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ABSTRACT

The Crystal Ball detector at SPEAR is used to study radiative decays of the
J/¥ into the pseudoscalars axion, Higgs, 7°, n, n', 1, n,.and n{. The absence
of any signal for axion and Higgs yields stringent upper limits on their produc-
tion. The branching ratios for 7%, n, n', n, and ne are found to be consistent
with theoretical expectations. Two new states, 1(1440) and 6(1640) (the latter
being most likely a tensor particle) have been uncovered in the final states KKr©
and nn, respectively. The theoretical interpretations favor a glueball and four-
quark state, respectively.
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1. INTRODUCTION

It has been argued recentlyl) that the physics of scalar particles may well
be the number one problem for elementary particle physics today. Our only
experimental evidence for such scalars is the massiveness of the gauge bosons and
fermions.2) Therefore, it is imperative to search for any signs of scalar parti-
cles, in the low energy as well as the high energy range accessible to experi-
ments. In view of these considerations we have searched for the axion and the
Higgs bosons, both particles being due to the breaking of symmetries of the under-
lying gauge theory. Both searches have been negative, placing stringent limits
on production in radiative J/¢ decays and/or their decay modes.

.OQur second class of J/y¢ decays investigated concerns the lowest lying pseudo-
scalar nonet. This the 7%, n, n' and K particles comprising multiplet is well
known to show strong mixing between non-strange and strange flavors.3) The
reason for this strong mixing has been explainedq) within QCD by annihilation of
the gq system into gluons. By additionally adding a small charm - anticharm (cZ)
contribution to these lowest lying pseudbscalars, the unexpectedly large branching
fraction for J/¢ -+ yn and n' with respect to J/¢ -+ yn° can be easily explained.S)

Another field of extreme interest concerns of the existence of gluonium states,
also called glueballs. It is hard to conceive a method whéreby Quantum—-Chromo-
DYnamics (QCD) could produce the observed spectrum of gq states yet avoid a
spectrum of gluonic states. Again, two of the low mass states expectede) turn
out to be scalars: M(0++) ~ 1 GeV and M(0'+) ~ 1,3 GeV. In addition higher
excited gluonium scalars are expected above 1.5 GeV. The prime channel to look
for glueballs is in J/¢ radiative decays. Glueballs should appear with large
branching fractions of order € (1 x 10_2). The Crystal Ball group has found two
new states in radiative J/¢ decays: 1(1440) and 6(1640) in the exclusive final
states KKn® and nn, respectively. Educated guesses favor the glueball alter-
native for the 1, whereas the § seems to be a four-quark (qqqq) state.

Two long sought after pseudoscalars of the charmonium model are the 1SO(cE)
states, the n,(2980) and né(3590). Both states have been diséovered by the
Crystal Ball Collaboration in J/¢ and ¢' inclusive photon transitions. With only
one missing cc-bound state”) (the 1P1) the QCD inspired charmonium picture is
understood very well, only a few predictions still causing headaches.

The success of QCD and the underlying gauge symmetry gives us confidence

that we are proceeding in the right direction towards a unified gauge theory.



2. CRYSTAL BALL

The Crystal Ball detector is a device which, in many ways, is ideally suited
for the study of transitions between and radiative decays of cc states. Details
of this detector have been described elsewhere,s) so let me restrict myself to
those characteristics of the detector pertinent to the physics analysis described
below., Figure 1 shows an abstract representation of the main components of the
Crystal Ball detector. To allow for high resolution measurements of the energy
and direction of electromagnetically showering particles (ei,y) over a large
solid angle, 672 NaI(T%) crystals (of 20 radiation lengths) are used covering 93%
of 41 steradians in the central detector. An additional 60 crystals in the endcap
region increase the total solid angle covered to 98% of 471 ster. The energy
resolution obtained for photons and electrons. is oE/E = 2.6%/(E (GeV))%, its
angular resolution varies between 1° and 2°, depending on the energy of the
particle. In addition, two magnetostrictive spark chambers and one multiwire
proportional chamber around the beam pipe are utilized to tag charged particles,
There is no magnetic field and the eneréy/momentum of hadrons interacting in the

(one interaction length of) Nal cannot be determined directly.
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Fig. 1. Schematic of Crystal Ball detector.

3. EVENT SELECTION

The data selection from the raw trigger events to the final physics data
sample requires several discrete steps of data reduction. The first step, which
yields hadronic resonance events, has been described in detail by F. Porter;g)
we obtain:
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The data sample for the axion search had to be prepared specially as those events
do not classify as hadronic events. Furthermore, we require for all tracks

/cos 6/ <'0.90 (8 is the angle between each track and the incident positron
direction) and in addition we cut on the angle between any two tracks:

cos ei’j < 0.90, removing effectively events with spurious photons near hadronic
interacting particles.,

Finally, we sometimes require photons to have a lateral shower energy deposi-
tion in the Nal consistent with that expected from a single electromagnetically
showéring particle. In the case of a completely determined final state we fit
the events kinematicallylo) to the required hypothesis. This also eliminates
events with a wrong hadron-mass assingment.ll) Additional constraints on the
event (e.g., N =+ YY) are utilized. To determine the number of events and the
width the signal is fit using MINUIT.IZ) The assumed line shape is a Breit-Wigner
resonance folded with a Gaussian for resolution.

vTo determine a branching fraction we need to know the detection efficiency
for the particular final state. This was obtained by propagating kinematically
generated events through the Crystal Bail detector geometry using the EGS13) and
HETCl“z routines, The main assumption of this procedure is that the pattern of
the produced showers and hadronic interactions is close enough to reality., This
has been checked thoroughly and found to be correét. To take into account photon
conversion in the chambers and beam pipe a correction factor of 1.028 per photon
is applied.

All results will have attached to them their statistical and their systematic
errors (except upper limit results, where both errors are incorporated in the
result), The systematic error arises mainly from the uncertainty in the Monte

Carlo simulation of the event,

4., THE AXION AND THE HIGGS

A new pseudoscalar particle, dubbed the axion, has now been with us since
1977 when Peccei and Quinn showed!5) that by adding an extra chiral U(l) symmetry
to the total Lagrangian, large P and CP violations of the strong interactions can
be remedied. After symmetry breaking the U(l)PQ yields a neutral boson, the
axion.16)

Experimental results on axion production and/or decay have been controver-
sial, either observingl7) the decay of an axion-like particle of mass m, = 250
keV, or ruling outl8) the existence of a standard axion [i.e., one with mass
ha = (J(few hundred) keV and a long lifetime Ta‘*YY =~ 6%10-212)sec].

A major complication in comparing theoretical predictions with experimental
results is due to the appearance of an a priori unknown factor x in most predic?

tions. This free parameter is the ratio of the two vacuum expectation values of



the two Higgs fields in the theory.
In this experiment we test the axion hypothesis by probing its direct

coupling with heavy quarks. The branching ratio for the axion in radiative

decays is calculated quite reliably:!9)
‘ G m2 x2
B(J/y»~vya) _ F ¢

B(J/y ~ u+u_) V2 1 a

where GF is the Fermi coupling constant, m, the current mass of the charmed quark,
and x is the free parameter discussed above. Usingzo) m., = 1.5+£0.3 GeV and the
experimentally determined branching ratio3) B(J/¢ =+ uu) = 0.07+0.01, we obtain
the following prediction:

5 x2 L)

Bth(J/w >vya) = (5.7 + 1.,4) x 10~

As the standard axion does not decay in the detector, we search for events with
only one photon of near beam energy. The result2l) of 454 events is displayed in
Fig. 2. The.hardware trigger threshold was set at 1 GeV., No significant bump is
seen above 1 GeV. The scatter plot of Fig. 3(a) explains the cosmic origin of
most events: the density of events is highest close to the vertical axis

(cos a™= 1), Using the lower half of the detector only (cos a < 0), we determine
from the absence of any signal [Fig. 3(c)l:

5

Bexp(J/w +vya) < l.4 x 10 (90% C.L.)

for any non~interacting, long-lived, pseudoscalar or vector particle.
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with cosa < 0; i.e., events in the lower hemisphere of the Crystal Ball.
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Comparing our result with the theoretical prediction gives an upper limit
on the free parameter x:
' X < 006 (90% CeLo) ’

in contrast to the value x = 3,0% 0.3 cited by the Aachen group.17) To eliminate
the x-dependence of the theoretical prediction a test has been proposedzz? in the
simultaneous search for J/y -+ vya and T + ya. Our present result implies that a
sensitivity for T -+ ya of only 1073 will be sufficient to complete this test.

The CUSB group at CESR and the LENA group at DORIS have looked?3) for the decays
T" > ya and T -~ ya, respectively. From the absence of any signal in more than
60,000 T" decays (7000 T decays) I conclude that the axion seems to be ruled out
within the standard model.

'Thus we will have to retreat to an even more elusive axion.2“) One that
emerges from the symmetry at a very high mass scale, preferably the unification
mass in a grand unified theory. Such an axion couples even more weakly to matter
and is very light, hence nearly unobservable.

To apply our experimental result to the Higgs boson requires some additional
information. The standard Weinberg~Salam theoryzs) provides a calculable life-
time and estimates on branching fractions. In order to apply our upper limit to
the production of a Higgs in radiative J/y decays, we have to ascertain that the
"Higgs does not decay, which is true for My < 50 MeV. The theoretical prediction
for B(J/¢y + yH) is identical to the one for axion production with x=1, There-
fore, we can rule out26) any Higgs boson with mass less than 50 MeV. It should
be noted here, however, that‘'in the standard W.S. model the Higgs mass27) appears
to be bound by requirements on the stability of the vacuum and the validity of
 perturbation theory to 7 GeV < MH < 1 TeV. But it has been argued,za) that a
realistic model requires two Higgs doub-

lets, thus removing any constraint on

its mass. Light Higgs bosons from those
1 models are ruled out with the result
given above,

In view of those models we have also

searched for a Higgs boson decaying into

u+u_ with mass less than 3 GeV. Figure 4
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Fig. 4. Invariant uppy-mass distribu-
tion for events consistent with the
hypothesis J/y - yutu~—,



B(J/¥ ~ yH) x BH » uTy”) < ———-2'2(; 1§J ° (90% C.L.)
, (33

e ] for 400 MeV < M < 3.0 GeV, where the
Lok | function e ) = 0.41+0.32 M - 0.16 Miu
é o 81 x B (ex) i (Muu in GeV) describes the total detection
? ] | efficiency. Figure 5 pictures this upper
f limit together with the theoretical predic-
% 4. tion2%) for J/¢ - YH. As the branching
Ef 2 B; (V¥ ~= yH)1peory N fraction H » u+u- is very uncertain

0 ! I (1 to 30)%, our result is not significant

° IMH (%mmzi 4wj enough to rule out massive Higgs bosons.

Fig., 5., Experimental upper limit
for J/y+vyH, H>uTu~. The theore-
tical curve shows J/¢y - vH only.

5. THE PSEUDOSCALAR MESONS m°, n, n'

Using vector-meson—dominance (VMD) we can relate30) the following decay
widths:

2 ) .
r@/y » yn%) =~ %<§—> T/ +1%°% = 1ev .
P

With the n being mainly SU(3) octet and the n' SU(3) singlet (the octet-singlet

mixing angle being 6 = 11°) we furthermore expect:30)

3
k
- IQ/v > yn") _ n' 2, _
R SIEED < . > cot 6 25

and

T@/p >y = 5 T/ > yr©)

where kn,n, is the momentum of the radiated photon. Therefore, due to the
SU(3) singlet nature of the J/¢, we expect about equal radiative decays into n°
and. n with branching fractions @(1 xlO_S), and an enhancement of ~25 for the
radiative transition to the n': B(J/¢y =+ yn') = (1 XIO_3).

We can furthermore use the framework of the quark-gluon theory of hadrons
(QCD) to introduceS) a three gluon annihilation term to the mass-matrix of pseudo-
scalar mesons. Substantial breaking of SU(3) arises from ¢@(1%) contributions of
n and n' to the N.. This mixing lowers the ratio to R = 3.9 and yields

-3
Bth(J/w +yn) = 0.9 x 10

3.5 x 1073 .

R

Bth(J/w +yn')
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The width into yn©® stays small, These predicticns agree with earlier experimental
results.31)532) 1In order to allow for a more accurate comparison with different
theoretical models it is of advantage to use a complete set of data from one
experiment. In view of this fact we have determined the branching fractions to

1%, n, and n' using their 2y final states and in addition using the Ypo and nmw

modes for n'.

(a) J/y =~ xwo

The 7° in this decay has an energy of 1545 MeV. This corresponds to a
minimum Yy opening angle of 10° for the 7° decay. Over 90% of the ° decays will
have opening angles less than 13°, This means that nearly all wo'é from

J/v » yr° will form one connected region of

° I I energy deposited in the Crystal Ball.
Events were selected with cuts des-

6 . cribed above, A maximum likelihood fit was
§§ performed to the hypothesis that two photons
E produce the observed shower pattern. A
ég 4 I mass is calculated under this hypothesis
é and defines a genuine photon by

@ M(Yy hypothesis) < 100 MeV. Selecting
2 B genuine photons for one track we obtain the vy
mass—-spectrum for 7% candidates (Fig. 6).
0 The data have been fit with a flat back-
0 300

. o}
ground and two Gaussians, one for the =«

429543

signal, the other for y's surviving previous
Fig., 6. Distribution of events
which satisfy the hypothesis
J/v + yn©, See the text for efficiency of 27% yield:
further information.

cuts. A signal of 21.1%5.6 events with an

B(I/y + y1°) = (3.6 £ 1.1 + 0.8) x 107> .

This branching ratio is consistent, within experimental errors, with a previous
result by the DASP group.al) As discussed above VMD predicts30) a value of
1x 10‘5, close to our result, VMD, which works for the light vector mesons,

seems to be a good tool for heavy mesons, too,

() J/y > yn

The best decay mode of the n in terms of small background and large branching
ratio is the mode n - 2y. Events with three photons were selected with the above
stated cuts. The result of a 4C kinematical fit is presented in a Dalitz plot in

Fig. 7. Clear bands at the masses of the n and n' [M? = 0.3 (GeV/cz)z;
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2 0.9 (GeV/c2)2] are visible. The projection onto the MI%% axis is shown in

Mo, = °
! YY

Fig. 8. The two peaks at the n and n' mass stand out. A fit was made to this
spectrum, ‘allowing two Gaussians and variable background. No attempt was made

to include hard Bhabha corrections and J/y direct decay into three photons.
348(73) events are obtained for the n(n') signal. The corresponding efficiencies
are 537% (44%). We obtain

B(J/¢ + yn) = (0.88 £ 0.08 % 0.11) x 107>

in agreement with previous experiments.31)
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Fig, 8. Projection of the Dalitz
plot onto the M%$W axis.
(¢) J/y » yn'

The 73 events observed in Fig. 8 yield a branching ratio
B(/p » yn') = (4ub £ 0.9 + 0.5) x 1072 (via n' +yy) .

A further check on this result can be obtained by studying the yp© final state
of the n'. Events satisfying a 2C fit to the hypothesis YYﬂ+ﬂ- were subjected
to several more constraints: (i) the high energy neutral track was required to
exhibit a shower pattern similar to that expected from genuine photons; (ii)
photon pairs forming a 7° or n were excluded; (iii) the energy of the charged
m's had to be less than 1360 MeV; and (iv) the mrm mass should be close to the

p-mass. These cuts remove the strong J/y + np and J/y - yn', n' > nu 7

background. 666 events in Fig. 9 with an efficiency of 247% yield
B(J/Y > vyn") = (4.1 £ 0.4 £ 0.6) x 10_3 (via n' » Ypo) .

Utilizing the nﬂ+n_ and nnoﬂo decay modes of the n' we look for events with

a topology of three photons two charged or 7(!) photons (we use the 2y decay of
+ -
the m° and n). Again those events are 3C(7C) fit to the hypothesis ynm T
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Fig. 9., Distribution of events
satisfying the hypothesis J/y ~
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distribution and the pion energies
have been employed.
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(ynm°1°). We observe a clear signal of 48(34) events (Fig. 10 and Fig. 11). The

efficiency for detecting such a final

state is 3.47%Z (5.6%), respectively, with

; e(nn+v—) being small because of fwi overlap problems. The branching ratio is:

B(J/y > yn") (3.9 £ 1.0

B(JI/y > yn") (4.2 = 0.6

3 (via n' ~» nn+w_)

H+

1.1) x 10~

3

0.6) x 10~ (via n' » nﬂowo) .

I+

By averaging all four branching ratios we obtain:

B(J/Y » yn") = (4.1 £ 0.3 + 0.5) x 10-3 (weighted average)
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Fig, 11, Distribution for events
which are consistent with the
hypothesis J/¢ > ynm°xO,

a value slightly higher than that from
other experiments,31) but still consistent
within errors. An earlier analysis32) of
half the current data sample yielded,
especially for the n',.a substantially
higher branching ratio. We trace the
change to more and better data and to a
more accurate photon shower distribution
pattern in the Monte Carlo data.

In order to further compare data to
theory we calculate:

. BQ/y > yn") _
R B/ > yn) 4.7 £ 0.6 .

This value can be calculated quite reliably
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in the context of the 2-gluon annihilation mode15)»33) (independent of the

knowlédge of overlap integrals) to R_, = 3.9, A crude estimate for the overlap

integrals determines the theoreticalt:ranching ratios for n and n' to values
close to the measured ones. A second class of theoretical models, based on QCD
sum rules, obtain34) Ry = 3.7 and B(J/Y + yn) = 1.2x 1073 by evaluating the
matrix element of the gluon field-strength tensor. The latter prediction depends
only on the mass of the n and the 7 - uv decay coupling constant.
In summary, we can say that the experimental
(a) d results are in good agreement with predictions
_@mg from quite different theoretical models. The main
TYYYY-S> g similarity between e.g., a potential model and

the sum rules is that both rely on the assumption

that the radiative decay of the J/y proceeds via

(b) Q AN Y cc -+ photon + 2 gluons [Fig. 12(b)] in contrast to
ézgzé Q (YYYY2>g the decay into hadrons which proceeds through 3
YYYYY—>qg
- : 164n23 gluons [Fig. 12(a)l. The total branching fraction

into y+2g is estimated35) in lowest order in a

Fig., 12. ZLeading order QCD S

diagrams for the decay of to:

the J/¢ into (a) hadrons 36 (2\2 o

and (b) a direct photon B(J/y » vgg) =~ —§-<§> PRCRI 107 .
plus hadromns, ’ - s ¢

Experimentally we can account for less than 17 of the total photonic branching
ratio summing over all resonances. The missing 97 could be due either to non-
resonant y+ hadron production or the formation of glueballs“)’as) as intermediate

states,

6. TWO NEW RESONANCES: 1(1440) AND 6(1640)

The two gluons in Fig. 12(b) are forced to be a color-singlet because the
photon is colorless. Thus the y potentially samples the gg mass spectrum. But
how heavy are bound gluon states36) expected to be? Most models like potential
models,37) bag models,e)’38) lattice-gauge theories,39) and sfring models™0)
‘place the lowest lying states JF = O++ 0_+, 2++, 2" at around (1 5+ 0.5) GeV,
In partlcular within the bag model it is p0551b1e to predlctul) the spln split—-
ting: M(O ) < 0 Mev, MO ) 1.4 GeV, M(2 ) ~ 1.3 GeV, and M(2" ) > 1.6 GeV.
Estimates based on QCD sum—rules“z) on the other hand restrict the masses to
M(O—+) ~ (2-2,5) GeV and M(2++) < 2 GeV., Glueball widths are estimated to be
0(10) MeV, with specific predictions being as low as 1 MeV or as high as 100 MeV.
So aside from rather uncertain estimates on glueball masses and widths we expect
those states (with M, <3 GeV) to show up in radiative J/¢ decays with branching

fractions“3) of order 1%.
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Aside from the known radiative transition to the 79, n, n', and £ the
E(1420) had been seen*%) in the final state KiKgnx. The Crystal Ball also
observes a signal in the decay J/¢y -+ yK+K—ﬂO. Figure 13 shows the K+K_Tr0 invariant
mass distribution for kinematically fit events. The shaded region is obtained
with a low KK-mass cut MKK < 1125 MeV., A resonance is seen near 1400 MeV which
we name the 1 (iota). A fit to either distribution yields the following

parameters:“s)

_ + 20 - + 20
M1 = 1440 _ 15 MeV , FI = 50 _ 30 MeV

B(J/Y > y1) x B(1 ~ KRn) = (4.0 £ 0,7 % 1,0) x 10"3

where the branching ratio has been corrected for all KKm isospin combinationms.
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Fig. 13. K'k™71° invariant mass Fig. 14, K'K™1° Dalitz plot for
distribution for events consistent events with 1400 < M,z < 1500 MeV.
with the hypothesis J/y =+ YK+K'w°. Solid curve shows boundary for
Shaded region has the requirement MKRm:=14SO MeV. Dashed line shows

Mg < 1125 MeV. Meg = 1125 MeV. .

Figure 14 shows the Dalitz plot for events with 1400 < MKK < 1500 MeV.

Events seem to cluster in the upper right corner, indicating a low KK mass
enhaﬁcement, which we interpret as evidence for the decay 1 - 60(980)n° and/or
'1 + K*E+c.c. To determine the relative §n/K*K contribution and the spin of the

1 a partial wave analysis was performed., Ingredients were KKm phase space,

§%n° (JP==O— and 1+) and K*B+ c.c. (JP==O— and 1+). The significant contributions
(corrected for efficiency) are shown in Fig. 15. The KR+ coc. (3F =19

[Fig. 15(b)] partial wave is relatively small, whereas the &m (JP==O_)



- 13 =

contribution [Fig. 15(c)] shows a clear structure in the 1 mass region. We find

-
JPC(I) - O"+ and B(1 > K"K+ C.C.)
B(1 + K*E+ c.c.) + B(1 + &m)

< 25% (90% C.L.) .

An analysis of the three dimensional angular decay distribution for J/¢ - v1,
1 > 81 determines relative probabilities of 10™* and 8 x 1073 for spin 1 and 2
relative to spin O.

It has been suggested by Bjorken37)
600 T T T T T

(a)

400 |- ] decay suited for the Crystal Ball detector
"“+——*—+—— would be glueball -+ nn. We have searched

that an appropriate scenario of glueball

200 - — for events satisfying a 6C kinematical
E . [--—+——I 1 | : fit in the final state J/¢y - 5y. The
- i riant - is displayed in Fig. 16.
S 400 |- (b) B nvariant nn-mass is displaye g
> A clear signal which we name the 6,

-

Z 200 . — emerges with the following parameters
W | g g P

o —— | = 16460 + 50 , T, = 220 * 190
@ 0 ! ! ! ! . Mg = = » g T - 70
§ - (c)

& 600 |- ] B(J/y + v8) x B(6 - nn)

(&)

200 + = (4.9 £ 1.47% 1,0) x 107% .
n 4

Because of limited statistics we cannot

200 ] exclude a contribution up to 30% from
0 ! | Lo | 4 1 J/y > yE', £' > nn to our signal.
1.3 1.5 1.7 We have performed a spin analysis
9-81 MK"K_1r° (GeV) 4164412

\ ' of the 6 based on the 3-dimensional
Fig. 15. Partial-wave contributions
as a function of KKm mass for (a)
KEr flat, (b) K*E+c.c. =17, and (c) angle of the photon and the polar and
st - 0.

angular decay distribution (the polar

azimuthal angles of one n in the rest

frame of the 8). Due to its decay into

;'O ' two pseudoscalars only spin parity 0" and

f 2T are allowed (spin 4 or greater is very

8 5 _ unlikely). The result of the maximum

g likelihood fit is shown in Fig. 17.

% H Spin 2 is favored over spin 0 by 20, not
OLO 30 enough to rule out spin 0 completely.

9-81 4164A20

Fig. 16. nn invariant mass distri-
bution for events which satisfy fits
to the hypothesis J/¢ -+ ynn. Curve
shows result of fit to mass distri-
bution.



EVENTS/(0.1)

Event/(0.01)

0O 0.2 0.4 0.6 0.8 1.0
eor |cosen|

Fig. 17. (a) ]cosGY] and (b)
!cosen] distributions for J/¢ - v6,
@ + nn. Solid curves are best fit
distributions for spin 2. Dashed

curves are expected distributions
for spin 0. Insert shows events

above has been invoked.,
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Both new states have been interpreted as:
- gluonium states36)=40)
~ radially excited quarkonium states6)
and

- q4qq 4-quark states."7)
In my opinion the 1(l440) is almost
certainly a glueball. An explanation as
a radially excited state suffers from the
absence of other strong radiative transi-
tions and a higher mass requirement. The
interpretation of 1 as a 4q state is
easily ruled out by its large branching
ratio, »

The situation for the 6(1640) is not
so clear: every interpretation given
But not all
experimental data can be described satis-
factorily by any given model, in parti-
cular the non-observation*5),%8) of

+ - =
6 77w , KK raises problems.

To clarify the situation on the 1 and 8 we should try to accomplish the follow-

with cosen{ > 0.9 with expanded
scale.
ing tasks: 1(1440) - find v ~» nn+w_ and 1 +~ vp°

—t %
~ find (other) radial excitations e.g., in J/y - v(0 +)
- does B(1 » &m)/B(1 + K*}K) depend on ml?

- B3/ > y1) =

- is the 6§(980) a pure qq-state or does it have admix~

tures“9) from 2-gluon and/or 4-quark states?

6 (1640)

- verify spin 2

- B(J/¥ > v8) =

find 6 - 7r and KK

- determine f' -+ nn contribution to 6 signal

- why is B(J/y > v£")/B(I/y + vf) so small?

~ does a J

PC _

2++ 4q~state exist?

- can a 2-gluon 2++ ground-state be heavierso) than

: —t
the first excited state 0 ?

Only with the availability of some or all of the above given tests will we be

able to ascertain the gluonium/radial excitation/4 quark interpretation for the

1 and 6.

The verification of the 1(1440) state as a gluonium resonance would be
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of vital importance for QCD which predicts glueballs as a consequence of the

self-coupling of the gluon-field.

'

7. TWO CHARMED PSEUDOSCALAR MESONS N AND né

The search for the spin singlet state N, and né is of great importance to
help us understand the spin forces at very short distances. The hyperfine mass-
splitting 138 -11s 0 (M -M ) has been predicted to be around 100 MeV by such
different models as nonrelat1V1stlc potential models51l) or QCD field-theoretical
model.52) The predictions for Mw, Mﬂ' vary around 70 MeV. Radiative branching
ratios to these states (3S ~vy+1s ) is estimated to be €(1%).

With the doubling of both the J/¢ and y' datasets since 1980 we have
‘repeated the analysis of the inclusive photon spectra. Our aim was to obtain
better parameters on the Ne state observed earlier.53),5%) The treatment of the
data has been outlined in the introduction above. For a detailed description of
the approach see Refs. 9,57.. The final inclusive photon spectrum from the V'
shown in Fig. 18, The familiar strongvphoton lines caused by the transitions
N +Ayx0,1’2 and Xl,2 -+ vy dominate the distribution., Two additional small peaks
show up at EY==91 MeV and 638 MeV. The inserts ;how these two peaks background
subtracted, We obtain the following parameters (the parameters for the ne have

been obtained from simultaneous fits to the J/¢ and ¢' inclusive spectra):

]

nc P
Mass M 2984 = 5 MeV 3592 t 5 MeV
Width T 12,4 + 4.6 MeV < 8 MeV (95% C.L.)
B(Y' + ylsy) (0.29 £ 0.08)% (0.2-1.3)% (95% C.L.)
BA/Y > ylsy) (1.20 ¥ 020z N.A.

Both mass values are in line with predictions from the two classes of models
discussed above., But higher order QCD corrections55) seem to raise the spin-
singlet masses to within 50 (20) MeV of the J/¢ (¢'). But as the first order
correction amounts to 45% it is difficult to predict the point of convergence
for the mass values when higher orders are included. Another first order
correction which is uncomfortably large (86%) concerns the ratio I‘(ISO -+ hadron)/
(s, - hadron). This time the prediction for I _ (!S() is raised to 8 (7) MeV
for the Ne (né). For a very detailed comparison of experimental information on
the y and the n. and né states with different theoretical predictions see Ref. 56.

In addition to the inclusive photon analysis of J/y and y' we have also
repeated32) the search for the Me ™YY in the J/¢ -+ 3y data, which is identical
to the analysis presented above for n, n' - 2y. Projecting the Dalitz plot
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Fig. 18, Inclusive y-spectrum at the ¢'. The upper inserts show the
background subtracted signals for the N and né candidate states. The
charmonium level scheme is included.
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4-82 M)’Y (GeV/Cz) 4295A12

Fig. 19. Projection of the Dalitz
plot (Fig. 7) onto the M$$gh axis.

(Fig. 7) onto the high mass axis yields
Fig, 19, There is no significant signal
observed above background. We thus set

a limit (for resonances with T < 25 MeV):

B(I/p + yX) x B(X + 2y) < 1.6 x 107>
(90% C.L.)

where 2.6 < My < 3.0 GeV. Let us apply
the result to the n. and divide out the
J/¥ » yn, branching ratio and multiply by
the observed total width, We obtain

T(n, > vY) £ 20 keV, comfortably above
model predictions51)’55) of about 6 keV.
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In conclusion, the spectroscopy of heavy quark-antiquark (c€) systems has
been proven to be an enormously fruitful area. The smallness of the scales
involved justify a nonrelativistic perturbative approach. Many predictions have
been met by experimental results and many experiments gave new guidelines for
theoretical investigations. The discrepancy observed between theory and experi-
ment is significant only in the following areas: the total width of the x and
n, states, and in the decay width T'(J/y - Ync). But, again, higher order QCD

corrections may eventually bridge this gap.
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