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ABSTRACT

Evidence for three new particles observed in the Crystcl Ball
detector Ls presented. The first particle, at 3592 Mev, is seen fo~
clusively in y trancitions from 4', and is thus a candidate for n!
The other two, at 1440 and 1640 MeV, a¥~ best seen in exclusive de-
cayt of ¢ lavelving a prompt y, and are thus candidates for bound
states of two gluons. Detailed reasons are presented to support the
contention that these states are distinct from previously cbserved
condidates such as E(1420). Alternative hypotheses are discussed.

I. INTRODUCTION

The search for new particles or states in data from the Crystal
Ball hags been caoncentrated in three sectors: (1) the detection of
the remaining unseen members of the charnonium fanily below charm
threshold, such as the 17|, n, and n! (115o and 215°); (2) the
seprch for new states X below the § which appear {n ¢ + y¥, where X
can include 9§ or gg resonances as well as more complax objects;
{3) the search for states with open charm in the continuum above the
v"y  Of these three, the search for the gg states 15 clearly of
greatzgt theoreticsl snignificance, but is also inherently most
asbiguous experimentally. In this report, we present evidence for
states found in categories (1) and (2), and show that the epin-
parity analysis of the obiects ¥ lends some credibility to the -£4
hypothesis.

After a brief discussion of the detector, this report considers
the candidate for “é' It then pummarizes the findings on the two
naw stateg in ¢ » yX. Because the interplay between theoretical

prediction and experiment has been remarkably close for this chan-
o
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nel, we then present a historical digression ocutlining this inter-
play. The Teport proceeds with an overview of the detailed analysis
of the two new states. Finally, the theoreticel fnterpretation and
alternatives are explored.

I1. THE DETECTOR

The Crystal Ball is a fielidless, sspmented spherical shell of
Nal{Tg) surrounding chambers having charged-particle tracking capa-
bilities. The detector, built and operated by che Crystal Ball Col-
laboration,! is ahown diagrammatically in Flgure 1. A detailed da-
scription of the appatatus ig given elsewhere;? for the purposes of
this discussion there are Several sallent parameters.

P4 C
T Nel
[ 5PaRK CHAMBERS .

ig. 1. Schematic cutaway view of the Crystal Ball Detector.

{g) The good energy resolution for photons is a well~krnown at-
tribute of this instrument. A E.\l = 100 eV, the exror of 5. =+ &
MeV is crucial for the inclusive observation of gt » yn;. less
well-known is the point that the energy tesolution at F.T = 1000 MeV,
o " t 30 MeV, 1s also crucial for Lnclusive observation of | + X
if X 18 in the range 1-2 GaV,

(b) The Crystal Ball can overconstrain events for ‘exclusive
analysisa. For an all-neutral final state (with the neutrals shower—
tng electrorapgnetically) we have a 3C fit -- the vertex poaition
along the beams 15 an unknown. For additional nonshowering charged
particles, one constralat {energy) 1s lost per particle but the
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vertex constraint is regained. One constraint is added for each
faterwediste mass (such ap n or »®) hypothesized to be prasent in
the final state. Typlcal exclusive ststex from the Crystal Ball
vill be 2C, 3C and . Combined with the sngular resolution for
v o, -lnz")mmuruelu(uo = 320 19), the

mhltu statea often have substantially b:l:ur sass vesolution for
the tew particles rhan do the inclusive scarchas.

111. TRE n; CANDIDATE

Following the Ascovery? of = candidste state for N in the in=
clusive y spectra from §° snd ¢, a2 further ssarch for tha transi-
tiong' » w; waa nade with the ssme Crystal Ball data. ‘These dats
wite subiacted to refined pattern recogniiion cuts Jeveloped subse-
quunt to that discovery. The faniliar streng photon lines causad by
transitions ' » ™o,1,2 and X2 % v doninata the diztribution,
Small but statiseically significant bupps sppearted at photon ener
gies of 638 MaV {the previous candidate fur ¢' + neﬂ and at
~ 90 MeV. This latter peak wotivared sdditional data runs at ¢’
which brought the total number of y' produced in tha detector to
1478 » 106 {z 5%). Figure 2 ahovs the spretrum of inclusivae photens
fron the additional data, which is abut S0% of the totasl, The
affects sentioned recurred in the neu Jute set, The insete show the
backgrownd-subtracted fits to the total dete ssmple. Tebla I

TANLE 1
Parameters of , and n; candidstes from inclusive fits,

e n¢
“‘? 638 2 4 Moy 9) 2 ) Mev
N 2978 ¢ 4 MeV 3592 ¢ 5 MV
T 12.4 2 4.1 MeV ¢ 9 MV (93X Cela)
Significance 7o 4.0 to B.) o

BR(¢' + ¥y + srate) {28 & 0R)% €0.2=1.3)% (93X C.I.)
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Fig. 2. Inclusive photon ensrgy spectrum from §° + yX for the most
recent half of tha dars ssaple. Inseta are the background sub—
tracted signal from the entire data gample. The probable underlying
ters dlagvsa ie included,

sumarizes the parssttara of the states gleaned from thepe fits.
Note thet for the candidate n;(:ssm tuo types of background wub-
traction wers performed, The inset ghous the least restrictive tech-
nique, In which the background polyvomial is allowed to asttempt to
fir the bunsps. Another method fite the background polynowial alone
to the region excluding the peak (74-1N0 MeV) and then coustrains
the background to this result for the subtraction and eubsequent
peak~-fitting: ‘The atatisticel significance of the pesk grows fram
4.6 to 6,1 s.d, for this change in technique as expected 4f the
background "robs" the paak in the former method. The natural full
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wvided st halfemaximwn for this state is nct messuresble with our
resolutfion, but fg < 9 MV (95¥ €. 3.) In either fit. Thie is in
contrast to the LI wvhare our beat value frow combined Fits o § and
A8 T w124 £ 4.1 WV,

cx:in thae this q; candidate teenw staristically significsnt,
the effect must be checked far the poavibility that it s wystew-
atic. Mn investigstion of such posaibilitias has been reported by
Torear," wherein datails can be found ssta)iahing that

{1} There ata no systematic ¢ffects In the spectra of
tharged particles, either real or fictitious, which cen feed
into the photan specttum through :he misidentification of &
charged particle as & meutral.

(2) There are no obvious exclusive chsmnels, such ss
+' + x°x% or sodes appearing in che y=midetribution threugh
nisidencifdication, which produce a spurious y line at
~ 90 MeV.

(3) Checks to tsst for unknown aystasatics yield null
results. These tests include a paralle] fdentical inclusive
anslysis of ¢ and also intarnal consistincy chacks on y'

' which look for tha signsl in dats sudsats dividaed with
Tespact to geometry and tima.

owr conclunion 18 that the 'n",_, candidate §s fully on » par with
the previous Na candidete, insofar as the ' inclusive photons are
concarasd. 1t lacks the useful complamentary evidence from an al-
ternacive speecrum (83 Zor ¢ + n,v) and s of yet lacks totally ex-
clusive final states uhich eould confirs 4t end give quantum tumber
dsterminationa.

Thers has been one previcus rafersnce’ to a possible n; stake
near thiv mass, measured in the cancsds resciion

" -+ 71; .
L— ‘+‘.’
The Crystal Ball cascade snalysis,t while quite sensitive to sup-

pressed rasctions (such as ¢' + #%), sev no evidence for n! u the
cascados, Independently, w have now wessured BR(g® + y + 3592) =



0.2-1.3Z (952 C.1.). The expected n; width (> 1 MeV) od the rate
for n’ » y¢, obtained from scsling from our observed o+ ey
pernit s Jetermination of BR(Y' + 'n;)ll(n; + ¢} € 10~§, Thie
product is uncbservable in any experisent dane thus far. 7t does
Dot appear thuc our presént q; candidete is related to the formar,

TV. WEW STATES FRON ¢ DECAY

Two new states have smerged frouw the atudy of ¢ + X, with sub-
sequent exclusive decay modes of X VWe hava nawed the two states
1(1440) and §(1640). A list of the properties of these gtates a¢
derived from Crystal Ball deta is givan {n Table fI.

TABLE 11
New states frop 4 decay.

Name 1{1440) 8{1640)
Mase 1460 ¥ 20 vav 1640 & 50 Mev

+ 20 + 100
I (intrinsie) 70 30 Mav 2207 70 Mev
1Pt 0™ (99.992 £.1.) 2+ (952 C.L.)
Observed Ducay Mode Ve §(840) + v R

o

BR(y + v + state, (40 2 .7 2 )40) (4.9 % 144 2 1.0)
state + observed decay) x 10~3 x 104

These properties distinguish the atates from previous ones of simi-
1ar masses assigned to q§ noneta. As such, the new atstes satisfy
the ninisal requirement to quslify as bound states of twe gluons,
bat that assignment is not unique. WUs will discuss slternste
choices.

Some scepticisa 48 in ovier concerning gluonia cendidetes
because of the large mmber and varisty of (a) states available iw
particle spectroscopy and (b) gluonia atates pradicted by various
theoretical madels. In simple Corms, tha chunce for coincidences i

————
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lazge. A good deal of our enthusiaem for thesa latest candidates

stems from their appearance ir a particular place judged A priori to
be a peasible cormucopia of gluonia states. We now digress to give
a sketch of the history of such speculations.

Speculations an Gluonia

The following is not wesnt to be sn eshaustive sufvey of all
inputs to this schbiect, tut should indicet> at least the general
course of events. The carliest teference :o the idea of glucas
bound to gluons occurred alwost simuitanecusly wicth the concapt of
the nof-Ahelian xroup scructure of the fisld quanta, long before aCh
in its modern form smarged, A self-couplsd gluon sugpests gluoon-
only bound states, and references to such were made early by Namdu
(1966), Fritzech and Gell-Mann (1572), Wilson (1974) and many
athers,’ in context with various theories, The firat specific
prediction for the tuwo-gluon channel in 4 tdecays wan nade for the
1dealized case of complately noninteractint sluens by Chanowitzé
(1975), vho considered the process § + ygr + all hadrons., This was
caleulated ag 1 the ygg were virtusl and the y disappeared in the
final state, but the transition ygg + hadruna was taken as unit
probability. The effective result was the large branching ratie

Iy »yge) 16 «

¢+ me) " 55, 102

0 T
Okun and Yoloshin? (1976)
shoved Sndependently that
the process 4 + yxx shonld g B "

= 09
be identifiable by the E
unique spectral distribution
of the resl y (Figure 3),
)

which eontains most of % o5 "0
the rate at latge ey asfm DTN

e B /lan. Pig. 3, The spectral distriducien
for the phuton sxpected in ¢ « ygg,
with gluonn masslnss and noninter~
scting,



The realization that the rasl y tould probe the glunnw;luﬁ
mass specttum appeared in & work by Brodsky, et al.10 (1977), vhare
the %~ and angulat-distributicns of the y fo: noninverscting g5 from

T o oom
& I st

U0 MOSE ST

z-8 -y

Fig. &4 Color comdinptions passi-

ble for two gluons in § + 3% and
2.

¢olar octet) to form the .

1 and § » YRSt ware con-
sidered. [That the ¢ is a
1ikely place for such bownd
states to appear is clesr from
FMgure 4. It shows that In the
atsndard 3-gluon decay of ¢ (8
¢olot einglet), any two gluons
canmmot b¢ in & color siunglet
because they need to combine
with the remsining glvon (s

In the process ¢ + Y&R, however, the gg

are forced tn be a singlat bacsuss the y is colorless, and thus the
v potentially samples the gz nssd spactruz of real parricles,]l]
frodeky made this explizit by showing hew a gg resonance would

appear in the tnelusive y spectrum (Figure 5).

Even more specula=

tively, Koller and Walshi? (1977,1978) presented independent srgu-
ments that the high~x ¢nd of § + YRR woula be preatly suppreased and

would consist largely of ¢ + v{(qq)

Tf-

correct,

Tasonant
AT very low x they expected the prediction for yEg to be

At interoediste x they spaculsted that bound gx states

such a8 ¢ » yn, yn',

could greatly distort snd medulace the y-spectruom. Figure 6 ia

derived from their sarliest
paper (the scales have been
wodified for comparison with
Figores 3, 5, and 10). Ons
must keep in wind thav experi=
mentally these photon signals
will appest superposed on &
much lacger rapidly Falling y
background from a° decays.

r Y L St S 1

2k a
(1}

a |
ax

L

o » I - ] ]

4] 0.2 [+ I 06 1] T4
Pig. 5. Modulationa of the inclu-

sive y enerfy apectTum In | » YRE

expected by resonances in gg.
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Fig. 6. A nonquantitative prediction of sup-
praasions and wodulations of the inclusive vy
energy spectrim in § + ygg. Masses ussigned
to bumps are only to fliustrate the upproximate
x-region and have no deeper significsnce. Thie
plot 15 derived from the source, not reproduced.

A large nimber of predictions of various types has followed
these early papers. One in particular {Bjorken 1979)13 deserves
mention, being ss explicit a pradiction ss ever appears, given that
4r predicts sn approximate mass, the bhest production and decay
channels, the rate, the background and even the specific detector.
We reproduce it here:

“But an avan more interesting question is what lies

beyond. Tf asrrow gluonium ststes dominare in the

region from N » 1.4 GeV to M = 2 GeV, they should

provide ~ 30X of all radiative decsy modes. The y-ray

energies are 1 GeV, and probably badly bucied in con-

tamination from =° decays. A 2 y-ray energy

raaslution corresponds to & resolution in gluonium

mass of order 10 MeV. It may be unrealis:ic ¢o gry to

resolve any gluonium lines hy weasurement of the

recoll y-rays alone -~ even using Crystal Ball -- and

reduction of baeckground by looking for ex:lusive

gluonim decay channels say be needed. Here one might

try for some of thnse involving neutral docays, e.g.,

ne But 1t vill be difffcult. A scenario appropriate
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for the Crystal Ball might be

¥ + v + gluonium 1/2%
n + n 12
Yy Yy AT x 382 = 16X . {5.7)

The net signal is ~ 7 events/106 decays, even with a

rather generous branching ratio assumed for the nn

decay-channel.”

Initial Experiments om ¢ + yeg

Hith this theovetical wotivation, experimenters were locking

for these specific features after each was predicted. J. S.

-+
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Pregichion
-
o
.
w
<
Fd
'3
=
v
Z 5p
¥
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0
000 1209 1500
- £, (Mev) -

Fig. 7. The unsubtracted high-x
end of the spestrum ¢ + yX {data
pointa) {5P-27). The histograo
is the lowest order OCD predic-
tion with and without the pro-
cagd ¢ + n%9 {which 1s
indiseinguishable from vp®).

The arrows Indicate where n'

and f' would produce y's, for
the purposes of scale.

Whittakerl® (1976) first
attempted to pee the high-x peak
in ¢ + ygg in the Mark 1 data,
with an inconclusive result,

e e s T =

Another attempt to measure the
end point spectrum was mads by a
stall solid-angle, high resolu~
tion Nal detector at SPFEAR
(SB-27}.15 While no «° back-
gtound subtraction was poseible,
it was shown (P. Hoore 1378)16
that the gharp high-x peak
expected had not materfalized.
Figure 7 shows this result and
indicates the equivalent 1limit
a, ¢ 0,05 {95% C.La) cthat an
unmadified theory would need to
hide the effect in the n° tail
above x = 0.8,

The firs; indication of &
nonvapishing rate for y + YEE
came from the Lesd-Class Wall

detecear {Fonan, et al.,
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Fig. B. Tha y?-subtracted high-
X end of the spectrum ¢ + ¥X
{Lead-GCluvs Wall). The solid
ine 4 a £1t to the lovast
order O calculation, vhile the
dashed 1ine i{s that part of the
rate attributable to known
channels of ¢ Tadistive decay.

1978).17 PMgurs 8 shows the
broad, indistinct.signal after
subtraction. The u-hupe vas
deeoed consistent with the
theory, after lsrge distortinmne
by ths poor-resclution shower
detectors. The branching ratio
we 2t 8X (0 < xK< 1),
Evidence for a contrilution over
that previocusly wessured for

¢ * Y40 g 00nqne *** SLE00:
This Tesult vas quickly followed
by & Mark 71 analogous measure-
went (Scharre, et al., 1979)i8,
Figurs 9 showa that avan with
peor photon rasclution, the
graatly improved statistical

precision rules cut the high-x peak originally predicted in

% * YRR« However, the branching ratio {3=5% above x = 0.8) is not
in disegreement with theory, These two axpariments showsd that the
prompt y's exist, but that the simple OCD caleulation had to be
oodiffed =- a conclusion esaily accepted by theorists who were
beginning to see large second-order corractions appear in rslated

calcolacions.

When the Crystal Fall dats
on the 1°-wpprened high—x io~-
tlosive y spectrum became
availeblel? (;979), it was
clear that the prompt y signal
sas rich in structure (Figure
10} . Bumps were cloatly visidle
at y energlea correspanding to
radiative transitions to n,

n', and o = 1550 MeV, with
hints of effects elseuhere 1n

0.9
o3
s
.|zi o2
1]
0
0 0.5 o7 09 1.4
-  § b

Fig. 9. As for Figure 8, except
for Mark II data.
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Mageo the gpectrus. Work to find
-:‘ L es A& exclusive chennels in ¢
’5, 5? -59 :? g "f decay culwinated in the
000 = = e detection by the Maxk 11
000 ] (scharre, 1979)20 n
+ + VK", by the Crystal
w 600 |1 Ball (Aschsan, 1979)21 in
= ¢+ 7KK s” and poasibly in
£ a0 4 §¢yw=n. Figure 1} shows
the Mark IX resolt, where
200 - the K’K::‘ clearly resonate
near 1440 MeV, with a strong
R a— ;fa"""'"":z 74 suggestion that KK are
. ":E" , )  resonant st §(980).
1000 1200 1400 In Tespanse to these
. E, ‘-

data, Chanowitz, Donoghue et

Flg. 1. The unsubtracted high-x sl,, and Ishikawa?2 (1981)
end of the spactrum y » yX froz
early Crystal Ball Jdata (sumoey have independently proposed

1979).  The par;:l:h nases along the that this reaction could
top of tha gragh serve a9 scale
warkers, not as assignzents of be?3 4 » Y(RE) [,y tnstead

hypotheaes to bumps in the spactrum. of § + yE(1420}, where
EC1420) » XK has long bean

agstgeed to the 43 )7° poser on the basis of its spin detersine.
tion2s, The erucial cest (smong others) is a spin-parity determina-
tion of the object zesn in § decay.

The Crystal Ball detector has been taking move data at the ¢,
renghly doubling the data sgmaple — the totsl sanple 18 now
2.17 = 10 . Us now coatioue with a discuswion of the new states
seon in these ¢ dacays.

Crystal Ball Results on ¢ » yi (144Q)

The updated Crystsl Ball result for 4 + ylt"'li"i" for the entire
data eanple 1s shewm In Figure 12. The shaded events are those
with &8 < 1,125 Gav, 1.8., those likely to be associated vith the

K
tatl of 6(980) (the centrsl value of 4 is below KX threshold). The
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Fige 11. The invarisnt x‘g*z"’ ° 3 ;'ji
asss spectyun from the reaction B 8 20
v Yk‘ttns (Hll'k 1I d.t.)n .- * Wyryi g OB ’ s
™he spactrus with & detected y
is givan in (a) snd with no Fig, 12. 'The spectrum analogoun
such rastrictien in (B), to Figure 1] for the entire dsta

Crosshatched spactra correspesd saaple from the Crystal 8Sall.
to a maes cut on my 42 vhich

selects Kk assveiated vith
4(9R0),

corrasponding Inclusive ¢ distribution is shewn 4n Figure 17. The
width of 1 in the inclusive distridution should be doatnated by the
aneryy yesojution on the y, vhersas the exclusive fit reducus the
TROULLing S1TOY On W to » negligidle ievel compared to the natural
wideh of roj‘gg MV, Table 711 shows the comparigen of these errors.
The subiguity between EC1420) + 'K and 1(1340) » &x i3 {lle-
teated by exsalaing the Dalitz plot for this decay For ((7440),
Figsce 14, Dacay 1nto KK would produce banda 8¢ shown, while dacay
into &» would populate the region of KE wasees from the kinematie
boundsry up to the KR ases cut chosen. The lsttur hypothesis looks
Wora conaistént with the dats, but limited statictics and the groxi-
aity to the boundary of che R* bands obgcures the In,nrpretatfan.
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TABLE 111
feeolutions fov Inclusive and Exclusive ¢ + yX.

1 ]
Hx L1440 MeV 1640 MeV
l'x 70 MY 220 MaV
k‘ 1252 v 1YY Me¥
o, {detector) z 29 eV 3 37ty
Y
5 (lmluc!d by !’x) * 36 MoV + 59 HaV
¥ . in a single
°Hl (miitteﬁ mat) * 62 VeV 2 51 Mev
inasiugle | 4 20 pev ~ % 20 HaV

"ax ($1veed event

The ambisuity can %o resclved Sy a comsplete pariis] wave

analysis of these data.

RECOIL MASS  (Mayl

2000 1500 1000
0 e K maa Y=t )
&
=}
x
n -
o
" -
2 i
a
£ = s i i i
vl 1200 1500
- €y ‘eevl .
Figs 13. The spactrum saslogwus

te Fig. 10, but from the sutiTe
Cryatal Ball dsta ssaple. Some
background-suppresaing cuty
spplied in Figs 10 have not been
used here,

For added details of this snalysis ses

Scharre,25 The analysis ia
carriad out using four goherant
partial wave amplitudes
together with a noncobstant
phase space saplitude:

L I ¢

X o+ K (phase spaca)
&% {spin 0)
8% {opin 1)

x'i + E‘R {spin O}
'E+RE laptn 1) .

Uhile these amplitudes 40 not
exhaust all posaibilicies, thay
serve to clarify the 1ikely
alternatives. The rasult of

————rh i war Hmom

SR AL 2



http://-l.tr-

a18-

[ 1]

L ]

Pig. 1&. The Dalitz plot for the
decay 1 » x¥x for the total
Crystal Rall dats smple, with
1l < |+ °< 1.5 cav.

3
&0 T T L
{o} Phose Spote
«0 | _{J
20 | - —+
b = .
£400 |- 0} Ll T
3 {spin 1}
°‘ 200 - .i
%
o L i L [
e} 2% J
&0 tzpin ©)
aco |- l -
200 | -
o 1 '] 1L A i - [y
.3 L3 7
" ""I'f tGav} Ty

the {it to the deta 1s
shoun fn Figure 15, vhere
the sigaiticant asplitudes
are (isplayad. Only

& (spin 0) shovs any
resorant form naar the bump
obperved inum_ ,» The

total contribution of

x"E + 'k 15 Jess than 252
(90X C.L.) and iz non~
Tesorant. In ordsk to gain
& ferling for the ralative
probabilities of rhese
amplitudas, if ons swpli-
tude (plum phase space) is
to explain tha distri-
buticn, fite ware mads

Fig: 15« ™ha » -

K*K t°
dependencse of tha surviving
partisl wave amplitudes for
v + Xiy (Crystsl Ball dats).
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with §°° (epic 0) and K'E ¢ 'K (spin 1) separately. The Fits give

the probsbility that % (spin 1} can explain the dsts to be anly |2
of that for the G°l° {spin 0) hypothesis. Alternstivaly, if the ss~
plitude is forced to be 2°c° + phase space, the probability for spin
1 1is only 107% of that for spin 0. Tho competition smong these
hypotheses is {llustrated by the Ny amd L Dalitz plot projections
in the | sses veglon (Figures 16 and 17) together with their
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Fig, 16, Projections 1o w 0 Ly .
of the KK x® Dalfts ploe £r® 06 0.8 10
{2} L < o < 1+5 GeV amd - Hye GV) vvermn
(6) L,5¢u, " " < 1.6 Gev. Fig. 17. Projections in
K*l ] LI pimilar to Fig. 16.
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complemsntary plata ocutside this region. Figure 16 shows that tha
fit neede a § %o schieve the low maes KX axcess and Figure 17 shows
thet the fit canoct tolerste K slone, vhich csuses too extreme &
paak ia !"- Both curves show that a significent change in shape
occurs in the X¥y sess Topion adjacent to the ;. The conclusion to
vhich all of thie snulysis points is that che 1(244D) 1is a 0 stste
decaying matnly vis §x. As stated in Table II, the brsnching ratio
product 1is

B+ v )B(y «Kly) & (4.0 2 .72 1.0) = 1077,

vhare the firet ersor fe statistical and the second is systemstic,
Tha dacay 1 + nyv, for vhich there wvas some indication 1n the
praliminary &ats, haa not yat deen quantified i1 the present saaple.
It wight be expected from the decay & + nx, but the information on §
decays is not definitive anough to permit a meantngful prediction.

Crystal Ball Results on y + y8(1640)

A ssarch for gg bound states decaying into nn was begun iawedi-
ataly following Bjucken's suggestion.!?d After nccumulption of the
sample of y discussed above, an effect was visihle in the channel
v+ 5y, 8 30 fit. Figure 18 shews the invariant mass of any tvo y'se

o

A plotted aguinst the invariant

mags of any two others (15 com-
binations jer event). Signals
corresponding to ¢ + ynn and

[ "u“o ire geen, with a large

Mypy [Gen
o
[T )

background that {s mainly com-

binstorfal, The 5y eventa

are £it to the hypothesis

¥+ ynn (SC) and the invariant

0s mass of nn 19 digplayed (Figure
w Wry 150V} e 19). An enhancement emerges at n»

' Fig. 18, Beatterplot of n maes of 1640 MeV with a large but

:: .tl for :ll.f’:‘."‘ cow uncertain ifatringle vidth of
sations of y's from v + 5y +100
(Crystal Ball dsts), 2207,," Mev. Table III
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Pig. 19. The iavariant wass

spectrum of ry pairs frow fitted
Crystal Ball events of the type
¥ + ynn. The aolid curve 1is the
sun of a Briet-Wigher term and a
seall constant background term.
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illuscrates that although the
preciaion in the anecgy of the
photon and the £ittad mave sre
very similar to the case for
the ({1440), the nstural wideth
of this ocbject doninaces the
expeeted width of the
transition y=1fne in the
inclueive ¢ spectrum. Thia
broadening sakas ic hatder to
see, and indead wa ses o clear
avidence of this state in the
total inclusive sample (Figure
13) unless it corresponds to
the brosd exceass to the laft of

the visible 1(1440) pank. The
trnclusive y distribution of Sy events alena also shows na pasking at
the expected ky = 1113 MeV, but the nny node {s e=pacted to be
statistically inundated by background,

We heve named this candidate state 0{1640) in & thinly vefled
attempt to scknowledge the acuity of the motivator of tihe search,
and as the only rational alternative to the unaceeptable ngme B/J1,

The state has beep searched for in othar channels, with no sub-
stantial result, In the channel y =+ 1|°u°. whera the domtnant
7%n° effect 18 at f°(1270), there 1ia a suggestion of sn affact at
1640 (Flgure 20). Interprating all the svants above £9 tn this
region as signsl leads to an upper fimit BR(y + y8) ER(& + sx} ¢
6 x 107", which 1s clearly not restrictive given that
BR(y + YR)BR{(O + nmn) = (4.9 £ 1.4 2 1) x 10°% ig found in che otler
channel.

A spin-parfty analysis of the y + ynn eévents has besn pade,2d
dose ptatist. s restrict the low valne spin statas Lo 0" or 2‘- The
three independent angles used in the Fitring procedure ara shown in
Figurr 2]. The procedure wvas verified by applying it to the

v+ reS e ‘I'Io!o state, where it excludes spit 0 by an snorsous

[P
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Fl.g. 20. The mazs spectrum of
«°2” from fitted Crystal Egll
avents, inslusing the -gu
comnan ones shere the v i n0C
distinguishable as 2 y's snd
thus does not sppear in the
pravicus set ¢ + Jy.
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. el1ga0) . e

e rast frome
Fig. 11, Definition of sngles

ueed 1in cthe spin-parity
analysis of the 9(1640).
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facters we note that wuch of
the significance of chis exclu-
sion was d¢veloped frow the
Fitted & -(n-on correlations.,
The sane procedure applisd to
$ + 79 yields the remult that
Prnbnbu%_:y_ge_}s__gg?_%
Trooability (6 1= 6pIn
w D45
plus some constraints on param=
eters of the spin 2 angular
diseribution. This two
standard deviation rmsult may
#1530 come rrom correlstion
effects, but it appeats that an
extremun o the cosh distri-
Putien suffices te explain the
prafarence for spin 2. (Figura
22, leaaenl » 1), This raesult
makes the :pir deterpinetion
soneihat leas cowpelling; 4
clesner determiuation vast
it sore dsta.

Plansible Iheoretica] Inter=
pretations the New States

The esteblialment of &
bound state of two giluong would
impone sgvere restrictions on
the dynamics of OCD; 4ic {¢ thun
ptudant tc examine altearnstives
to this irterpretation of | snd
§. Table IV liste ouly & fav

e Ak mmnew
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Fig. 22. Projection of the
3-dinencional anguler dis-
tribution onto the § axis.
The dashed 1ine is the
distridution sxpected for
spin={), the solid 1line for
spin=2. fhese expectetions
include the effects of
finite tésolutian and datec-
tor afficiency. The inset
shows the distribution
within the bin, .9 to 1.0,

candidata theories in which 0-" awd 2" {or o*) objects appesr,
but sven these few show the intrinsic anbiguity of their assigweent,

I8 the Saffe snd Johnson bag model,26 the 1 would be their 0
glushall predicted st 1290 MeV, while the & could serve as either of
thoir z** glusballs predicted at 980 and 1390 MeV, or as the sisilar
nass D# objacts (if we ignore our praliminary spin determination).
The bag {Jaffea)?/ also predicts qqqq objectes a 21 at 1650 MoV and
a 0" st 630 Ma¥; ue cannot excluda these.

The physically appealing madel (valenca gluons paired by color
wagnatise) of Cho, et al.,2¥ predicts a o"" {3!'0) state which con be
adjusted o fit 1(1440) exactly but than has only 60T gluonic con=
tent, 'The prediction for the *+ (55;) glueball also has @ fres
paTERsceT Dut 1o expected vith mass ).7=2.0 Ge¥, a broad width of
~ 100 MeV and BOX gluomic contents In this scheme the G'' (1S )
glueball might bo the 5*(980). This theory mixes the qg and gg
tesonances markedly and has specifle predictions for the ratios of
v + (g9)y and  « (gg)y for particles of sinmiler spin-parity,

Finally, an alternative explanstion for i is as a radisl exci-
tation of qd, from which Cohen and Lipkia2? predict 0 ' objects at

1280 and 1500 Mev.

Tahle IV by no means exhausts the pousibilities for assign-
pents, but aven so the experiwenters hove an whenviable tagk: they
owst find cannldates for all hypothesised nonglueball ststes ond
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TABLE IV

Plgusible Theoretical Interpretations
of the New States in y-decuy.

State o+t
Madel Bag, Coler &, Tag,
Jaffe & Johnson Cho et al. Jaftee
Nature of State (TE)Z or (TH)2 Is, 1994
glueball glueball
Predicted Mass 960 or 1590; 980; 6505
and ¥ glue 100% 70% (14
Correspondence ? S*(98017 ?
State 0’+
Model Bag, Color .4F , Cohen &
Jaffe & Johnson Cho et al, Lipkin
Kature of State (TEI(TM) ip, qg radial
glueball glueba’l exciLation
FPredicted Mass 1290 tuned to 1440; {a) 1280; (b) 1500;
and ¥ glue 100X SRY ox or
{a} nua(1275)7,
Corraspondence L(1440) 7 114407 Stunton
(b) 1{1440)7
State 2+
Model Bag, Colar «#f Bag,
Jaffe & Johnson Cho et 1, Jaffe
Rature of State (TE)2 or (TM)Z 55, q443
glueball glueball
Predicted Mass 960 ar 1590; ~ 1700 (T ~ 100) 1550;
and ¥ glue 1007 1474 )4
Correspondence a{1640)? 8{1640)? s{1640)7
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have a few candidates left over, or must resort to poorly predicted
values of nasses, widths and relative branching ratios to try to
eliminate incorrect theories. The appeavance of these strong ¢ rad-
lative transitions, as predicted only for glueballs, must remain Lhe
most compelling featurc of these data,

vi. FUTURE DIRECTIONS

Resolution of the above dilemmas lies in mmltiple directions of
research,

(A) More data on y + yX must be gathered to affirn the
AR assignment for the 6(1640) and to lock for more candi-
dates.

(B) A search for different exclusive decay .mdes of the
states already found should be made, in wesent and future
data,

(C) A better understanding of the background and sys-
tematics of the inclusive y digsiriburion from ¢, eepecially
for high=x y's, would aid in extracting the predicted branch-
ing ratios 1/n, n'/n, 8/f, £'/f that would constraln many
mouels.

(D) A precise measurement of 7T + yX should be made to
see If there Ls the predicted recurrence of the set of stetes
seen in ¢ + yX, A second appeararce of this strange
assortment (by ggq standards) would be a powerful argument
that the aset 1s a direct result of sampling the color singlet
state of two gluons.
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