a £«J 
peculiarities associated with the YE radiative transition Iron, the ij> 
vnlch I would like to point out. 

First, the branching fraction for ip + y'E In larger than the cor­
responding branching fractions for transitions to other ordinary 
hadrons, with the possible ixception of the n ' . This is in contrast 
to hadronic experiments where E production is in general small com­
pared to the production of other resonances. This would lead one to 
Infer a connection between the E and the 2-gluon intermediate state in 
Fig. 2(b). Whereas the production of gluonium states i s expected to 
be significant in <l> radiative transitions, there is no reason to ex­
pect significant production of such states in hadronic reactions. 

Second, whereas in most hadronic experiments in which an E is 
observed to decay into KKir̂  one observes roughly comparable D(1285) 
production, neither the Mark II nor the Crystal Ball see much evidence 
for D production. The Mark II gives an upper limit for D production 
of B(î  •* yD) a B(D -+ KXTT) < 0.7 * 10" 3 at the 90% confidence level. 
This might be taken as strong evidence for a difference in the produc­
tion mechanisms involved in the two different processes, and hence an 
indication of a large gluonium component in the E. However, if one 
assumes that the D and E are both members of the standard J 1 ' c « l"*"* 
nonet, and the E is the primarily singlet state and the D la the pr i-
narlly octet s tate, one would expect D production to be suppressed 
relative to E production because of SU(3) symmetry arguments. Thus, 
this suppression may not be relevant to the gluonium question at a l l . 
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In my opinion, the most important question which should be re­
solved regarding the E is Its spin. If the E can be firmly established 
as an axial vector state, there is no reason not to make the standard 
qq meson interpretation and put it in the same nonet as the 0(1285), 
A]_, and Q A. If, on the other hand, the E is finally established as a 
pseudoscalar, It 13 difficult to Interpret It within the standard quark 
model. The J p • 0~ nonet Is complete, and one would have to consider 
the existence of another 0 nonet, possibly a radial excitation of the 
ground state, in order to accommodate the E. However, I think It is 
equfelly plausible to interpret the E aa a gluonlum stPte. 

VII. CONCLUSIONS 

Tho .*:irst part of this talk dealt ulch radiative transitions fi_ui 
the * to the n, n*, and f. The new results from the Mark II and 
Crystal Ball collaborations ere basically compatible with previous 
results (ignoring minor factor-of-two problems with the n'). I tried 
to emphasize that these transitions can be understood in terms of mini­
mal gluon-coupling ideas, with mixing between the different isoacalar 
states. Further work Is being done to extend our understanding of 
these processes. The Mark II is in the process of studying the radi­
ative transitions to the other tensor states, the f and A" Another 
direction which is being pursued by both the Mark II and the Crystal 
Ball collaborations Is an analysis of similar radiative transitions 
from the $'. As mentioned previously, these transitions are expected 
to have branching fractions approximately an order of magnitude smaller 
than the corresponding ij> transitions. This should be verified, and ma/ 

lead to surprises. 
The rest of the talk dealt vith the E(1420). As I discussed In 

detail in the previous section, it is interesting to entertain the 
possibility that the E is a gluonium state. If this were true, it 
would open up a whole new field of spectroscopy. However, let me em­
phasize that even '£ the spin-parity of the E were determined to be 0~, 
there would be no compelling renson to believe that it is a gluonlum 
state. 

Although it was no. emphasi?ed during the talk, there has been 
sowe effort by the Mark II collaboration to look for other radiative 



t r a n s i t i o n s from the 4- Al l s t a t e s with reasonable acceptance in the 
Mark I I de tec to r ( i . e . , s t a t e s decaying in to combinations of n~, K", 
Kg. P, and p ) , and even some with poor acceptance ( e . g . , s t a t e s with 
^ " ' a or n 'a in the f i n a l s t a t e ) , have been cons idered . No s t a t i s t i ­
c a l l y s i g n i f i c a n t s i g n a l s a s ide from those shown today have been ob­
served. Thus, i f the E i s not a gluonium s t a t e , n e i t h e r the Hark I I 
nor Che Crys ta l Ba l l hat; any evidence for nuch a s t a t e . 

Let me conclude by remarking t h a t in add i t ion to the unders tanding 
of the charmoniim system tha t can be gained by s tudying ip decays ' i n 
p a r t i c u l a r , r a d i a t i v e t r a n s i t i o n s ) , t h e r e i s a l so the p o s s i b i l i t y of 
be ing ab l a to s tudy ord inary ( i . e . , non-ciarmed) hadrons In a c leaner 
environment than can be obtained in t y p i c a l hadronic i n t e r a c t i o n s , 
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