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New results on various controversial light mesons are reviewed, including the glueball 
candidates fs(1720) and ~(1460), the 1 ++-O-+ mass “coincidences” fi(1285)-n(1275) and 
fi(1420)-q(1420), as well as evidence for the X(3100)+Ap+nx and the p(148O)+&r, 
which have quantum numbers not allowed for qq. The 77+W dfects move out of the 
threshold region with data on 77+wp. Statistically weak data on I’,(~~) and the search 
for heavy quark ‘Pi states are presented. Pee, B,,, and Ptot for the Y(lS), Y(2S), and 
Y(3S) are updated using new data and a consistent treatment of the radiative corrections 
for I’,. New data on the mass splittings of the xb(2P) compare favorably with the scalar 
confinement model, which may however have new trouble. 

This review was supposed to cover all the spec- 
troscopy presented in 3 parallel sessions: 77 Inter- 
actions, Heavy Bound-Quark States, and a partic- 
ularly full session on Hadron Spectroscopy. It was 
too much, even aft,er the usual restriction to things 
I found interesting and could understand, and in 
desperation I decided to exclude baryons and Qq 
mesons. I sincerely hope the next conference offers 
those fields better treatment (and more time!) 

2 KK and qq Resonances 

The light mesons part of this paper may be more 
than the casual reader wants to digest. There are 
many details, and few firm conclusions. However 
to simplify would be to mislead. Heavy mesons are 
a lot easier to deal with, and the last pages are 
devoted with relief to them. 

1 New Meson Names 

Starting this year the Particle Data Group asks us 
to use their new naming scheme for hadrons [I]. 
New and old names are compared in Table 1. Much 
of this talk is devoted to the 3P~ states, which have 
Jpc = O++, l++, and 2 ++. The new scheme unifies 
them, with a subscript to label the spin. f stands 
for I=0 and a for I=l. If you can remember that 
S’ and 6 were O++ mesons with I=0 and 1, you know 
that they are now fo and a+ The first step is harder 
than the second, demonstrating the need for new 
names. However progress is always accompanied by 
some pain. f’ and 0 were a lot easier than fr(1525) 
and fs( 1720). 

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

‘Their original names were i, 8, m  and G. 

2.1 Glueball Production in Hadron- 
Hadron Scattering 

The search for glueballs has occupied many people 
over the last several years. At first there was hope 
that a candidate would be found satisfying all the 
criteria naively expected of a pure glueball: 

0 no place in a qq nonet * 

l flavor symmetric decay (equal coupling to u, d, 
s quarks) 

l copious production in glue-enhanced channels 
like radiative J/4 decay 

l not produced in 77 scattering 

a not produced in hadron scattering 

Of the various candidates’ that have turned up: 
the n(1460)+K%r and fs(l720)+wn,KK in radia- 
tive J/$ decay, the fs(2050,2300,2350)+~ [2] and 
the fc,( 159O)-+nw,nn’ [3] in hadronic collisions, none 
clearly satisfies all of the above. The lack of an ideal 
glueball has not shaken our faith that QCD gives 
states of bound glue. Instead we have begun to 
question how valid the above criteria are. Inspired 
by a contribution to this conference [4], I would 
like to reexamine the last of the criteria: Do we 
expect to see glueballs in hadron-hadron col- 
lisions? The standard answer is NO! Glueballs 
have no quark content, and therefore don’t 
couple to ordinary hadrons. Hadron scattering 
is thought of in terms of quark line diagrams, as in 
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Table 2: Properties of the fr(1720) in Radiative J/ii, Decay. 

Number of Events 
Mass in MeV 

Crystal Ball [S] Mark 11[7] 
39fll 550 
[1720] 1700*30 

Width in MeV 11301 1 156zt20 
10’~ B J/++rfr, fs+ r,wj ( 2.6ztO.810.7 1 

Kit 
lrir 
PP 
ww 
K’K’ 
vl’ 

2.3f0.7i0.8 
12f2f5 

~3.2 

- 
l- 

- 

Mark III (81 
192f25 

1720flOflO 
130f20 

9.6*1.2&1.8 
2.41tO.6iO.5 

<5.5 [9] 
<2.4 [lo] 
<4.5 [ll] 
<2.1 [ll] 
<2.8 [ll] 

- 

i - 

DM2 [12] 
410 

1707*10 
166zt33 

9.2*1.4*1.4 
1.8ztO.3ztO.3 

- 

1 - 
2.0f0.4 1 

In the decay J/+7X, I=0 is prefered for the state X, and O++,O-+, and 2++ are expected to dominate. 
For I=0 and X a meson anti-meson pair, J”(X) = (even)++. The angular distributions of the 1720 
prefer 2++ over O++ [13,7,8,12], although sometimes not by as much as one would Iike [13,12,14]. This 
might be due to some production of the fo(I730) [4,15,1]. Th e b ranching ratios assume 1=0, C=+, thus 

’ ’ KK = ;K+K- + ~K.K, + fKL~L and xx = :x+x- + 3x x ‘. Upper limits are 90% confidence level. 
The average mass and width use K+K- data only. The K+K- results are all from fits to the fs(1525) + 
fs( 1720), neglecting interference. 

The fr(1720) was discovered [13] in J/+-+7917 with M = 164O~b50 MeV, I = 220+:? MeV, and 
B(J/++y1640,164O-+~j~) = (4.9k1.4) x lo-‘. That is a lower mass and larger width than later seen 
in the higher statistics 7KK measurements. The 7~ signal may be contaminated by the f2(1525), which 
is 2++ but with unknown rate to r/q [3], or by the &(1590), which does decay to ~77 but is O++ [3]. Thus we 
should probably regard the original branching ratio as an upper limit for the fs(172O)+vq. Indeed a fit 
including the fr(1525) gave M = 1670*50, I’ = 160&80, and B(J/~~+y1670,167O-+q~) = (3.8f1.6) x lo-’ 
(161. The branching ratio in the table is from a third fit where the masses and widths were fixed at the 
Mark III values. 

The RA branching ratios are from fits to fr( I?iO) + fr(l720) + X(-2100), neglecting interference, which 
can reduce the fr(l720) branching ratio by at least a factor of 2 [ll]. Only the fs(1270) spin has been 
determined in J/+yxn, so the identification of the 1720 peak with the fs(l720) is tentative, and may be 
contradicted by nn-+KK data [4], as discussed in the text. 

there are other decays not seen yet. Thus KK scat- 
tering should produce one of our favorite glueball 
candidates about as strongly as it does one of our 
better understood qq mesons. The equality of the 
quantum numbers and near equality of the masses 
reduces most kinematic effects. For example, the 
l/pi in the B-W gives a suppression of only 0.7 for 
fr(172O)/fr(1525). 

Although we expect’ to produce about the same 
number of f2(1525) and fs(1720) mesons, if we re- 
quire the final state to be KK, they will be seen 
in the ratio of their KK branching ratios. Further- 
more if a fit has not been done to the spectrum, we 
have to rely on our eyes, which are more sensitive 
to peak height than to area. The peak height scales 
= i/rtot for equal area. Including the l/pi factors 
from the Breit-Wigner scattering formula, we find 
that the peak height of each fs is proportional to 
BiR/pi. This gives a ratio fr(172O)/fr(1525) -l/2 
(with a large error due to the poorly known branch- 

2 

ing ratios.) 
Lacking a KK collider, we turn to the reaction of 

Fig. 1, K’p +KKA, since the upper vertex looks 
like KK scattering. The K.K. final state can only 
be O++, 2++, etc., so it is preferable to K+K- for 
the study of 2++ mesons. The new LASS data [18] 
is shown in Fig. 2. The fr(1525) is prominent in the 
spectrum, but the fr(l720) is in one of the lowest 
bins around. We would like to use this result to 
gain quantitative information on the fr branching 
ratios. 

In the K exchange picture we have assumed, there 
is additional mass dependence of the effective tir- 
tual kaon flux which must be calculated correctly, 
and tested against data on known mesons. The 
Watson theorem 1191 gives the total production of 
a resonance R in K-p;Rh as [20] 

2nMn 
‘-‘R = (pK)2J+1rKR . (31 . 
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Table 1: New Meson Names 

New Names (masses in MeV, if known) 
K (494) A (140) ’ 9 (549) rl’ (958) 

D. (1971) D (1860) nc (2981) 
B. B (5271) m 
K’ (892) P (770) w (783) 4 0020) 
II; (2109) D’ (2010) J/$ (3097) 

B’ (5325) 
K: (1400) bi (1235) 

Y (9460) 
hi (1190) h; 
hc 
b 

K; (1350) a0 (980) fo (1300) i-0 (975) 
xc0 (3415) 
xbo (9860) 

K1 (1280) a1 (1270) f, (1285) fi (1420) 
xc1 (3510) 
Xbl (9892) 

KG (1425) a2 (1320) fs (1270) f; (1525) 
xcz (3556) 
k’b2 (9913) 

Figure 1: Quark diagram for K-p-tKKA. 

Fig. 1. A gluebalI has no place in such a diagram, at 
least to the extent that a, is small. The suppression 
is expected to be approximately the square root of 
the normal OZI suppression. It should lead to a 
narrow width for gluebaRs, since their only possi- 
ble decay, to hadrons, is suppressed. However, a 
wide gluebaIl has by definition a large coupling to 
hadrons. The strength of its decay to hadrons is 
related by time reversal to the strength of its for- 
mation in collisions of those hadrons. 

In KK collisions we should see resonances which 
couple to KK. The relativistic Breit-Wigner scat- 
tering formula is [5] 

4x g MZ FiI’r 
u(w) = x (WZ - MZ)z + MZrlotZ (1) 

where pi is the momentum of the initial particles 
in their center of mass frame and W is the to- 
tal center of mass energy; M is the mass of the 
resonance, Ftot is its total width, and Ii and Fr 

Old Names 

K x ~1 9’ 
I? D rlc 
B. B VI, 
K’P w 4 
F’ D’ J/$ 
B: B’ Y 
Qz B H 

Ql Al : E 
X 

K’ A2 : f’ 
XC 
Xb 

its partial widths to the initial and final states. 
g = (25 + l)/ [(2si + 1)(2sr + l)] is the spin fac- 
tor for a spin J resonance formed by spin si and sr 
initial state particles. 

To calculate the total production rate of a reso- 
nance in KK collisions we sum over the final states 
c rr = rtot, and integrate over W to obtain (for a 
narrow resonance) 

2gn2 
uR = u(W) dW = - 

Pi 
rKK . (2) 

Thus the production rate of a resonance is deter- 
mined by its partial width to the initial state, en- 
tirely independent of whether the resonance is qq 
or gg. Now we can correctly answer the question 
above with Yes, we expect a wide glueball to 
be produced in hadronic collisions, at least 
when the input channel corresponds to one 
of its dominant decays. 

2.2 Properties of the fz(1720) 
Consider two resonances with the same quantum 
numbers which couple strongly to Kit: the fr( 1525) 
and the fr(l720). You know these as the f’(1525) ss 
resonance and the O( 1720) gluebah candidate seen 
in radiative J/$ decays. The fr(1525) decays domi- 
nantly to KK. A predicted (171 13% branching ratio 
to 17 may have been observed [3]. Using Ref. [17] 
let US assume Fzis = 0.8 x I’:::’ = 0.8 x (70 * 10) 
MeV. The observed fs(1720) branching ratios are 
listed in Table 2. KK is -70% of the total ob- 

s 
served, giving I:;’ b 0.7 x 147 = 100 MeV, less if 
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Figure 2: K,K, mass distributions 1181 from 
.(open circles) Mark III uncorrected J/$+-yK.K. 
data and (solid circles) LASS acceptance corrected 
K-p+K.K.h. The LASS data have been multiplied 
by 0.127 to match the Mark III data in the 1525 
MeV bin. LASS used a 11 GeV/c K- beam, and for 
this plot required It’1 < 2 GeVZ, where t’ F t - tdi,. 

This leads to a suppression from the pk factors of 
0.4 rather than 0.7. I don’t understand the origin of 
Eq. (3), but it gives the strongest suppression that 
has been suggested t,o me, so I quote it to show that 
even the extreme case is not very dramatic. 

More critical is the validity of the K exchange 
picture itself. The analogous A exchange mecha- 
nism has been well tested, but K exchange has not. 
Dat.a comparing production of the uu+dd fr(1270) 
with the ss fr(1525) in x-p-+frn and K-p+frA in- 
dicat.e a factor of two problem in the K exchange 
picture [20,21]. In contrast to the pion, the kaon 
may not be light enough to dominate over other 
strange meson exchanges. Fits to t-distributions, 
and polarised target data, may help to separate the 
various contributions [20]. 

If the strangeness exchange process can be under- 
stood, it could provide useful information on the 
absolute fr (1720) decay branching ratios. That, 
combined with the data in Table 2, would give 
the total rate for J/$+yfr(1720). The more the 
fs(1720) is produced in that glue-enriched channel, 
the more glueball character we are willing to at- 
tribute to it. In principle the total J/$+yfr(1720) 
rate could be measured from the inclusive y spec- 
trum in J/?I,+y+X shown in Fig. 3. It would ap- 
pear at E, 5 1070 MeV with a full width of -70 
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Figure 3: Crystal Bali inclusive y spectra, with- 
out efficiency correction or background subtraction, 
from (a) J/+-+y+hadrons [22], and (b) J/$++-y+X 
1231. 

MeV. However here no spin-parity analysis is pos- 
sible, so that it would be difficult to cleanly isolate 
the fr(1720) signal from all the other radiative J/ti 
decays. Knowledge of the y background from x0 
decays might help. 

While one-kaon exchange may have its problems, 
one-pion exchange (OPE) is well established. One 
could therefore use the J/+yKK data to deter- 
mine the mass and I’,,, of the fr(l720), and XX-+XA 
to get Pi,, and thus B(fs(1720)-+xx). nn+KK 
Simhdy yields Psn PKR. 

Longacre et al. [4] have done a partial wave and- 
ysis to extract the 2++ contribution from their 
new n-p -+K,K.n data (Fig. 4). Using OPE they 
extrapolate to the pion pole to get the xx+KK 
2++ intensit.y. They then make a simultaneous 
fit to that. and to older 2++ XX-+XA,~~, and (as- 
sumed) KK+KK data, as well as to the total (not 
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Figure 4: n?r-+K,K, 2++ intensity extrapolated us- 
ing OPE from 22  GeV/c n-p+K,K,n data with 
1  t’ I< 0.1 GeV’ [4]. The  curve is the fit de-  
scr ibed in the text. It has  destructive interference 
between the f i(1525) and  f i(1720) to give the max- 
imum fi(1720)+nlr branching ratio. 

spin-separated) J/+-+yKl?,yn7r,-yqq. The hadronic 
scattering data have no  need  for the fi(1720), 
and  an  upper  limit of 4% for the branching ra- 
tio f~(1720)+xn is obtained.’ This is in contra- 
diction to the AA fraction of the observed branch- 
ing ratios in Table 2, which were however  obtained 
without spin analysis and  interference. Allowing 
interference can reduce AX to (8f3)% of the ob- 
served decays.  A glueball candidate which decays 
dominantly to KR and  <4% to AA isn’t doing very 
well at passing the test of f lavor symmetric decay.  
It would be  interesting to repeat this fit with the 
newer “n-+177 [3] and  KR--+KR [18] data, as  well 
as  spin-analysed radiative J/$ decay data, should 
that become available. It may also be  possible to 
use double-Pomeron scattering data [24], as  done  in 
Ref. [25] for the O++ system. 

DM2 [28,12] and  Mark III [29,26,27] have com- 
pared tensor resonance product ion in J/+-TX with 
J/++wX and  J/+-+X. The first channel  presum- 
ably goes  via ygg and’ therefore enhances  glueball 
production, while the presence of the w and  C#J in 
the last two select uiifdd and  SB mesons respec- 
tively (see Fig. 5). They look for the fi(l720) in 
events where X is Kit or AA. The Mark III spectra 
with X = K+K- are shown in Fig. 6. The  fi(l720) 
is seen clearly in the J/+rK+K- spectrum, where 
it, has  been  determined to be  2++. The wK+K- 
spectrum shows a  peak  with the same mass and  
width, but no  spin analysis has  been  done.  Since 

*The limit depends on the assumption of K exchange 

Figure 5: Quark diagrams for J/+yX, J/+wX, 
and  J/+=+X. 

there is evidence [1,4,15] for a  Ot+ Kit resonance 
f,,(1730), it is not safe to assume that the peak  in 
J/+-+wK+K- is the fs(1720). Let us  call it X. Then 
B(J/+yfi,f,+KR) = 2  x B(J/+wX,X+KR). 
The values are given in Table 3. It is rather pe- 
culiar that X is produced so strongly with w, which 
should suppress ss resonances,  yet decays to Ki(. 
The  J/$+#JK+K- spectrum is dominated by the 
f i(1525) (expected here since it is SS) with a  shoul- 
der  on  its high mass side. In looking for the fz(l720) 
here, not only do  we have to worry about  interfer- 
ence with the fz(1525), but also about  the appar-  
ent (but low-statistics) d isagreement between the 
K+K- and  K.K, spectra3 (see Fig. 7). If the same 
X is being seen in the DM2 4K.K. and  the Mark III 
wK+K- spectra, it is being produced with 4  and  w 
at about  the same rate. Using dK+K- gives con- 
siderably less. These data and  those with X = A?T. 
especial ly when spin-analysed, wilI provide a  wealth 
of information. 

2.3 f2 States Near 2.2 GeV 

There is quite a  bit of act ion in the 2++ system 
above 2  GeV. There are three wi,de 2++ I#$ reso- 
nances originally named’ gT: 

gT M = 2050+” 
gT M = 2300+$,  

r =  200?:t” MeV 
I’ = 200+!:  MeV 

gT M = 2350:” r =  27O+fit MeV 
seen in n-p+@: [2]. The  gT(2050)  is the dom- 

aIn J/+4X, isospin conservation requires that X have’ 
1~0, and therefore Jpc =  O++, 2++, etc. for both K+K- and 
K.K.. However the K.K. spectrum is nearly background free, 
while K+K- is not. 

‘They should be  called f,. I use gT here as a  generic name 
for all three +$ resonances, and to avoid hopelessly confusing 
them with Mark III’s fi(2230). 
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Table 3: Comparison of fz(1525) and fi(1720) production in J/G decays and 71 Collisions. 

10’ x B(J/$-tVf,,fr+KK) Spin 
V fr( 1525) fr(l720) known? 

Y 6.Oi1.4k1.2 9.6f1.2zb1.8 yes Mark III [8] 
S.Ozt1.2zbO.8 9.2f1.4h1.4 Yes DM2 [28,12] 
6.0f1.2f1.2 12.4f2.8k2.4 no K.K. DM2 [28,12) 

W  <1.2 (90% C.L.) 4.5f1.2fl.O no Mark III [29,27] 
4 6.4f0.651.6 - 1.4’ no Mark III 129,271 

4.6zbO.5 ll0 DM2 [28,12] 
4.3f0.7i0.9 3.6h0.7f0.7 no K,K, DM2 [28,12] 

I’-,-, x B(fr+KK) O.llItO.02~0.04 keV <0.3 keV TASS0 [30] 
0.12*0.07f0.04 keV <O.2 keV TPC/Py [31] 

0.10&0.04 keV (prel.) Mark II [32] 
Branching ratios have been converted to KK assuming I = 0, C = + : KK = fK+K- + fK.K. + ~KL,KI,. 
They were measured in K+K- unless indicated otherwise. 

t Mark III and DM2 quote B(J/$-rdfr(l720)) fr om fits to K+K- without fz(1720)-fr(1525) interference. 
Their fr(l720) masses come out 1671 and 1643 MeV, respectively, which I find too far off to be meaningful. 
Interference moves the mass up some, but it stays below 1700. Mark III [27] say they can accomodate 
a “standard” fr(1720) with interference, for which B goes down a factor of -2.5. From that I derive the 
-1.4. 

inant one, and its 44 decay is mostly L=O. The 
others are mostly L=2. The gr are glueball candi- 
dates because production of qq resonances is sup- 
pressed by OZI in x-p+#n. Three 2++ glueballs 
with similar masses can be described by theory, e.g. 
a strong coupling calculation [33]. However so far 
these states have not taught us much about glue- 
balls, since they have only been seen in this pro- 
duction and this decay. For a new evaluation of the 
gT’s and the rest of the fr system see Ref. 1341. 

DM2 [12] and Mark III [29] have some J/ll,~y&#~ 
events. Mark III [35] also have J/$h-y4w. Further 
efforts at increasing the 4 reconstruction efficiency 
may yield enough events to compare them to the 
gr resonances and to Mark III’s f2(2230). 

If the matrix element for the gr decay to KK were 
the same as that for 44, the pzLt’ phase space factor 
would give -30 times more KK than I&$ for the L=2 
gT(2300), although this factor gets much smaller if 
damped by an interaction radius [20]. The mea- 
sured [4] Do waves in rr-p+KKn and n-p-$$n are 
in the ratio -v20:1 and the KK is flat above 1.9 GeV. 
Very preliminary MIS ITEP data [15] on the 2++ 
K.K. in 40 GeV/c x-p+K.K,n look different, going 
to zero at 2 GeV and rising again to a -70 Mev wide 
peak at -2230 MeV. However the region above 1.9 
GeV is subject to ambiguities in the PWA, so that 
comparisons between experiments cannot be made 
before seeing aII the waves and their phases [20,36]. 

GAMS have seen a narrow peak (I’<80 MeV) at 
2220flO MeV in their ~7’ spectrum from 38 and 
100 GeV/c x-pdq$n data ]37]. The anisotropy of 

the decay angular distribution suggests J 2 2. If 
GAMS and MIS ITEP are seeing the same state, 
its branching ratio to 79’ is at least twice as large 
as to KK [15]. This wouid be evidence against its 
interpretation as an L=3 SJ state, an explanation 
put forward [38] for Mark III’s fr(2230). 

The K,K, spectrum from the LASS K-p+KKA 
data shows evidence for a peak at -2.2 GeV with 
spin 2 2, and the moments of their K+K- indicate 
a J 2 4 state at 2193f25 GeV with a width of 
83!~101 GeV [18]. 

The above can be compared to the fr(2230) a nar- 
row 2++ KK resonance5 seen by Mark III [39] - but 
not by DM2 (28,121 - in J/$+yKK. The discrep- 
ancy was not settled at this conference. Mark III 
[14] have shown that its spin is more Iikely 2 2 than 
0. (Only Jpc = (even)++ is allowed for J/?jt+yKK.) 

A search for the fr( 2230) in pp annihilation gave a 
limit on B(fr--‘pp) x B(fr+KK) ranging from <2 x 

lo-’ if its width is 35 MeV to twice that for a width 
of 7 MeV [40]. 

Both Mark III and DM2 see a wide (100-300 
GeV) enhancement at 2100-2200 MeV in their K,K, 
data, which is nearly background-free. This wide 
resonance also seems to have J 2 2 [28,14]. The AX 
mass distributions in radiative J/ll, decay also have a 
wide enhancement at -2100 MeV. This last is con- 
sistent in mass and width with the 4++ &(2030), 
but such high spin resonances are not expected in 
radiative J/$ decays. 

‘originally called C 
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Figure 7: DM2 [28] KK mass spectra from (a) 
J/$-(dK+K- and (b) J/$-+dK,K,. 

2.4 fo(1590) 

A discussion of the GAMS fo(l590) gluebah 
candidate6 was given by Obraztsov [15,3,41]. Its 
decay rates are in the proportion ~~~‘:~~:KK:Kx= 
-3:l:<l:<l. Its t distribution in x-p-+von is in 
good agreement with dominant one-pion exchange. 
which can be used to show that the fo(l590) branch- 
ing ratio to xx must be between 3.6 and 6%. 

1 JN-+K+K- 1 

3 Mystery Mesons 

0 
0.9 1.3 1.7 2.1 

S378A2 m ( K+K-) (GeV/c2) 4-86 

Figure 6: Mark III [27] K+K- mass spectra from (a) 
J/$-+yK+K- , (b) J/ll,+wK+K-, (c) J/$-$JK+K-. 

3.1 p(1480)-+ 

Lepton-F [15,42] have further studied their 
p(1480)+&r” resonance’. It has M = 1480 zt 40 
MeV, I? = 130 f 60 MeV, Jpc=l--, and has been 
seen in 32 GeV n-p*&r’n with It’/ < 0.2 GeV’. 
An I=1 qij resonance shouid decay much more read- 
ily to WR’ than to 4x0, but comparing with GAMS 
data they find B(1480-1wn0) < 2 B(1480+@r0). 
This resonance is a good candidate for a 4-quark or 
a qqg state. 

eoriginally called G 
‘originally called C 
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3.2 Search for l-’ Hybrids 

The Primakoff effect 1431 has been used 1441 to mea- 
sure l?(p+yx). The reaction is 200 GeV/c xN+pN, 
where the incident pion interacts with a virtual 7 in 
the Coulomb field of the nucleus N: vr7-+p. us- 
ing vector dominance to replace the virtual 7 by a 
virtual p, one can look for a ,? which couples to np: 
rrp-+p. The interest in this channel comes from pre- 
dictions of I = l,Jpc = l-+ hybrid mesons which 
are expected to have a large branching ratio to px. 
The upper limits from such a search up to M-1.5 
GeV are in “mild” conflict with predictions. Details 
are given in the talk of Ferbel [45]. 

3.3 X(3100)+&+ pions 

Evidence for an unexpected meson* has been ob- 
tained by WA62 using a 135 GeVJc C- beam on 
a beryllium target [46]. They observe a peak in 
Aprr+x+ at 3100 MeV of width compatible with 
their 24 MeV FWHM resolution (Fig. 8). Choosing 
a 30 MeV wide bin centered at 3105 MeV they have 
a signal of 53 events over a background of 136. By 
tight,ening the p cuts, they get 46 events over 52. 
Signals are also seen in two other charge states. The 
results, corrected for double counting, are shown in 
Table 4, along with the Monte Carlo calculations 
of the probability that they are statistical fluctua- 
tions. These calculations take into account choosing 
the bin position to maximise the signal, but cannot 
correct for the effect of choosing the p cuts. 

Now BIS-2 (471 also report seeing the X(3100), 
in their case centered at 306Ok40 MeV. They use 
a 40 GeV neutral beam composed mainly of neu- 
trons incident on Hz, C, Al, and Cu targets, and 
have so far analysed l/4 of their data. They see 
their strongest signal in X’+Apx+, where WA62 
sees none, and nothing significant in X++Apx+rr+, 
WA62’s best channel. This difference is puzzling, 
at best. The BIS-2 signals, after p and K+ cuts, are 
shown in Table 4 and Fig. 9. 

If the X+ (seen only by WA62) decays strongly 
to lipn+x+, it is a faur quark state (sudd), and 
its narrowness is striking. If not, the absence of a 
strong decay must be explained. 

When the WA62 result first became known, it 
was assumed that its strange dibaryon composi- 
tion meant a hyperon beam was needed to produce 
it. Now that BIS-2 have seen it with a neutron 
beam, there are presumably many other experi- 
ments which can see this object (if it is real) and 
give more information about its nature. 

‘They named it the U(3100), but the PDG say unknown 
particles should be called X. 
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Figure 8: WA62 1461 X(3100) signals in +,O,- 
charge states from the reaction C-N-+ Ap+pions 
+anything. The bin position is adjusted in each 
plot to maximise the signal. The dashed histogram 
for X+ is the original signal; the solid histograms 
are after additional p cuts. 

3.4 yy+vv 

A puzzling surprise in 77 collisions has been the 
large cross section for 77-+p"po at threshold, which 
was first seen by TASS0 1481, and since by other 
groups (49,501. The TASS0 Jp analysis indicated 
that the enhancement has mostly positive parity. 
but is not dominated by a single spin. TPC/27 [50] 
also find O+ and 2+. 

Initial thoughts of a resonance were somewhat 
shaken by the lack of a clearly dominant Jp, and 
by the lack of an obvious resonance shape. (The 
continuation of the cross section below pp thresh- 
old implies a strongly rising matrix element.) One 
naively wonders if this is not some kind of thresh- 
old effect, perhaps having something to do with the 
fact that pa’s are broad, and couple directly to 7’s 
in the Vector Dominance Model. 

The analyses are made difficult by the width of 
the p, the necessity to accomodate Bose-Einstein 
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Table 4: X(3100) Signals 

WA62 [46] BIS-2 [47] 
Charge Decay Bin Center Signal Background Statistical Mass Signal Background 

State Mode WeVl Events Events Probability [MeV] Events Events 
X+ ApX+il+ 3105 45 50 6 x lo-’ -3060 10 16 
X0 ApX+X+x- 3095 19 28 0.2 -3060 10 7 

Apx+ <20 -115 -3050 73 168 
X- Ap”+“- 3105 62 187 9 x 10-s -3070 32 49 

BIS-2 say all their peaks are near 3060; the masses here are my own best guess from the histograms. 
They do not consider their X+ signal significant. The WA62 uncertainty in the mass scale is f20 MeV; 
that of BIS-2 is 40 MeV. No X++ or X-- has been seen. 
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Figure 9: BIS-2 1471 X(3100) signals in O,O,- charge 
states from nNdAp+pions+anything. 

statistics among the 4 A’S, and the presence of p’nn 
and 4x backgrounds to the pop’. Interference be- 
tween the various channels was ignored. It has 
been pointed out [51] that the p’nx channel must 
have the rrx in an L=odd state. This effect, which 
changes the shape of the p”xn background and also 
increases the chances that it should interfere with 
pop’, was not included in the TASS0 analysis [48]. 
Until its effect is studied, we must admit the possi- 
bility that a correct analysis might show a dominant 
Jp after all. 

If the pop0 enhancement is due to a resonance, 
some values of isospin can be ruled out. The lack 
of a similar enhancement in p+p- 1521 rules out an 
I=0 resonance as the explanation of the pop0 signal. 
A neutral I=1 resonance is conveniently forbidden 
by its Clebsch-Gordan coefficient to decay to pop’. 
I=2 and I=0 resonances interfering were predicted 
to cause a large p”po/ptp- ratio 1511 and I=2 occurs 
naturally among qqqq states. An alternate expla- 
nation [53] relating 77dVV to photon production 
of vector mesons and to nucleon-nucleon scattering, 
assuming t-channel exchange and factorisation, has 
been revised [54] to accomodate later 77 data. 

For more information one looks to other 77-tVV 
reactions. In 77+K+K-x+a-, single K*‘s and 4’s 
are seen (551. ARGUS (561 have now reported a 
smooth K*‘K*O cross section at the level of -25%, 
of the total K+K-x+x- (Fig. lo).. 

More exciting is the new ARGUS [56] evi- 
dence for 77dpw. The signal is among their 
77--‘x+n-x+x-x0 events, for which they estimate 
a -12% background from other processes. They 
extract the number of w~rr+rr-v” decays as a func- 
tion of total mass M(57r), obtaining’ the cross sec- 
tion for 77+wlr+a- shown in Fig. lla. For events 
with M(5x)>l.7 GeV the mass distribution of the 
x+x- not included in the w is shown in Fig. lib. A 
clear p is seen with no noticable background. The 
w-sidebands show no such p signal. Thus above 1.7 
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Figure 10: PreIi&inary ARGUS [56] cross section 
for 77+K+K-x+a- with &r+n- removed (o), and 
77,K*°K*o (+). 

GeV the wx+rr- cross section is dominantly wp. 

What is intriguing here is that the pw does not 
peak at threshold, but considerably above it. Its 
shape even resembles a resonance, unlike the pop’. 

Neither of the above models predicted this pw be- 
haviour; it will be interesting to see if they can acco- 
modate it. A successful description should also deal 
with (or explain why not) other production mech- 
anisms for VV, such as radiative Jill, decay where 
there is new data on w4 [35] and pop0 [28], central 
production in rr+p, where &#J and K’K’ have been 
reported [57], and the 44 resonances seen in n-p [Z]. 
There is also evidence from p annihilation in deu- 
terium for a pp resonance at 1485 MeV [58], which 
has been compared to the 77--‘p”po enhancement 
[59]. These VV reactions may not 021 be related, 
but it would be unaesthetic to propose a different 
explanation for each. 

4 Kl?r and rpm Resonances 

Table 5: Isobars for KKn and qmr. 

G’ I JP 
o- [ 1+ ] 1- 1 2+ 1 2- 

KKn: 
K:,K + K;,,,K + 0,l P S,D P D P 
KLK - K:,,,K - 0,l P S,D P D P 
KKx and qxn: 

ao( + 0,1,2 S P - - D 
qn7r: 
fov +OSP--D 
P77 + 1 P s P D P 

l C = G(-1)’ 

pp. wp threshold 
I 1 I 

1.5 i.0 2.r 
M I w TC+K-1 GeV 

0.3 0.5 0.7 0.9 1.1 
M (Tt+Tc-) GeV 

Figure 11: ARGUS [56] evidence for 77dp~. (a) 
cross section for 77+wx+n-. For comparison I 
have roughly sketched in the 77--‘p”po cross section. 
(b) For M(5x)>1.7 GeV, the x+x- mass spectrum 
accompanying the w. 

4.1 1400 MeV Region 

The KKn system in the 1.4 GeV region has been 
a source of much controversy. There is evidence, 
perhaps contradictory, for both’ a O-+--taex and 
a l+++KK* meson at -1420 MeV in hadron 
coILsions, and a very strong, somewhat wider 
O-t~“agn~ peak at 1460 MeY in radiative J/ii, de- 
cays. 

Diagrams of the various meson production mech- 
anisms are shown in Fig. 12, and the decay channels 
are listed in Table 5. The data from hadron COIL 
sions are summarised in Table 6. Some of these 
experiments are not sensitive to the isospin, and 
therefore determine Jpc rather than Jpc. How- 
ever all isospin measurements of the 1420 peak have 
given 1=0, in which case C=G. The JPG determi- 
nations here rely on the isobar model, i.e. the as- 
sumption that. aU 3 body decays go via two body 
intermediate states. Those aIlowed for the KKx fi- 
nal state are aon and KK’. Since the ao(980) decays 
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Table 6: Spin Analyses of E--tKKx peak at -1420 MeV in Hadron Collisions 

Experiment 81 cm HBC 2 m  BBC R Spectr. Multi-Particle Spectrometer 
CERN CERN CERN WA76 BNL AGS-771 

Reference BaiIIon [60] Dionisi [61] Armstrong [62] Chung [63] Reeves [64] 
Process pp+Exn x-p ---* En x+pd A+ E p x-p ---) E n pp+EX 

PP~PEP 
E-+ K& K,K*rrT K Kin7 K,K+n- K,K+x- 
beam energy at rest 3.95 GeV/c 85’GeV/c 8 GeV/c 6.6 GeV/c 
Fit to aII KKa: 
E mass [MeV] 1425*7 1426f6 1425f2 1421f3 1424f3 
E width [MeV] 80flO 40f15 62&5 70f8 60flO 
no. events 
in E peak -800 152f25 -1000 4240 620f50 
background -70 -200 -1000 -4000 -1700 

to both KK and TX, any signal in aerr leads us to 
look also in the ~rrx channel, where the isobars” 
me w, PI, and 671. 

While discussing the indeterminateness of the 
spin, it is convenient to use the historic name E 
for the particle seen in hadronic collisions. A l++ 
resonance would properly be called fi(1420), and 
a O-+ would be ~(1420). Similarly the L seen in 
radiative J/$ decay is now called the ~(1460). 

4.1.1 pp --$ ~(1420) K+A- 

The E(1420) was first seen in pp annihilation at 
rest, and determined to have JPG=O-+, 1=0, with 
about equal decays to a,,* and KK’[60]. More re- 
cently AGS-771 have observed the E in pp annihi- 
lation in flight with the Multiparticle Spectrometer 
(MPS) [64]. Their data also favor O-+, this time 
with the asn decay dominant. 

4.1.2 x-p --) ~(1420) n 

Dionisi et al. [Sl] studied the E(1420) in a 4 GeV/c 
x-ph(K,K*xF) n bubble chamber experiment at 
CERN. They performed a DaIitz plot analysis in a 
80 MeV wide M( KKx) bin centered on the E signal, 
and found it to be l++ decaying into KK’. 

“The old e--trx resonance, at whatever mass it may be, is 
now called fo. 

In 1983 AGS-771 [65] accumulated an order of 
magnitude more statistics in nearly the same re- 
action: 8 GeV/c a-p-t(K,K+x-) n. Last year 
they presented [66] a partial wave analysis (PWA) 
of this data, finding that the 1420 is dominantly 
O-+ decaying into aox. Their analysis had a large 
advantage over that of Dionisi et al. because the 
higher statistics allowed the PWA to be done in 20 
MeV bins of M(KKrr). This showed a large step 
in the l++(KK’) at threshold, not resembling the 
1420 peak in the total KKx distribution. (Could it 
however be a 1420 peak on a rising background?) 
There was a strong peak at -1400 in O-+(wx). 
with some contribution from O-+(KK’), indicated 
primarily by its interference with the the ac,n. The 
O-+ wave was weII described by a Breit-Wigner with 
M  = 1402 MeV and F = 47 MeV, both smaller 
than the usual fits to the fu.II KKa spectrum listed 
in Table 6. There was aIs0 a substantial peak in 
It-(KK’). The collaboration prefered the O-+ as 
the resonance, since its relative phase showed res- 
onance behaviour. However the 0 - 27r ambiguity 
allowed one to aIso interpret the phase behaviour 
as essentially flat. Part of the problem was the lack 
of a smooth background to compare the phase to. 

At this conference Chung of AGS-771 [63] pre- 
sented a new analysis including data taken in 1985, 
thus aImost doubling the statistics. The results 
with the same cuts as used before (It’]<1 GeV’) 
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Figure 12: Diagrams for production of a meson M 
decaying to KKx or nwn. 

are shown in Fig. 13. The O-+(aex) peak is still 
there, but its interference with O-+(KK’) is gone. 
The peak in l+-(KK’) is now only half the size of 
the O-+(acrr). 

A second analysis, shown in Fig. 14, solves 
the “too little background” problem by selecting 
0.2<]t’]<l GeV’. This gives a flatter l++(ii’K’) 
background, and the phase of the O-+(a,,~) against 
this shows unambiguous resonant behaviour. The 
O-+(acrr) mass distribution and its phase are weII 
described by a B-W with M = 1400 and F = 60 
MeV. Chung suggests there might be a broader res- 
onance at 1450 MeV in O-+(KK’). To my eye the 
If+ looks equally interesting. 

In this type of experiment the p and n spins 
are not measured. Because they are in principle 
measurable, there are two categories of waves (with 
and without nucleon spin flip), which do not inter- 
fere. Spin flip and non-flip correspond to different 

mesons being exchanged. For example, consider the 
case where a spin 0 meson is exchanged. Isospin 
conservation at the meson-nucleon vertex requires 
that the exchanged meson have I = 1. If the spin 
flips, the meson-nucleon orbitaI angular momentum 
must be 1, and the meson’s parity must be -, so 
it is a x. If the nucleon spin is not flipped, L can 
be 0 and the meson parity even, so the ae(980) can 
be exchanged. ac, exchange with a x beam is an ap- 
pealing mechanism for producing an a,,~ resonance. 

Originally AGS-771 required ah waves of a given 
JPG to be coherent, assuming they would come from 
a single resonance and a single production mecha- 
nism. When they release this requirement, they 
find that the fit prefers incoherent O-+(QA) and 
O-+(KK’). This corresponds to the 9(1400)4~~ 
and the 71(1450)+KK’ being produced by different 
meson exchanges. As usual, more data is ‘needed 
to know for sure. They have more, taken in 1986, 
which is still to be anaIysed. 

The decay mode qnrr has been investigated at 
KEK in 8 GeV/c x-p-+(r$x-) n [67]. The results 
of their PWA analysis, which allowed incoherence 
between the spin flip and spin non-flip waves are 
shown in Fig. 15. 

The l++(a,srr) contribution near 1420 is quite 
small. The O-+(r~n) has a peak at 1420f5 MeV. 
The width, including the 25 MeV (FWHM) exper- 
imental resolution, is only 31+7 MeV. This peak is 
not very evident in the total nwx mass spectrum, 
nor even in the total O-+. That is because the two 
isobars acx and for/ interfere destructively in this 
region. Their relative phases are shown in Fig. 16. 

GAMS [SS] have data on 100 GeV/c x-p + 
(qvrOnO) n. They see a peak at -1420 MeV, as well 
as a much stronger one at -1285 MeV. Both have 
a large fraction of aen, and are produced preferen- 
tially at large t (]t]>O.l GeV’). However they have 
yet to do a spin analysis. 

Thus the KEK and AGS-771 experiments both 
see the E in 8 GeV/c x-p+E n as a O-+ particle 
decaying via aerr to vnn and KKx respectively. The 
mass difference (1400 MeV for AGS-771 and 1420 
for KEK) is a.bit mysterious, as is the fact that 
AGS-771 sees the peak in their to&I KKw spectrum 
at 1420. However they do not quote an error on 
their 1400 MeV; the shift may not be significant. 
Neither see a significant signal for a l++ resonance 
at 1420 MeV. 

4.13 K-p -+ (K&r) A 

Comparison of production by K- and x- beams is 
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Figure 13: Partial wave analysis of AGS-771 
1983+1985 data with It’] < 1 GeV’ [63]. 

should be two isosinglets in the ground state ltt 
nonet. If they are ideally mixed, the lower mass 
one would be uii+dd and the higher mass SS. Both 
can decay to KKx, but the former should be pref- 
erentially produced by a x- beam, and the later 
by K- (see Figs. 12b+c). The old D meson, now 
called fi(1285), is the undisputed candidate for the 
uti+dd state. If there is a l++ E, i.e. an fi(1420), it 
would presumably belong to this nonet and should 
be SS. However it has a competitor for that place: 
the fi(1526) [69], seen with a K- beam. 

Lepton-F [70] have published data on 32.5 GeV/c 
s-p--+ (K+K-rr’) n and K-p+ (K+K-x0) Y. They 
perform no spin analysis, but see a peak at 1420 in 
the K- beam data, and none with A-. The ratio of 
the “E” production cross sections is K-/s- > 10. 
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They see no sign of the fi(1526). 
A different picture is presented by LASS’s [18] 

new data on K-p-+( KKx) A, shown in Fig. 17. One 
is not overwhelmed by the E signal. It will be diffi- 
cult to tell if it is there at ah. The bins are 20 MeV 
wide, and the one to the left of 1420 is high. That 
is rather narrow for a resonance with I=60 MeV in 
an experiment with UM m 12 MeV. More convincing 
is the peak at 1526 MeV in 5 of the 20 MeV bins, 
corresponding well to the fr(1526) width of 107f15 
MeV [69]. A preliminary partial wave analysis of 
the LASS data (711 indicates that the KKx spec- 
trum up to -1.8 GeV is dominated by l++. The 
statistics in this spectrum are rather disappointing, 
and clearly can’t compete with the A- data for de- 
termining the spin of the 1420 resonance(s). How- 
ever it looks like this data will confirm the existence 
of the fi(1526), and it will certainly be interesting to 
see the final analysis. AGS-771 have also accumu- 
lated K- data, and the analysis should be available 
soon. 

4.1.4 n+p+r+ fi(1420) p 

WA76 used the R spectrometer at CERN to study 
the reactions (x+ or p) p + (r+ or p)r (K,K*+) 
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p., where f and , denote the fastest and slowest 
particles in the lab frame. The KKx system is 
centrally produced (Feynman X-O), presumably by 
double exchange graphs as in Fig. 12d. A data 
selection with loose particle identification require- 
ments is used to achieve an acceptance which is 
approximately flat over the Dalitz plot. Their pub- 
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lished results 1.721 gave 1 ++(KK’) for the 1420 re- 
gion, for which they did a Dalitz plot. analysis in 
the 1390 - 1470 M(KKx) bin. Since this wide bin 
could have masked a step in l++(KK*) as seen by 
AGS-771, they have now done the analysis in 40 
MeV bins [63,62]. The results for the combined R+ 
and p beam samples are shown in Fig. 18. (The 
analyses done separately for x+ and p are similar.) 
The l++(KK*) peak looks very convincing. There 
may be an -10% contribution from O-+, mostly as 
KK’. This reaction shows relatively less ltt (KK’) 
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at higher masses than seen by AGS-771. Instead 
the data above the 1420 peak is fit mostly by KKrr 
phase space. 

They have also looked at r]nx in the same pro- 
duction mechanism [73]. The results are shown in 
Fig. 19. They see a slight enhancement at -1420 
MeV in the l++(hx) wave, from which they obtain 
(correcting for missing modes assuming I = 0): 

f1P20b+ao~,ao--+rl~ =oo6*oo4 

f i(1420)+KKx . * ’ 

4.1.5 Remarks on E in Hadron Collisions 

Thus it seems that two different particles are seen 
in two different production mechanisms: 

x-P + ~(1420) n 

“+P -+ 7r+fi(1420) p . 

Nevertheless there is still dispute between the col- 
laborations on how best to handle details of the 
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analysis. The K,K+x- and K,K-n+ data can be 
combined two ways to make the Kx vs Kx Dalite 
plot: either K:,,, vs K&, or K’ vs I?. Although 
the former gives eigenstates of G-parity, Chung in- 
forms me that proper consideration of eigenstates 
of isospin shows that the latter combination is more 
useful. Also the choice of which waves are forced to 
be coherent could strongly influence the results, es- 
pecially in the presence of backgrounds. An error 
in the efficiency can favor one wave over another: 
this is especially so when certain combinations of 
waves resemble each other. One of the dangerott: 
aspects of a PWA is that one gives the fit certain 
waves, and it has to account for all of the data 
with them. For example if there were a higher spin 
resonance, or one which doesn’t decay via the iso- 
bars, the fit would nevertheless put its contribution 
somewhere. Due to the orthogonality of the dif- 
ferent waves, higher spins tend to end up in the 
“phase space” contribution. However this orthogo- 
nality only applies to the extent that the efficiency 
is independent of the 3-body configuration. Thur 
it. is highly desirable that the groups get together 
and try out each others ideas, exchange programs. 
or analyse each others’ data. 

4.1.6 J/l/, Decays 

There is a very strong KKa signal at -1460 Me1 
in J/+-qKKx, shown in Fig. 20a. It has been de- 
termined [74,12] to be dominantly O-+ by analysing 
the orientation of the S-body decay plane, which is 
independent of isobars. It contains a low-mass KK 
enhancement. which corresponds approximately to 
the ac(980).” 

Mark III (291 have noticed that the peak is not 
well fit by a single Breit-Wigner. Their Dalitz plotr 
for the low and high mass sides look different, with 
the high side (1460 - 1580 MeV) showing clear 
K’ bands. The new -1456 O-+(KK’) enhance- 
ment of AGS-771 [63] discussed in Section 4.1.2 is 
on the wrong side of 1460 to explain this. There 
may be two separate resonances appearing in the 
J/$qKKx, or one whose shape and branching ra- 
tios are distorted by the KK’ threshold, or a statis- 
tical fluctuation in the resonance shape. 

There is no 1460 peak in J/&+yaex+nnx (set 
Fig. 21). Rather a peak at -1390 MeV is seen by 
both DM2 [28] and Mark III [29,75] and the spec- 
tra drop sharply at -1440 MeV. This might be the 
qj 1460) showing itself through interference, but no 
conclusion can be made until a spin-parity analysis 
is available. 

“Have you remembered that this was the 6? 



Using the technique of Fig. 5 to st.udy the quark 
content of KKn and qxrr resonances, Mark III 
[29,27,76] and DM2 [28,12] have compared the sys- 
tems X in J/+7X, wX, and 4X, where X = KKrr 
or 7x+x-. The Mark III data are shown in Figs. 20 
and 21. The KKrr accompanying an w has a clear 
peak with M  = 1440 & 7::: and P = 402:: +Z 10 
MeV. The angular distributions do not look like 
0-t. Perhaps it is the fi(l420)? The ratio of the 
K,K*xr to K+K-x0 signah is consistent with the 
value 2 expected for I = 0. Assuming I = 0 yields 
B(J/+wX,X+KKn) = (6.8:;:; f 1.7) x lo-‘. 

A very similar peak is seen in J/$+w~n+n-, cor- 
related with an &(98O)-+nx subsystem, and with 
M  = 1421 5 8 h 10, P = 452:: ZIZ 15 MeV, and 
B(J/+wX,X-+aex-+~nx) = (9.2 f 2.4 zb 2.8) x 
lo-‘. Here no spin information is available. If it is 
the same X as above, then it has a slightly larger 
branching ratio to nrrrr than to KKx. This is in con- 
trast to WA76’s ratio for the fi(1420) of 0.06 f 0.04 
[73]. Thus either the X, or one of the X’s, is not 
the fi( 1420). 

The Mark III data for KKa accompanying a C#I 
show no peak in the 1400 MeV region. The up- 
per limit B(J/++~X,X-+KKirn) < 1.1 x lo-‘, is ob- 
tained by &zing the X parameters to those of the 
peak seen accompanying an w, or to the E(1420), 
and assuming isotropic angular distributions. The 
nxx accompanying a C$ has one high bin just be- 
low 1400 MeV. DM2 [28] see no signal in this re- 
gion in KKx or qxx accompanying 4’s. We would 
have expected an ss fi(l420) to prefer to accom- 
pany d’s rather than w’s. There is also no sign of 
the fi(1526). 

These J/ii, decays, even the purely hadronic ones, 
escape any attempt I make to explain them by res- 
onances seen in hadron collisions. Perhaps I am 
not clever enough. Perhaps some of the results are 
wrong. Otherwise, there are a few more particles: 
X(1390), X(1440), and the split or whole ~(1460). 
The despair of the orderly qq modeIIer rises, along 
with the hopes of the gg, gqq, and qqqq fans. 

4.1.7 77-+fi(1420) 

Information on the 1400 MeV region is now coming 
from a new source: 77 cohisions. 

At an e+e- storage ring there are not only e+e- 
collisions, but also a great many “Bremsstrahhmg” 
7’s emitted which can collide as shown in Fig. 22. 
As with normal Bremsstrahhtng y’s, they are emit- 
ted preferentially at very small angles to the e* di- 
rection. In this case, the e* proceed down the beam 
pipe with 8-0, and are.not detectable inmost ex- 
perimental setups. The 7’s are nearly massless. By 
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Figure 20: Mark III [27] X f K.K*xF mass plots 
from (a) J/$+7X, (b) J/++wX background sub- 
tracted, and (c) J/$-+X. 
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Figure 21: Mark III [27] X c &rr- mass plots 
from (a) J/$-7X for events with an vrr combi- 
nation consistent with the 4,(980), (b) J/++wX 
consistent with ae(9SO) and background subtracted, 
and (c) J/+-+X. 

a2\ 
0 M 

e- e 
Figure 22: 7-y collision at e+e- storage ring with 
one nearly massless and one massive y. 

Yang’s theorem [77], two massless 7’s cannot com- 
bine to form a J=l state. Thus we don’t expect 
to see spin one mesons formed in 8-O y-y collisions. 
On the rare occasions when an e* is scattered at a 
large enough angle to be detected, the y acquires s 
negative mass: -M2 E Q2 zz 4EE’sin2(8/2), where 
E and E’ are the initial and finale* energies and 0 is 
the scattering angle (see Fig. 22). Then Yang’s the- 
orem no longer applies, so that spin 1 mesons may 
be produced in the collision of a massless 7 with a 
massive one. (The case where both y acquire sub- 
stantial mass is rare enough to ignore here.) 

The TPC/Z-y [78] collaboration have measured 
YY+K~K*-~’ for both 8-O and 8>0, shown in 
Fig. 23. The K,K*x’ mass distribution from 0-O 
data shows no structure, while that from 6’>25 
mrad shows a clear peak at -1420 MeV. This ef- 
fect has now been confirmed by Mark II [79]. In 
Fig. 24 the Mark II data with 8>21 mrad are 
shown. The observed Q2 distribution for events 
with M(K.K*xF) between 1400 and 1500 MeV 
is clearly different from that for all -yy+hadrom 
events. When quantified, this difference is evidence 
that the 1420 MeV meson being produced here has 
spin 1. 

To make this concrete, TPC/Z? have compared 
the production of the 1420 peak as a function of 
the 7 mass to that expected for spin 0 and spin 1 
mesons. Massless y’s always have transverse polar- 
isation (T). Massive ones can also have longitudinal 
polarisation (L). Neglecting the small probability of 
both y’s being massive, we have TT and LT scat- 
tering. A spin 0 meson cannot be formed by LT, so 
only TT contributes: 

OTT(J =o) - P(Q') (4) 
uLT(J = 0) = 0 . (5) 

Here p(Q’) is the p-pole photon form factor from 
17 
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Figure 23: TPC/Py [78] K.K*n’ mass distributions 
from e+e--,e+e-yy, yy--+K,K*nF for e* scattering 
angles (a) 8-O (nearly massless y’s), and (b) 8>25 
mrad (one massive 7). 

VDM 

P(Q’) = ’ 2 , 
( > 1-s P 

which describes fairly well the Qz-dependent pro- 
duction of other mesons (e.g. the fr(1270) [31]). 

For spin 1 both TT and LT contribute: 

(JTT(J = 1) - p(Q2) j$ (6) 

~LT(J = 1) - ~(9~) $ (7) 

where M is the meson mass. At small Q2 LT 
will dominate. Fig. 25 shows a comparison of the 
J = 0 expectation and the J = 1 LT term with the 
TPC/P-y data on formation of the 1420 MeV peak 
as a function of Q2. J = 0 disagrees strongly with 
the Q2-0 point, while J = 1 gives a good descrip- 
tion of the data. 

A value for the strength of the 77 coupling of the 
spin 1 resonance can be obtained by extrapolating 
the fitted curve in Fig. 25b to Q’=O. (This is bet- 
ter done after dividing out the Q2/M2 dependence). 
The result is 

$:,, Q2 -Y’ 
KP xB(KKn)=6&2&2keV. 
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Figure 24: Mark II [79] 7-y data. (a) K,K*xF mass 
distributions for events with an e* detected at 8>21 
mrad. (b) Observed Q2 distributions with 0>21 
mrad for K.K*rr’ events near the 1420 MeV peak 
compared to that for yy+>3 hadrons. 
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Figure 25: TPCl2-y [78] Q2 dependence of yy for- 
mation of the 1420 KKrr peak. In (a) the data are 
corrected for the experimental acceptance using a 
J = 0 Monte Carlo, and in (b) using a J = 1 Monte 
Carlo. The curves are the best fits to the Q2>0 
points using Eqs. (4) and (7) respectively. 
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Table 7: Stickiness of O-+ mesons. 
_ The J/t,!! branching ratios are from [l]. The I?-, are 
. from (781, [l], and Table 8. 

B(J/+-+) s x10’ 
X x10’ &] 

~(1460) 46f7 < 1.6 >4000*100 
t1’(958) 4255 4.5kO.5 23f4 
t1(549) 8.6hO.8 0.53io.03 6fl 

One is very tempted to say that this is the 
fi(1420) seen by WA76 in n+p. The statistics are 
rather sparse to test for the KK’ decay. The TPC 
D&z plot looks flat, while the Mark II one looks 
more Iike KK’. 

Besides providing independent evidence that 
there is a l++(K&r) resonance at 1420 MeV, -yy col- 
lisions aIso give support to the r,i( 1460) glueball can- 
didate by putting an upper limit on its y7 coupIing. 
TPC/Z-( [78] have recently improved the limit to 

I’,,[n(1460)] x B(KKrr) < 1.6 keV (95% C.L.). 

Chanowitz [80] has proposed a stickiness variable 
as a test of gluebaIIs. The stickiness S of a resonance 
is essentially the ratio of its production in radiative 
J/$ decays to that in y-y collisions, with kinematic 
factors divided out: 

sx ~ r(J/ti+~X) 
I 

W+-n) 
LIPS(J/+rX) LIPS(X+yy) ’ 

LIPS is the Lorentz Invariant Phase Space, which 
for X=0-+ is p-wave for both channels. One ad- 
vantage of this variable is that the decay branching 
ratio, which is unknown, divides out. The stickiness 
of the ~(1460) is compared to that of other isosin- 
glet O-+ qq resonances in Table 7. However here I 
have only Iisted the ground state (1s) resonances. 
If the ~(1460) can find a place as qq it will be as a 
radial excitation (2s). So it would be preferable to 
compare its stickiness to that of the 2S resonances. 
Unfortunately we don’t have much information on 
them. The ~(1420) is a candidate, but it isn’t seen 
in either radiative J/4 decays or my collisions, so 
it is no quantitative help at the moment (S=O/O). 
The question of 2s O-+ states is dealt with further 
in the following sections. 

4.2 1280 MeV Region 

4.2.1 Hadron Collisions 

It may seem an unlikely coincidence to have a O-+ 
and a l++ KKn resonance at -1420 MeV. How- 
ever the same effect occurs at -1280 MeV. Here 

we have [l] the l++ fi(1285): formerly called the D, 
with M  = 1283 f 5 and I? = 25 f 3 MeV decay- 
ing to VAT (predominantly via aen), to 4x, and to 
KKn. In addition there is a O-+ ~(1275) which was 
discovered in its acx decay by Stanton et aI. [81] 
in a PWA of 8 GeV n-n +(nn+n-) n. A better 
fit is obtained with the O-+ and l++ waves inco- 
herent, indicating that they correspond to different 
nucleon helicity states. The same reaction, also at 
8 GeV/c, confirms the ~(1275) at KEK [67], shown 
in Fig. 15. Stanton et al. find M  = 1275 f 15 and 
I = 70 * 15 MeV, while the KEK has M  = 1279 Z!Z 5 
andI’=32*10MeV. 

Note that this is the same production mechanism 
where the AGS-771 and KEK experiments also see 
the ~(1420). To complete the analogy, the ~(1275) 
is not seen in the rr+p experiment (Figs. 18&19), 
where the fi( 1285) and fi( 1420) are prominant. and 
the ~(1420) is absent. 

AGS-771 do not have evidence for the ~(1275) in 
their KKx data (Fig. 13), but can accomodate it 
by changing the w(980) parameterisation [82]. 

4.2.2 J/1/, Decays 

DM2 [28] and Mark III [29,27] see a peak at -1285 
MeV in the qxrr spectra accompanying a y, w, and 
4 in J/+ decays, and in 4n accompanying a 4. DM2 
aIs0 sees it in 47r accompanying a 7. In this channel 
they have analysed the 4x system and found the 
peak to be mostly p’xx. Since this is one of the 
standard [l] decay modes of the fi(1285), it could be 
evidence for J/$-+yfi(1285). Such a radiative decay 
of the J/1c, via J/+ygg with both gluons massless 
is forbidden by Yang’s theorem. However massless 
dual gluons is only an approximation. Also, the 
determination that the fi( 1285) decays to p’aa was 
made before the ~(1275) was seen, and may not 
have allowed for the possibility that not aII of the 
1285 peak is due to the fi(1285). As usual, caution 
is advised before Jp measurements are available. 

4.2.3 ~7+~(1275) 

The ~(1275) is a candidate 7(2S), although qq mod- 
els (e.g. [17]) would rather have it at a higher mass. 
Predictions for the yy coupling of an ~(2s) are in 
the region of a few keV [17,83]. However Crystal 
BaII data [84] on y~-+~x~rr~ (Fig. 26) show no sign 
of the ~(1275). The 90% C.L. upper limit, assuming 
rto, = 50 MeV, is 

I’,,[q(1275)] x B(~AA) < 0.3 keV (prel.) 

This was surprising 1851, but perhaps can be un- 
derstood on closer inspection of the possibilities for 
mixing among the O-+ mesons. 
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Figure 26: (a) Crystal Ball [84] qwn mass dis- 
tribution from -y~--+rlx”xo. The large peak is 
the $(958). (b) Preliminary upper limits for 
I’,,(X)xB(X+nxx), for I’,,,(X)=50 MeV. Al- 
though there are no events at high mass, the up- 
per limit rises because the t7rr”xo reconstruction ef- 
ficiency and the yy flux fall with increasing mass. 

Th e y-y coupling of a meson is the coherent sum 
of the y-y couplings of its qq components, each of 
which is proportional to e:]@(O)]‘, where ep is the 
quark charge and $(O) the qq spatial wave function 
at r=O. An isosinglet always has equal amounts of 
uii and da, so we can write the arbitrary isosinglet 
wave function as 

4 = v (uii + dd) + o ss lvl2 + lulZ = 1. 

In the approximation that the spatial wave function 
is the same for all qq components we get 

r 5v+a 2 
71 --. I I 9 

Thus vanishing PT7 is achieved for o = -5v [86]. 
However that. means a large ss content for the 
n(1275), which would make its production via a 
pion beam and its Q,X decay improbable. Also, this 
mixing leaves a primarily uti+dd partner, which 
should be seen in ~-y-+r7xn. The data in Fig. 26 

I 
.-.- 

1s L-.1 < 2s 

Figure 27: lS-2s mixing for I=0 O@ mesons. 

don’t leave much room for such a meson below 
-1800 MeV. 

The Stanton et al. [81] and KEK [67] data on 
the ~(1275) present an amusing cure for its non- 
appearance in ~~+qxn: They see destructive in- 
terference between the a.ex and fan isobars, with 
little sign of the n( 1275) in the total 71’7~~ spectrum 
(see Figs. 15&16). So all the Crystal Bali have to do 
is perform a partial wave analysis of their 0 events 
to separate the interfering isobars! 

Now let us be serious and look at what goes into 
the predictions of I’7^r for the 2s states. The wave 
function at the origin is smaller for 2s states than 
for lS, but the p-wave phase space for the decay is 
larger due to their higher mass. In addition, the 2s 
and 1s states mix, via the diagram in Fig. 27, to 
form the physical states we observe. Expanding the 
notation used above, so that for a given isosinglet 
meson, vis is its uu+dd 1s component, etc., 

4 = (us + ~2s) (uii + dd) + (uis + ~2s) ss . 

Using the individual yy+qq couplings from the 
Godfrey&Isgur model [87] yields 

rf7 = M3 12.65 vls - 1.122~~~ + 0.58~~~ - 0.28a2s12 , 

where inserting M in GeV gives I?-, in keV. 
Notice that the 2s states enter with a minus sign 

in this particular model, giving an opportunity to 
achieve P^17k0 without an ss component. God- 
frey&Isgur’s prediction for r,,[q(1440)]=7 keV was 
based on vis = -0.26, v2s = +0.‘79, uis = -0.17, 
~72s = -0.44. However the mixing among the O-+ 
mesons is quite uncertain in their model due to the 
difficulty of calculating Fig. 27 at, such low masses. 
The isosinglets are doubly difficult because they 
have octet-singlet mixing as well as lS-2s. With 
the I=1 ~(2s) we should be on firmer ground. The 
candidate particle is the n(l300) which has a width 
between 200 and 600 MeV, and decays to 3x, in- 
cluding px. Godfrey&Isgur predict. I,,[rr(1300)]=1 
keV. Since the branching ratios are not known, a 
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useful measurement of its IY1. should include both 
the x0x+x- and the 3a0 channels. Next year? 

Until we understand the I77 widths of the 2s 
mesons, we should be very cautious in using the 
non-observation of the glueball candidate ~(1460) 
in ye collision to say that it can’t be 2s qq. 

5 Fry of Other O-+ Mesons 

5.1 x0 and 17 
At this conference new results were presented by 
Crystal Ball [92].using r-y-+7-y scattering to mea- 
sure rTv of the ~(548) and the x0. The data are 
shown in Fig. 28, and the results compared to previ- 
ous measurements in Table 8. Their P&x’) agrees 
well with a very precise measurement using the de- 
cay length of high energy R”S [91], and with the 
previous best measurement by Browman et al. [90] 
using the Primakoff effect. This agreement makes 
it all the more surprising that the new -y-y measure- 
ment of the 77 disagrees with that of Browman et 
al., although all the yy measurements agree with 
each other (see Table 8). 

In the Primakoff effect the n is formed by an in- 
coming photon beam interacting with a virtual pho- 
ton of the Coulomb field of a heavy nucleus: 

y N + yy* N +q N . 

The cross section for this process is 

u~ri~a~~fi a ryr lFem(q)12 Et,, F, (8) 

where 6 is the angle of the q relative to the incom- 
ing y direction. There is a minimum momentum 
transfer squared 1971 

for a photon of energy Ebe.,,, producing a meson of 
mass M. The tk,,‘s for the various experiments are 
listed in Table 8. 

F,,(q) is the electromagnetic form factor of the 
nucleus of charge Z. Its q-dependence must be 
known in order to extract I’77 from Eq. 8. A physi- 
cist of the previous generation would be able to say 
something wise at this point about the size of the 
error this is likely to introduce. The best I can do 
is to point out that the correction is reduced as ]q2] 
decreases for higher beam energies, and that the 17 
needs a factor 16 higher beam energy than the x0 
to get down to the same ]q2 1. Modern Primakoff ex- 
periments are performed at hundreds of GeV (e.g. 
Ref. [44]), but none measure the 7. 
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F’ igure 28: Crystal Ball [92] data on yy-+yy vs. 
M(y7) (a) near the x0 and (b) near the 7. The 
crosses in (a) are the normalised single beam data, 
which is too sparse in (b) to plot but is well repre- 
sented by the dotted background curve. The pl(yy) 
requirement is <8.7 MeV in (a) and <45 MeV in 
@I. 

Primakoff production of x0’s and n’s has a back- 
ground from rr”‘s and n’s produced in the hadronic 
field of the nucleus, e.g. 

The Coulomb and hadronic contributions can be 
statistically separated by fitting the angular distri- 
butions, since that for production in the Coulomb 
field is peaked at smaller angles. 
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The most recent Primakoff experiment, that of 
Browman et al., was able to take advantage of 
higher energies available by then to improve the 
signal to background (the Primakoff effect increases 
as Et,,), and to check the systematics of the sep- 
aration by comparing rest&s from a wide range of 
beam energies. Therefore their I-r+(n) became the 
accepted value, although it differed substantially 
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Table 8: Measurements of rT, of the no and q. 

rw @VI 
12fl 
7.3ztO.6 
8.050.4 
7.3-fO.2fO.l 
7.8*0.4*0.9 (prel.) 

rb-4 IkeY 
l.Of0.2 
0.32ztO.05 
0.561tO.16 
0.53*0.04*0.04 
0.64~0.14iO.13 
0.51~tO.02d~O.06 (prel.) 
0.53 f 0.04 

W) (kev) 

Method tdi, [MeV’] 
Primakoff -83 
Primakoff 
Primakoff 
Decay Length 
Two Photon 

-69 
-2 

Primakoff 
Primakoff 
Two Photon 
Two Photon 
Two Photon 
Two Photon 
Two Photon 

-745 
-172 

Two Photon 

- 
1 
I E - 

from the first Primakoff measurement of the 77 by 
Bemporad et al. 

In order to measure IT7 in 77 collisions one relies 
on a QED calculation of the y7 flux factor 377 to 
convert the e+e- luminosity & to an equivalent yy 
luminosity: 

N(e+e-+e+e-M) = L 3,, u(-y-y-+M). 

Here u(yy-+M) is the Breit-Wigner resonance cross 
section as in Eq. (l), and is proportional to I’,,(M). 
The efficiency for detecting this process is typically 
only a few %, because the events tend to have 
a large Lorentz boost, and is det,ermined using a 
Monte Carlo simulation of the e+e--+e+e-M pro- 
cess. A possible background from beam-gas pro- 
duction of q’s, i.e. ep-+n+X, must be checked. The 
four available measurements agree with each other 
quite well (Table 8). Two of them have errors ap- 
proaching that of the latest Primakoff experiment. 
The ye average is I’,,(n)=O.53rtO.O4, which is a fac- 
tor of 1.7f0.3 larger than the Primalcoff result. A 
graphical comparison of the FT7(T) results is pre- 
sented in Fig. 29. 

Both types of experiments have a small effect 
from the q2 dependence of the -y-y coupling to the 7. 
P7? is defined for the decay r,r+y~, where the y’s are 
real and massless. When we measure P7-, in ~-y-‘n, 
where the photons are not quite real, we expect a 
ppole form factor for each y, so that in the above 
equations IT7 should be replaced by p(q) I77 for the 
Primakoff effect (where only one -y is virtual) and 
by p(ql) p(q2) I’?? for yy collisions. In the latter, 
the -y’s have small q2, especially after typical cuts 
on the net pt of the observed 7. The Crystal Ball 
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Reference 
Bellettini et al. [88] 
Kryshkin et al. [89] 
Browman et al. [90] 
Cronin et al. 1911 
Crystal BaII (DORIS) [92] 

Bemporad et al. [93] 
Browman et al. [90] 
Crystal Ball (SPEAR) [94] 
JADE [95] 
TPC/2-/ [96] 
Crystal Ball (DORIS) [92] 
average 

average [l] 

I I 
Primakoff 1 77 Collisions 

Figure 29: Comparison of Primakoff and 77 mea- 
surements of P,,(q). The points are not drawn in 
chronological order, but rather so as to put the most 
precise measurements next to each other. 

(921 requires pt(n)<45 MeV, for which the form fac- 
tors reduce the observed cross section by less than 
0.3%. 

We are left with two different types of precise 
measurements which don’t agree with each other as 
well as we would like. It is tempting to take the yy 
results as correct, saying that even the Browmti 
et al. experiment was at too low a beam energy 
for a reliable n measurement. However it would 
be preferable to first obtain a realistic estimate of 
how much the uncertainty in the nuclear form factor 
affects the Primakoff results. 



Table 9: Q  Decay Branching Ratios. 
The KKx branching ratios assume I=O; thus 

- (mb)O = ;K,K *6 + ;K~KW + ~K+K-# + 
j ~K”l?oxo. The 2( x+x-) includes pop’. Additional 

Mark III branching ratios are in Ref. 1991. 

The 77 flux falls with increasing mass, so that data 
on the heavier mesons is scarce. This year we have 
first results on 7~417~. They don’t agree with each 
other terribly well, but they are alI low statistics 
measurements, so fluctuations are expected. 

Before comparing the various F-,-,(9,) measure- 
ments, it is necessary to update the 7, decay 
branching ratios. This is done in Table 9. The 
DM2 and Mark III results for the pp and &#J decays 
are in disagreement. However the decay modes we 
need here, KKx and pp, agree well. The values in 
Table 9 are product branching ratios B(J/+ync, 
9=--+X). To get B(n,+X) we need to divide by 
B(J/++n,)=(1.27ztO.36)% [98]. The 28% error on 
this will be common to most of the I’-,-, measure- 
ments, and must be treated as such in making the 
average. 

PLUTO have published [loll their 7 observed 
yy-+K,K*xr events, shown in Fig. 30. TASS0 are 
still working on their analysis, but reported a pre- 
liminary result this spring 11021. Now Mark II have 
a preliminary result [79] from 4 observed events in 
the nr region (Fig. 31). AlI three I’,,(nc) values are 
listed in Table 10. 

The MD-l collaboration [104] at the VEPP- 
4 e+e- storage ring in Novosibirsk have looked 
for e+e--+e+e-y-y-+e+e-qc. Instead of observing 
the n= decay products, they measure the energies 
and angles of the scattered electrons and calcu- 
late the missing mass X in e+e--+e+e-X. This is 
possible because, unlike the standard detector with 
solenoidal magnetic field parallel to the e* beams, 
MD-l has a perpendicular field which bends off- 
energy electrons out of the beam. The analysis is 
done for events with the e+ and e- detected at scat- 
tering angles 8>0.5 mrad, and two additional tracks 
(charged or neutral) at large angles to the beam. 

Figure 30: PLUTO evidence for 77+77c [loll. K,‘s 
are identified by their reconstructed x+x-. decay, 
requiring that the decay vertex be clearly sepa- 
rated from the interaction point. No particle iden- 
tification is used for the charged particles, so each 
event appears twice, once for the K,K+x- hypoth- 
esis, once for K.K-n+. The two hypotheses tend 
to he close to each other in M(K,K*rrr). Thus the 
14 entries in the nc peak are from only 7 events. 
Events consistent with K.K. have been rejected. 
The dashed curve shows the mass dependence of 
the efficiency times ry flux. 

f 7 - I? K’ n- 

15 - 

“I 1.5 - 2 25 3 35 
M(t iK’n-) (CeV) 

Figure 31: The points are the Mark II data on 
77’Vc PI. Only 6 out of the 84 events have 
more than one combination of tracks consistent 
with K K*xT. The solid histograms are Monte 
Carlo simulations of 7-y--‘n( 1460) and yy+~. 

23 



I 

Table 10: Measurements of the 77 width of the 77, 

I’-&Q) x B(vc+K.K*nT) P=Vl 
0.5+;:, zt 0.1 

1.2 & 0.6 & 0.4 (prel.) 
0.15?:::: f 0.05 (prel.) 

B(rlc-+rr) x R(w-+PP) 
(0.57 f 0.26) x 1O-6 

I I 1 I 

r-AC) PeVl 

30 * 13’ 
71 f 43’ 

9 f 7’ 
l neglecting B(~-+Kii’x) error 

6f4 
neglecting B(nc-+pp) error 

9+4 
including alI errors 

< 11 (90% C.L., prel.) 

8 

0 i 2 3 4 5 

MK GeV 

Figure 32: Preliminary MD-l missing mass (X) 
spectrum in e+e--+e+e-X [104]. The dashed curve 
corresponds to the upper limit I’,,(n=) < 11 keV. 

The missing mass spectrum is shown in Fig. 32. 
The resolution in missing mass is a,,, z 90 MeV at 
the T],. They obtain a preliminary 90% C.L. upper 
limit of 14 events, or I’&nc) < 11 keV. This limit 
is independent of the nc decay branching ratios, re- 
quiring only a reasonable simulation of vc-+hadrons 
in order to obtain the detection efficiency, which is 
about 20%. 

Yet another way of measuring I’11(n7c) has been 
developed by R704 at the ISR. They produce the 
Q’S directly in pp annihilation, scanning the beam 
energy over the nc region. The ISR beam gives 
them a mass resolution of -0.3 MeV. To measure 
pp--+n~--+yy, they must suppress the background 
from pp+x”nO with two 7’s outside the detector, or 
x0+77 with the 7’s so close together that they are 
indistinguishable from a single 7. They were only 
able to collect small numbers of events before the 
ISR shut down. Slight changes in the cuts, which 

Reference 

PLUTO [loll 
TASS0 [102] 
Mark II [79] 

R704 [103] 

average 

MD-l [104] 

1.2 I 

1 I 

Figure 33: R704 [103] 7, data. Note that this is 
a scan so that where there are no points the cross 
section is not necessarily 0; rather there is no infor- 
mation there. The dashed line is the background 
level determined from a study of pp-+lr”rro events. 

cause a few events more or less to be accepted. 
make noticable changes in r,,(a). Thus several 
values have been quoted as the analysis has pro- 
gressed; however they are aII compatible within the 
statisticaI error. Their n, scan is shown in Fig. 33. 
The total width of the nc cannot be very well de- 
termined from this data: a fit gives Itot = 7.0’::: 
MeV; while the peak height is better determined: 
B(r],-+yy)B(ne+pp) = 0.68+~:~~ x 10v6. The value 
in Table 10 is from a fit with Itot fixed at the Crys- 
tal BaU [98] value of 11.5f4.5 MeV. 

The various rT7(n,) measurements are compared 
in Fig. 34. They exhibit the usual effect that the 
first experiment that sees a significant signal is ob- 
serving an upward fluctuation, and the value tends 
to decrease as more information comes in. The 
present average is IT7(nc) = 914 keV (X’/d.f. = 
5/3). This may be a biased average, since exper- 
iments with even lower values may not bother to 
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Figure 34: r7?(qc) measurements. The compari- 
son is complicated by common systematic errors. I 
have put no error for B(nc+KKrr) on the 3 KKn 
points, and assigned the relative error between it 
and B(ne-+pp) to the single pp point. The MD-l 
upper limit has been increased by the fuII error on 
B(KKn). This confuses the absolute y-scale, but is 
(I think) the fairest comparison between the mea- 
surements, which is the point here. 

report them. 
Clearly a.lI the experiments need more statistics. 

The most promising opportunity is with experiment 
E760 11051 being built to repeat the pp annihilation 
measurement at the Fermilab p accumulator ring. 

The expected I77(rl,) can be related to F.,(J/$). 
Both the q, and the J/G are bound CT states, the 
former is the l’s0 and the latter is the 13S1. The 
approximation where they have the same wave func- 
tion at the origin gives [106] 

r&c) = 3 ei r,,(J/$) X (1 $ 1.96 2) , 

where the last factor is the 1” order QCD correc- 
tion. The measured [l] I’,.(J/$) = 4.7rt0.3 keV 
leads to a predicted I’-r-r(rlc)w7 keV for a,=0.22. 
QCD sum rules [107] give -4 keV. 

6 bL Mesons 

6.1 Limits on Other Narrow l-- Reso- 
nances in the T Region 

The Y’s are the n3S1 bound states of b6 quarks. 
The ground state (n=l), called the Y(lS), was dis- 
covered via its ptpL- decay in p N --‘p+p- X [108]. 
There indications were also seen for the’first two 
excited states, the Y(2S) and Y(3S) [log]. Since 
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Figure 35: E605 (1101 M(p+p-) distribution from 
p CU~#uL+~--x. 

then the Y family has been largely the domain of 
the e+e- machines. However now E605 at Fermi- 
lab [llO] h ave achieved ~0.3% mass resolution and 
clearly separated the first three Y’s in the reaction 
p Cu+p+p- X, as shown in Fig. 35. 

These data have been used to extract upper Iim- 
its for the production of other resonances in the Y 
region (Fig. 36) relative to the DreII-Yan production 
of p+/.L-. Although they are not sensitive enough 
to rule out Higgs particle or Technipion produc- 
tion, the expected levels for which are aiso shown 
in Fig. 36, they are useful for testing other hypothe- 
ses that come up. 

One such hypothesis was suggested by Tye and 
Rosenfeld [ill] after the 1984 report by Crystal Ball 
[112] of a narrow resonance [ seen at 8.3 GeV in 
radiative Y (1s) decays. 

Tye and Rosenfeld speculated that the ( was the - 5 
1S bound state of a pair of scalar quarks, QQ, and 
that it was coming not from Y( 1s) decays, but from -= 
those of the QQ(3P) l-- state which would be dose 
to the Y(lS) in mass. This explained the (‘s non- 
appearance in Y(2S) decays [112]; and aIso the fact 
that it wasn’t seen [113] by CLEO or CUSB at the 
CESR e+e- machine, which has a -4 MeV center 
of mass resolution compared to DORIS’s -8 MeV.’ 
The resolution difference was perhaps even greater, 
since the original Crystal Ball Y(lS) data was ac- 
cumulated in 3 short run periods, a situation not 
conducive to precise setting of the beam energy on 
the Y(lS) mass. 



Figure 36: E605 [llO] upper l imits for narrow reso- 
nance (X) production times B(X+b+p-) in p Cu-+ 
p+p-+ anything, relative to the Drell-Yan p+p- 
cross section. 

Later in 1984 Crystal Ball took more data on the 
Y(lS), taking great care to put the beam energy at 
the peak of the Y(lS). No C was seen, and an up- 
per limit set which contradicted the previous signal, 
assuming it came from the Y(lS) [114,115]. Elim- 
ination of the QQ explanation of the ( signal was 
achieved in 1986 with data taken 12 MeV above and 
12 MeV below the Y(lS), where again no peak was 
seen [116]. Thus the original peak must have been 
a statistical fluctuation. 

The idea of other bound states besides the Y re- 
mains an interesting possibility however, and wher- 
ever one can look for new phenomena one should. 
MD-l [117] have scanned the e+e- center-of-mass 
region from 7.2 to 10 GeV setting the limits shown 
in Fig. 37 on PC. of a narrow resonance. Their data 
are a substantial improvement over what was pre- 
viously available in this energy region. 

6.2 Lee and Radiative Corrections Cor- 
rections 

A part of Crystal Ball’s Y(lS) running this year 
was a careful scan over the resonance to measure 
its leptonic width Fee. That result is not ready yet, 
but I report on our progress on understanding how 
to extract r,. from the scan data. In principle r., is 
proportional to the area of the e+e-+hadrons res- 
onance curve, just as described previously for KK 
scattering (Eq. (2)). However in the case of the Y, 
the resonance width is much smaller than the en- 
ergy resolution A of the e+e- machine, and the Y 
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Figure 37: MD-l [117] preliminary 90% C.L. upper 
limits on P.. of a narrow resonance (PC4 MeV). The 
energy range is divided into 7 regions with equal in- 
tegrated luminosity (excluding the Y(lS)); for each 
region the maximum P, is plotted. The Mark I 
[118] upper limit is also sketched. The LENA upper 
limit 11191 is off scale. The points are the predicted 
masses and Pee’s of the lP, 2P and 3P scalar quark 
states in the Tye-Rosenfeld model [ill]. 

Breit-Wigner curve is replaced by the Gaussian of 
the machine resolution: . 

c(W) = Ho e-tW-M)‘/2A1, where 
rbad 6x2 1 

Ho = ree K 3 A& (9) 

is the new peak height. The area of the resonance 
curve is not changed by this smearing. 

Initial state radiation (Fig. 38d) adds to the 
Gaussian a high energy tail, as shown in Fig. 39, 
because at a nominal setting above the Y, radiation 
of a photon before the e+e- annihilation can bring 
the effective energy down to the Y. Until now, al- 
most all Y-experimenters relied on the formulation 
of Jackson and Scharre [12O].for this radiative cor- 
rection. Last year rumors reached us of a Russian 
paper by Kuraev and Fadin which claimed to find 
significant deviations from the Jackson-Scharre re- 
sult. Even after translation into-English [121] it 
remained a formidable obstacle. However now the 
VEPP-4 experimenters [122] have published a pa- 
per using an approximation to the Kuraev-Fadin 
form, and very considerately give their formula ex- 
plicitly. It is this last which I shall use in the fol- 
lowing. 

As shown in Fig. 39, the new and old formulations 
agree quite well in the shape. However the normal- 
isation is significantly affected. Evaluated for A=4 
MeV, the peak height of the Jackson-Scharre curve 
is 0.645 Ho, while that of VEPP-4 is 0.584 Ho, a 10%’ 
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Productlon Decay 

Figure 38: Diagrams for e+e--+Y and for Y +e+e- . 
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Figure 39: Shape of e+e---+Y peak ignoring initial 
state radiation (Gaussian curve of u=A), and with 
radiation according to the Jackson-Scharre 11201 
and VEPP-4 [122] formulas. 

change 12. The difference turns out to be partly a 
matter of definition, and partly a problem with the 
treatment of low energy photons. 

The matter of definition was pointed out by Tsai 
[123] in 1983, but overlooked by the experimenters. 
Although we measure ree in e+e-+hadrons, we 
use it to extract the Y total width Pto, from 
B(,Y-te+e-) = l?,,/r,,,. For this equivalence to 
hold, the definition of Pee must include all the di- 
agrams which contribute to the Y-+e+e- decay, 
shown in Fig. 38. The e+e-y final state has been 
included in both the calculation and the experimen- 
tal branching ratio, and is not the problem. Rather 

“Note that the lowest order QED corrections have reduced 
the peak height by -35% from the Gaussian’s Hi, an aston- 
ishingly large effect for a=1/137. 

I 

I 
it is the vacuum polarisation diagram (Fig. 38b), 
which has been handled in an inconsistent manner. 
It clearly belongs to the Y+e+e- decay, and should 
therefore be included in the definition of P.,. It also 
occurs in the e+e--+hadrons process. However here 
Jackson and Scharre treated it as part of the ra- 
diative correction instead. CLEO [130] “improved” 
upon Jackson-Scharre by including not only elec- 
tron but also CL, T, and hadron vacuum polarisation 
loops, obtaining a normalisation of 0.693 Ho. With 
the vacuum polarisation put back into I‘,, where 
it belongs, the Jackson-Scharre normalisation be- 
comes 0.617 Ho. 

The second problem is disagreement among the- 
orists on how to do the “soft-photon exponentia- 
tion”. Jackson-Scharre applied it only to diagram 
38d, while current majority vote (e.g. [124,121]) 
favors applying it (or something very close to it 
[123]) to all terms. The proper resolution to the 
dispute will come from a calculation of the next or- 
der. For now I will take the majority opinion, with 
its peak normalisation of 0.584 Ho, and the caution 
that there remains an -5% theoretical uncertainty. 

Since the shapes of all the curves agree so well, 
we can renormalise the published results to the new 
consistent definition of Pee. As can be seen from 
Eq. (9), the observed peak height is proportional 
to I’,, l’&Ptot times the radiative corrections nor- 
malisation factor. Reducing that factor from its 
original 0.645 to 0.584 increases the extracted ret 
Ph&‘,o, values by 10%. The re-normalised values 
are given in Table 11. 

In order to get Pet, we need the rh,,#to, fac- 
tor which accounts for the fact that in this mea- 
surement we use only decays Y-+hadrons. As- 
suming lepton universality and that the Y decays 
only to charged lepton pairs or to hadrons gives 
rtoc=3ree&.d,0r rb4proc=l-3Brp. 

New world averages for B,, are calculated in 
Table 12, including the new values presented at 
this conference: a new B,,(lS) measurement from 
ARGUS [137], and the first statistically significant 
B,,(3S), provided by CUSB [141]. In Table 13 the 
average Pee Fr&‘to, and B, values are combined 
to get r.. and rtot. The results are significantly 
different from those in the latest PDG tables [l]. 

There are several applications of these measure- 
ments. Both I’- and Pcot are proportional to the 
QQ wave function at the origin; rrot is also propor-’ 
tional to as3. Thus Pet is a good test of the QQ 
potential, subject of course to the usual cautions 
when QCD gets in the picture. In B,,, the ratio of 
the two, the effect of the wave function drops out 
leaving only the a, dependence, but unfortunately 
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Table 11: Measurements of ret rhad/rtOt (in keV) 
The type of radiative correction that was used in each published Fee Ibed/Itat 

value is listed, and the new value with VEPP-4 normahsation is given. 
Published r., rhd/rto, 1 Rad. corr. 1 new value 1 Experiment 

T(lS) - - 
? Greco - 
l .OOf0.23 JS 1.09f0.25 
1.10*0.07*0.11 Greco 1.13f0.13 
1.12f0.07f0.04 JS 1.23Iko.09 
1.17rk0.05f0.08 JS, full Lc I 1.37f0.11 
1.04f0.05f0.09 JS 1.17f0.11 

1.22 i 0.05 I - - 
PLUTO 11251 
DESY-Heidelberg [126] 
LENA [127,128] 
DASP II [129] 
CLEO [130] 
CUSB [131] (unpub.) 
average 

0.37f0.16 JS ] 0.41~tO.18 ] DESY-Heidelberg 11261 
0.53 * 0.07:;:;; Greco LENA [132,128] - . 0.54kO.12 
0.55fO.llf0.06 JS 0.60f0.14 DASP II [129] 
0.49f0.03f0.04 JS, fuII 6, 0.58f0.06 CLEO [130] 
0.53f0.03f0.05 JS 0.59f0.06 CUSB 11311 (unpub.) 

T(3S) 
0.38f0.03f0.03 
0.35ztO.02f0.03 

0.57 f 0.04 average - 

JS, fd 6v.c 0.45f0.05 CLEO [130] 
JS 0.39&0.04 CUSB 11311 (unpub.) . . 

0.41 * 0.03 average 

Table 12: Measurements of B,,(in %) 

Reaction 
Y + p+p- 
Y -+ /.L+p- 
Y + p+p- 
Y -4 p+p- 
Y -+ p+/L- 
Y --a p+jL- 
Y + ee 
Y’--+x+n-Y, Y-bp+p-,e+e- 
Y’+n+7r-Y, Y--+p+p-,e+e- 
Y + 7-T 

2.2k2.0 
1 .4Z3.’ 
3.2;;13*0.3 
3.8*1.5+0.2 
2.7kO.3kO.3 
2.7zk0.3f0.3 
5.1zt3.0 
2.84+0.18?c0.20 
2.39*0.12zto.14 
3.4zt0.4f0.4 
2.63 zt 0.13 

WS) 

Experiment 
PLUTO [125] 
DESY-Heid. [126] 
DASP II [129] 
LENA [127] 
CLEO [133] 
CUSB [134] 
PLUTO [135] 
CLEO [136] 
ARGUS [137] (prel.) 
CLEO [138] 
average 

Y’ + /JCL 1 1.8kO.8f0.5 1 CLEO [139] 

1.6 41 0.4 

Tf3S) 

. . 
average 

. , 

Y"  -4 p/L 1 3.3zt1.310.7 ( CLEO [133] 
Y” + p/L 1.53io.29f0.21 CUSB [141] 

1.6 i 0.4 average 
l The ARGUS 2s value is scaled to the average 1s value with 

3 

1 

1 
B,,(2S) = 1.57 f 0.59 k 0.53 + 2.1(B,,(lS) - 2.9) (in %) [140]. 

28 



Table 13: Average values of B,,, Tee and r,Ot. 

New Values PDG Values [l] 
Resonance B,, [%] ] I, [keV] ] Pr,, [keV] B,, [%] / Pet [keV] I Ito, [keV] 
VlS) 2.63f0.13 ] 1.3350.06 ] 51&3 2.850.2 1 1.22f0.05 1 43f3 
r(2sj 1.6zt0.4 0.60f0.04 37rblO 1.8f0.4 0.54f0.03 30f7 

Y(3S) 1.6f0.4 0.43f0.03 27rt6 3.3f1.5 0.4OzbO.03 12::’ 

also a large sensitivity to QCD problems. My not- 
yet-updated but still relevant thoughts on Fee and 
B ~~ can be found in Ref. [142]. The latest AQoD vrd- 
ues were given by J. Lee-Franzini at this conference 

W I * 
The interest in Itot is more subtle, but pervasive. 

Experimenters measure Y decay branching ratios, 
while theorists calculate partial widths. All com- 
parisons between the two rely on Itot! 

6.3 xb(2P) States 
The CLEO and CUSB experiments have been run- 
ning on the Y(3S). Their results presented at this 
conference represent about l/3 of the total lumi- 
nosity they hope to accumulate this year. 

For this run the CUSB detector was upgraded to 
CUSB-II by the installation of a BGO inner detec- 
tor. The energy resolution for electromagnetically 
showering particles is now ax/E = 2.2%/a, for 
E up to -1 GeV [141]. This resolution is about 
3 MeV in the range E, = 85 - 100 MeV, suffi- 
cient to separate the three y lines corresponding 
to Y(3S)-+y xbJ(2P), J = 2,1,0 in the inclusive y 
spectrum from Y(3S)-+y+hadrons (Fig. 40). The 
7 energies obtained from a fit to that spectrum are: 

Xbz : 86.5 i 0.7 MeV 

xbl : 99.3 i 0.8 MeV 

Xbo : 124.2 i 2.3 MeV 

This spectrum, along with the data on the exclusive 
decays Y(3S)+y xb(2P), xb(2P)+yY, Y+P+f?, 
provide several branching ratios which can be com- 
pared to those expected from potential model calcu- 
lations, and also can be used to extract total widths 
of the xb(2P) states for comparison with QCD cal- 
culations. All of these tests will be significantly im- 
proved when he full data sample is available. The 
currect status was fully covered in the talk of J. Lee- 
Franz&i at this conference. Here I will concentrate 
on the relative mass splitting of the xb(2P) states 
and what it means for the heavy quark potential. 

Combining their inclusive and exclusive measure- 
ments of the xb(2P) states, CUSB obtain 

Mz - MI 
rw = M  ___ = 0.57 f 0.06, 
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Figure 40: CUSB-II [141] inclusive-y spectrum from 
Y(3S)+y+hadrons. 

where MJ is the mass of the spin J xb(2P) state. 
The parameter r is sensitive to the Lorentz form 
of the confining part l3 kr+C of the QQ potential 
[143], which can be written approximately as 

v(p) = -;: + kr + C. 

The o,/r term is expected in perturbative QCD 
to come from the exchange of a gluon, which is 
a vector particle. However the confining part is 
non-perturbative and not that well understood, al- 
though most theorists expect it to behave as a 
scalar. Without any confining term in the poten- 
tial, r=0.8. Adding scalar confinement reduces r, 
while vector confinement increases it. Although the 
earlier CUSB measurements [144] had large errors: 
r(2P) = 0.85rtO.l~bO.3 and r(lP) = 0.93ztO.110.2: 
their tendency to favor vector confinement caused 
some consternation. The new more precise CUSB 
2P value, last year’s world average of r(lP) = 
0.66~hO.05 [143], and the xc value of 0.48f0.01 are 
all well on the side of scalar confinement. 

However now that the data is behaving, the the- 
ory is not. N. Byers [145] reported that scalar con- 

*r’I use bold-face r for the ratio, and italic r for the distance 
in the potential V(r). 
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Figure 41: Pair creation diagram contributing to 
Y mass. The high k part is taken into account by 
the running of o.. Calculations of the low k part 
assume it is saturated by mesons, e.g. Y-+BB+Y 
[145]. 

Rnement, although providing the best description 
of the spin splittings, can no longer fit the gross 
features of the spectrum: the Y masses and the 
spin-averaged Xb masses. In the following I give my 
interpretation of what she and others [85] said. 

The above discussion has ignored the effect of 
light quark pair creation” (Fig. 41) on the heavy 
meson masses. This is the mechanism by which the 
b6 mesons above threshold decay, e.g. Y(IS)-+BB. 
The decay is forbidden for the lighter Y’s, but can 
exist as a virtual intermediate state, and thus affect 
the mass. Again it is clear how to treat the pertur- 
bative part. A gluon exchanged in the t-channel 
is what makes the a,/r part of the potential. Ex- 
changed in the s-channel as in Fig. 41, it creates 
a light-quark pair. The use of the same exchange 
particle in the t and s channels is called “crossing”, 
and is uncontroversial in the perturbative case. 

Less clear is how to calculate the pair creation by 
the confining part of the potential. Confinement is 
probably not due to single particle exchange, but 
to the collective action of many gluons. The term 
scalar confinement is to be understood as “effec- 
tive”, i.e. its Lorentz properties are as though a 
scalar particle were being exchanged. But this is 
not enough to tell us how to create pairs. Byers 
makes the simplest approximation: that a scalar 
particle really is being exchanged in the t channel 
for the potential, and in the s channel to make pairs. 
The scalar particle is described by the kr+C terms 
in the potential. C sets the zero of the mass scale, 
and is large and negative. Pair production by a 
scalar particle is proportional to the potential, and 
both the kr and the C terms contribute strongly, 
with opposite sign. The net shift in masses is large. 
No successful fit to the measured masses could be 
found with scalar confinement model when the mass 

“Vacuum polarisation come back to haunt us again! 

shifts due to pair creation were included. (Previous 
fits ignored pair creation; then the type of confine- 
ment has no effect on the Y and average Xb masses.) 

If confinement is via a vector particle exchange, 
the pair creation by that particle is proportional 
to the derivative of the potential, so the C term 
doesn’t contribute. The mass shifts are still sub- 
stantial: 126 MeV for the xb(lP) center of gravity. 
However they can be accomodated by changing the 
parameters of the potential. A good fit was found 
with the following potential (where I have put in 
the tLc’s, r is in fm, and V in GeV): 

qr) = qz + 1.57 r - 0.97 . 

Thus Byers concludes that the spin-averaged 
masses require vector confinement, while the spin- 
splittings need scalar confinement, so that.we are 
in trouble. This conclusion depends however on the 
“crossing” assumption. Models with different treat- 
ment of pair creation can fit the data. For example 
the 3Ps model [SS] finds only a -20 MeV shift for 
the Xb states using scalar confinement. 

6.4 Search for the ‘PI 

Still missing in heavy quark spectroscopy are the 
‘Pr states of cc and b6 11461. They have Jpc=l+-, 
and thus cannot be produced directly in e+e- an- 
nihilation or in radiative decays of the Y’s or $‘s. 

The ‘Pi is an L=l state like the 3P~ xc and 
& but with the quark spins anti-parallel instead 
of parallel. Since the net quark spin S=O, there is -. . 
no L. S force contributing to the ‘Pi mass. The 
L’s S contribution to 3P~ averages to 0 in taking 
the spin-weighted average (usually refered to as the 
center-of-gravity): 

M( 3p 
cog 

) I 5W 3Pz) + 3W 3h) + W 3Po) 
9 

The only contribution to a mass difference between 
the ‘Pcag and the ‘Pi is the si . sr force. In lowest 
order it is proportional to the square of the wave 
function at the origin, which.is 0 for P states. Thus 
we expect the ‘Pi to be very close to the 3Pc0g. 

R704 [147] -have looked for the CF ‘Pi in 
pp-+ ‘Pi+J/$+anything. They have 5 events at 
the right mass, corresponding to a 2.30 effect. If 
this signal is real, their new experiment E760 at Fer- 
milab should be able to confirm it with many more 
event,s, and provide a statistically reliable mass de- 
termination. 

A possibility for observing the bb ‘Pi state 
is the reaction Y(3S)+7r7r’P1 [149]. The new 
CLEO [148] recoil mass spectrum against x+x- in 
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Figure 42: CLEO 11481 missing mass spectrum 
against x+x- from Y(3S)-&n-+hadrons. 

T(3S)-+a+7r-+hadrons is shown for the ‘Pi region 
in Fig. 42. The peak near the expected ‘Pi mass 
contains -330 events, but due to the large back- 
ground is only a 2.5~ effect. Again, if it is real, 
more data will tell, and CLEO hopes to at least 
double the data sample by the end of this year. 
The present effect corresponds to a branching ratio 
B(3S+x+n-X)-0.4% or an upper limit of 0.6%. 

Theoretically the Y(3S)+nx’Pi decay is treated 
as a two step process (Fig. 43): the QQ sys- 
tem emits two gluons, which then turn into pi- 
ons. Kuang and Yan [149] assume that the gg-+nn 
transition occurs with probability 1. This assump- 
tion works well for the Y(3S,ZS)+wxY(lS) decays, 
but predicts too large a rate for Y(3S)-+nn’I(2S), 
where the smaller energy available makes ignoring 
mass effects more risky. For B(Y(SS)+nrr’P,) it 
gives -1%. 

Voloshin [150] has disputed the validity of this 
picture. The ITEP group have analysed the ma- 
trix elements (xx]@jO), where B is the QCD stress 
tensor, containing products of color electric and 
magnetic fields, analogous to the stress tensor used 
in textbook electricity and magnetism. The El . 
El element, which is used in T(3S)--+rrnY(lS), 
is enhanced by the triangle anomaly. This en- 
hancement does not apply to the. El . Ml of 
T(SS)-+xr ‘Pi, so its rate should be relatively sup- 
pressed. Voloshin estimates B(Y(3S)+nx ‘Pi)< 
lo-’ and B(Y(3S)-+7r”‘P1)~10-3. 

7 Conclusions 
Light mesons: 

l Time reversal invariance tells us that mesons 
which decay to KK are also produced in KK 

l-t 

,Tc 

‘P, 
Figure 43: Diagram for Y(3S)-+xx’Pi. Note 
that the gluons are emitted from the QQ sys- 
tem as a whole. Gluons of such low energy don’t 
have enough spatial resolution to see the individual 
quarks. Physical states must be color singlets, but 
since a gluon carries color, the QQ after the first 
gluon emission is in a color octet state. Upon emit- 
ting the second gluon, it becomes a color singlet 
again. 

collisions, even if they are glueballs. 

The 2.2 GeV region is populated by 44, KK, 
and T& resonances, largely with Jpc=2++. 
Along with the fr(l720) seen in radiative J/1/, 
decay, there are too many neutral 2++ mesons 
for a qij nonet. 

Systematic comparisons of the production of 
final states X in J/+-+yX, wX, and 4X are very 
promising, but need spin-parity measurements. 

2 high-statistics experiments have seen v( 1420) 
+ hx; 1 has seen fi(1420) + K’K. The pro- 
duction mechanisms are different, so it is quite 
possible that there are two particles at 1420 
MeV. However cross-checks between the exper- 
iments would help us to be convinced, or not. 

Evidence from Q2>0 y-y collisions supports 
the existence of an fi(1420). However in its 
hadronic production and decay it doesn’t be- 
have like the partner of the fi(1285). fi(1285), 
fi(1420), and fi(1525) are one too many I=0 
l++ mesons for one qq nonet: 

Q2=0 -y-y collisions show no sign of any of 
the radially excited O-+ candidates: n(1275), 
q( 1420), ~(1460). Especially if the new 9( 1450) 
is confirmed, we have too many for a qq nonet. 

We have been frustrated in looking for a pure glue- 
ball candidate. But a complicated spectrum due to 
mixtures of qq, gg, and gqq is a more reasonable ex- 
pectation, and a better match to the chaos which is 
emerging (again) in light meson spectroscopy. Will 
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a modern version of the eight-fold way straight,en it 
out? 

- Heavy Quark Spectroscopy: 

The my width of the nc is roughly as expected, 
the primary problem being lack of statistics. 

Statistics are also plaguing the search for the 
cz and bb ‘Pi states, but more data is coming. 
Calculations of T(BS)+rrs’Pi should be done 
soon if they are to count as predictions. 

The leptonic branching ratio of the Y(3S) has 
been measured, and the leptonic and total 
widths of the T(lS) - r(3S) updated with cor- 
rected use of radiative corrections. 

The xb(2P) mass splitting has now been well 
measured, and agrees with theorists’ (previous) 
preference for scalar confinement. But now 
there are theoretical doubts in some quarters. 

The heavy quark spectroscopy measured so far is a 
gratifying confirmation of the heavy quark poten- 
tial model, and demonstrates that, at least in this 
domain, meson spectroscopy can be understood. 
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