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Abstract

Thir is an experimental review of light quark spectroscopy from e*e™ pro-
duction and ~yy collision results presenied at the 2nd International Conlerence on
Hadron Spectroscopy at KEK, Japan. The recent results in 77 production have
evidence for the JFC = 1%+, E/f,(1420) and D//;(1285)}, mesons from the TPC
and Mark II collaborations and upper limits for pseadoscalar resonances from the
Crystal Ball collaboration. The results in J/v reactions include D/ f; (1285) me-
son production in radiative decays and a complete measurement of the hadronic
decays into pasendoscalar-vector pairs from the DM2 collaboration and evidence
for ¢¢ production in radiative decays and a study of the ¢ line shape from ithe
Mark Il collaboration. A short review of aimple theoretical ideas is presented,
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1. Introduction

The study of light quark spectroscopy in ete™ production and -4 collisions
has produced many new and surprising results in the last few yezrs."’ In radiative
J /v decays new states, the iota (¢(1440}) and theta {6(1720)), are prime glueball
candidates. Recent studies of hadronic J/y decays provide tests of the quark
content of these new atates as well as zanventional g§ mesons. In < collisions the
resonance production of mesons has unambiguously proved that there is 2 spin
one E/f1(1420) meson. In conjunction with searches for gluonium candidates
seen in radiative J/t decays, the upper limits set in 7 collisions provide very
strong evidence that these candidates contain little quark content, supporting
the gluonium hypothesis,

In this paper, the recent resuits from the TPC, Crystal Ball and Mark II
groups in - collisions and the J/4 results from the DM2 and Mark III groups
presented at this conlererce are reviewed. This section begins with a short sum-
mary of the theoretical guidelines to provide a general interpretation ol the ex-
perimental results.

1.1 4+ PRODUCTION OF RESONANCES

The study of resonance production in 97 collisions provides 2 methed to
measure the quark content and, more recently, a means to determine the spin-
parity of resonances. In v~ production the partial width, ', couples to the 4th
power of the quark charges, [';; o« (e3 }*. This predicts a large difference in
the production rate of strange and non-strange states,

uti+dd ) :|s5)=25:1

V2 2

and enables a determination of the mixing angle between the octet and singlet
parts of the isoscalar members of a given nonet such as the 5,7 and f, /'. An
important general feature of states produced in 4 production is the coupling to
gluonium states should be small since they contain no charge.

Resonances produced in vy production can be spin-parity analyzed depending
on their production rate in experiments with small angle triggers (SAT) that
detect the scatiered e* track near the ete~ beam axis. In the case where neither
the ¢~ nor the et is observed in the SAT's, bath photons are quasi-real (Q? = 0)
and, as is well known from Yang's theorem, they produce resonances that must
heve even spin. If a resonance is produced where one of the leptons is detected in
the SAT, then one of the photons is now virtual, v* (Q* # 0), ad the resonance
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can have even or odd spin. Consequently, observing a resonance in the data
sample with a SAT tag and not in the untagged data sample proves that the spin
will be odd. This can be further checked by measuring the Q? dependence of the
cross section which for odd spin will go to zero as Q? goes to zero. In this case,
the partial width is measured at Q* = 0 and the useful width for comparison to
theory and experiment ,as @ — 0, is 5;- ) P

1.2 RADIATIVE Jf DECAYS

In radiative J/y decays the major focus has been the search for gluonium
states {gg) and hybrid states (gJg). The gluonium resonances are expected in
the lowest order Feynman diagram,
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Fig. 1. Radiative J/¢) Deceys

and should be charge conjugation even, G-patity even and an 5U(3) singlet which
causes it to decay equally into strange and non-strange ¢ states, The bag models,
a rough guide for the mass spectrum, predict scalar, pseudoscalar and tensar
glueball states in the 1-2. GeV/c? mass region. The main candidates are the
pseudoscalar :(1440), which is now called the 5(1440), and the tensor #(1720),
now called the f3(1720). These two states have large radiative branching ratios
and they are not seen in 4y production.

Conventional mesons, the 5, %', f and j', are also observed in radiative J L]
decays. Their relative radiative rates are in approximate agreement with a pure
SU(3) singlet coupling and the mixing angle as determined from the two photon
partial widths." The spin one states, isovector states and odd G-parity states
are suppressed as expected for resonances produced from 2 givons. In addition
there are no conventional scalar states, 5° or §, nor new scalar states observed
in J/y radiative decays.

A gualitative comparison between states seen or not seen in radiative J/y
decays and vy collisions can be made from, Sy = &1 = £ J_f:_, » the
ratio nf the radiative branching ratio to the <y partial width norm ized by phase
space.'! In the iater sections, this ratio called stickiness will be found tc be very
targe for gluanium candidates relative to conventional mesons.
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1.3 HADRONIC .J/yy DECAYS

The study of hadronic two body J/3 decays has been used to understand
quark flavor carrelations of ¢f resonances and gluonium candidates with mesons
of known ¢J content such as the ¢ and w. In hadronic decays the dominant
diagram procedes via three gluons,

g ——r—
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Fig. 2. Hadronic J/y Decays

and the two body diagram should have the form
q

C.

Qa
Fig. 3. Hadronic two body J/t Decays

mo

which coupies the quark Bavors belweern pairs of mesons. The generai idea is that
if 2 resonance is produced with a ¢ it should have a large 33 content and conversely
if a resonance is produced with an w it should have a large ut: + dd content. The
main amplitede, shawn in Fig. 3, will produce pairs of mesons that are SU(3)
singlata, There are corrections from the isospin violating electromagnetic diagram
and the double OZ! violating diagram,
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Fig. 4. Double QZI vialating J/y Decays

If the double O2] diagram (DOZ]) is negligible the flavor coupling is not mixed.
Simple madels™ have been developed to explain the branching ratios in the J /¢
decays into two bodies for the vector-pseudoscalar case and reasonable results
have been obtained. A model™ ircluding the DOZI contributions obtains the
n — ' mixing angle that agrees with the two photon width and the %' appears
not to contain non-g4 content.
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2. Review of E[f,(1420), D/f(1285), ¢/n(1440) Results
2.1 E/f;(1420) RESONANCE

Recent results from ~yy resonance production have made important advances
in our understanding of the E/f;(1420) meson. Both TPC™ and MARK TI"
observe a resonance in the single tag data and not in the untagged data in the
K5 K*x¥F mode. This provides unambiguous evidence for a spin one E/ f1{1420)
meson. The Mark I result fer y9* — KKn is shown in figure 5. The mass,
width and v partial width are;

MODE | MASS(MeV) | F(MeV) | Zil.(KeV) | GROUP

Koo 1425118 32430 35410407 TPC
Kfin 1423+ 4 narrow | 2.7+12:+.5 MKII

The two photon width as defined and calculated by the TPC group will be factor
two larger than the Mark H value, Hence the TPC value is 7+ 2+ 1.4 KeV
when compared to the Mark II value. The @® dependence of the production
cross section in both experiments supports spin 1 and not spin 0. The Dalitz
plots are consistent with the quasi-two-body decay, X(1420) — K* K. This state
is tentatively identified as the E(1420) or f1(1420). This result is surprising if
the E/ f,(1420) is the s5 isoscalar partner of the D/ f; (1285) because one would
expect a small rate if they are ideally mixed, although the rate could be fit
with a small mixing angle." However, the Mark III group has evidence for the
E{11(1420) being produced with an w and not a ¢ in the J/ys decays."” These
results suggest the E/f;(1420) couples to uii + dd and not to 2% even though it
decays to K K. An additional piece of the puzzle is from the LASS group."" In
the reaction K—p — KK+ A, &3 states should be produced. However, they see
evidence for the D'(1530)"” and not the E/f;(1420). If the D'(1530} is the 23
isoscalar partner of the D/f;(1285) then ane should observe J/y» — ¢D'{1530)
and the E/f;(1420) meson is left out of the 1%+ nonet and could be something
special. A theoretical model by Chanowitz has suggested that this is evidence
for & (4 + dd)g hybrid or meikton state. "



2.2 D/f;(1285) MESON

The MARK II Collaboration"* teparts on an observation of the D/ fi (1285},
in the single tag sample and not in the untagged sample in the na*t=~ mode,
and TPC™ has preliminary evidence in the a*# =7+~ channel. The Mark 11
data is shown in Fig. 3. The results are;

MODE MASS(MeV} BT (KeV) GROUP
4r ~ 1285 4143 TPC
natx 12869 82+22x15 MKII

As in the previous section, the TPC two photen width should be multiplied by
a factor two to compare with the Mark Il value. In the MARK II data the
dominant quasi-two-body decay is . Also there is no evidence for a state near
the E/f1(1420) region.

With these measurements of the ~+ partial widths the mixing angle can be
determined assuming that the D/ f;{1285) and the E/f1{1420) are the isoscalar
members of the 1** nonet. Using the MARK Il numbers where we define a state

in the ideally mixed combinations, cos 8 | 83} ~s&in @ | 1‘53-5'5;‘-), we obtain 8 =

-—14:_";%:. As expected the observation of the E/f1{1420) can be accommodated
with a small admixture of non-strange quarks.

The DM2 group™ has evidence for the D/ f1(1285) in radiative decays and
produced hadronically with a ¢. They see the modes D — atx~watx™ and
gatx=. The rate observed in the two modes with a ¢ is consistent with the
relative rate expected for the D/ f1(1285) into nxx and 47. The radiative rate
via the 47 mode is BR(J /v — D/, (1285)) = (2.6 £ 0.6 £0.6) -10~*. Although
DM2 sees a peak in the radiative ;prx spectrum, a branching ratio is not quoted.
The Mark 1II group has also studied the radiativ: nxx channei and observes &
peak at 1285 MeV via § —+ pw. This is seen in tw~ . 10des (n — ~v,3%) and both
branching ratios are about a factor twe larger thian the DM2 result fram the 4n
made.

If al! of these mersurements are correct it could mean that the peak at 1285
MeV is not entirely due to the D/f;(1285) but could be evidence for the pseu-
doscalar n(1275)."" ¥ The Crystal Ball group searched for pseudoscalar states
produced in 7y collisions decaying into yrx."™ They have set upper limits for
the 1(1275), I'yy - B(par) < 0.3 KeV. Naive gluonium models would predict
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a suppression for spin 1 radiative states since if they are produced from two
massless gluons they should be forbidden by Yang’s theorem.

2.3 4/n(1440) RESONANCE

The ¢/n(1440) has the largest radiative J /¢ branching ratio except for the
ne. The results from MARK I and DM2™ are;

MODE | MASS{MeV) I'(MeV) BR{1073) GROUP
KK=» 1457 + 2 10445 5.1+1.2 MARK 1]
KE~x 1460+ 3+ 8 100+ 12415 4.1+ 06 DM2

In ~yvy production the +/n(1440) has not been seen, the upper limit is given as
I‘,/,,(um]....,., - B(L/T](]‘;'“:'] - KR!T) < 1.6 KeV at 95% C.L.!“] These two
azpects provide strong evidence for the ¢/n{1440) to be identified as a gluonium

— r3 . .
state. When stickiness { Sx = I ";{;x mﬁ and is normalized 1o the n value )
o

is compared between the ¢/n{1440), the p’ and the 5, there is a dramatic increase
for the ¢/n(1440),

S,, : S,,t : Sl-,"l‘;[H'lD): 1 :4:>65

The spin-parity, over the whole region, has been investizated using the Jacob-
Berman analysis which is independent of the quasi-two-body decay of the KRx.
The spin-parity assignment from both MARK IIl and DM2 is JPC =0+,

The gverall shape of the ¢/n(1440) is very braad. It does not appear ta fit
a single Breit-Wigner that decays iato & single channc!."™ The (/5(1440) line
shape has been fit with several models and the probability of the \° fits are;

MODEL | PROB (x?)

Single B.W. 14 x 1~
multichanne] B.W, fit 47%
2 B.W.’s {non-interfering) 13%
2 B.W.’s (interfering) 58%
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The two Breit-Wigner cases bad » lower masa neas 1420 MeV and the npper
mass near 1500 MeV. The mulilichanne] Breit Wigner case used a conpled channel
model including K*K and w.. Clearly the single Breit-Wigner case is excluded.

These results, although not definitive unti) a full isobar analynais iz performed,
sre somewhat ot variance with other results. ™ If the ¢/n(144D) really camposed
of two resonances at 1420 and 1500 and they are both JPC = p—+, then this
iz evidence for yet another pseudoscalar resonance. The lower one could be
identified with the pseudoscalar resonances seen by the MPS™ and the KEK"”
groups. The upper resonance has no known pseudoscalar in that region. If the
multichannel Brelt-Wigner case is correct, the 57 mode should appear in the yrx

channel, which we turn to next.

.. Inthe nxx channel,it'is important to identify the § decay channel. Since the
first spin-parity analysis of the ¢/n(1440} by the Crystal Ball Group" claimed
a large §v — KRr branching ratio, experiments have searched for this mode
in §w — px*tx—, Crystal Ball has recently set upper limits in «y collisions for
the ¢/n(1440) decaying into gxx of Ty, - B{nnx) < 0.3 KeV. In the results from
MARK ™ and DM2"" there is clear evidence for J/¢ ~ ~5x but there are
two peaks, one near the D/ f;(1285) and another below the E/f;(1420). The
higher mass candjdate has the following resulls;

MODE MASS(MeV} |T(MeV) | BR(107%) GROUP
nataT,n =y 1391.5 B2+0 41131 DM2
natx=.n =y 1382+ 6 60+23 | B2+18+.5 | MARKII
antx=,np - 3x 1400 37 62318 |52+1.2:+05 | MARK III

All of these results yield a mass that is somewhet law (~ 30 MeV) to be identified
as the E/ f1(1420) or the ¢/5{1440). The KEK™ pxx resontnce seenin x~p —
naxN has & mass and width of 1390 & 10 MeV and 45 £ 16 MeV. If the state
seen in J/y radiative decays ia identified as JFC = 0=, poasibly these may be
the same states and not the ¢/n{1440) nor the E/f,(1420). '

Another important channel is the mode J/¢ — 11", If the +/n(1440) has
quark content, the state would be expected to have a radiative decay. The nearch
for such a decay has revealed fairly consistent results for a elightly lower maas
object. The results from the MARK I ,"¥ DM2™ and Cryztal Ball Groups™
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MODE | MASS(MeV) ['(MeV) BR(307%) GROUP
9 |1420+15+20 |133:£55::30 | 1.0+ 24225 | MARK III
~p° 1401 % 18 174+ 44 0902z%.14 | DMz
10 1390 % 25 185100 194 .5 .4 CB

The signal is 1.2 o low relative to the E/f;(1420) end ¢/n(1440). Because of
low statistics, the fits rssumed a eingle Breit-Wigner for the entire mass region.
The distributions could not exclude two resonances such as the D/ f;(1285) or
n{1275) &t 1285 MeV and the E/f,(1420) or +/n{1440) near 1420 MeV.

3. Review of 8/ f2(1720) Resonance Results

The 8/f3(1720) is n resonance observed in radiative J/v' decays into pg,
K*K~, KsKs and v*r~ modes. The observed rates in J/y radiztive decay,
from the DM2"™ | MARK NI™ and Cryatal Ball'™ groups are;

MODE | MASS{MeV) | I'(MeV) BR(10™4) GROUP

KtK- 1707 £ 10 166433 | 4.6+07+£0.7 DM2

KtK- 1720+ 7 132415 | 4.8+06+£09 | Markill
ny 1655+ 33+ 5 210174 26+ 8.7 CB

In ~y production the TPC™" and TASSO"" groups searched for this state and
get the upper limits of;

MODE [y (KeV) GROUP
KtK- <.28 TASSO
K*K- <.10 TPC

Comparing the stickiness ratio (assuming S wave, §x = %ﬁ%"’% and is

normalized to the / value } a significant increase is observed for the §/f{1720)
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relative to the /" and the f.
St 2 Sp: Syypmay=1:T:>14

The 8/f3(1720) is not produced in K—p — KKA production where conven-
tional 83 resonances are produced. A very striking result from the LASS group
is the clear evidence for J'/fi(1525) production but the complete Jack of any
8/ f2(1720)."" This is evidence that the 8/ f2(172D) is not an a3 state even though
it decays into K K. The 8/f2(1720) is seen in several decay modes with a rate
approximately,

KK :nnp:2x=3:1:08

If the 8/ f3(1720) were a pure SU(3) singlet we expect a rate. (with phase space
correction),

KR :pp : a0=3 : 05 : 6

The spin-parity of the 6/f2(1720) has been determined to be JPC€ = 2+ and
its helicity amplitudes appear in roughly equal smounts. The helicity of the
J'/13(1525) is very different having little helicity 2. A search for hadronic pro-
duction of the 8/f;{1720) has provided evidence for a clear peak in the KK mass
spectrum recoiling against an w from both the DM2"? and MARK IIT™ groups.
The evidence for the 8/ f2(1720) produced with a ¢ appears as a shoulder abave
the f'/[4(1528).

All the evidence that the 8/f3(1720) is a gluonium state appears more con-
vincing. It is not produced in 5% channels, it is very suppressed in -y production
and it appears to have approximate flavor symmetry."! Tt decays to KK, nn
and xm and it appears to be produced with an w and & ¢.

4. Vector-Vector Resonances

The J/y radiative decays into 2 vectars (p,w,$) have been extensively mea-
sured. The MARK I group™ originally cbserved » p*s° resonance pear ~1700
MeV. Later the MARK III"™ group observed p°¢° p*p~ and ww resonances pro-
duced near threshold and measured that the decay wee predominantly JP€ =
0—*. The DM2™ group has subsequently confirmed the 8~ resonance in p°2°.

This study was extended to J/i — ywe and v¢4. In the wé channel, which
is an OZI violating decay, the MARK III"™ group observed a amall signal. The
DM2"" group has observed a $¢ signal near 2.2 GeV/c? and the MARK HI™
group has confirmed these resuits with the $¢ signal in two modes, one with both



¢'s decaying to K* K~ and the other with onc # decaying into K~ and the
other into K5 K. The rates are summarized below;

MODE MASS(GeV) BR(10-) | GRouUP

P <20 AT+3x0 MARK il
ptp- <2.0 - MARK jII
wo <2.0 12.24.7+31 | MARK I
dw 1.7-3.1 14£25%.28 | MARKIU

¢ (KtK™) <29 31+ .3+ 6 DM2
$d (KTK™) 2.1-2.4 34 8 MARK IIT
4% (KsKz) 2124 3.0 6 MARK 111

The angular distributions of ¢¢ mode have been studied. In the region near 2.2
GeV the ¢¢ signal appears to be JF€ = D~*. This suggests that this signal
is not connected with the ¢¢ tensors seen in #~p production.”™ A postible
interpretation is that this signal is & multichanuel Breit-Wigner of an encrmous
0~ resonance of the +/17(1440) which decays into K*K~n, pp, wi and o, P

5. Pseudoscalar-Vector Hadronic Decays

The DM2 group has presented a complete measurement of J/¢ — vector +
pscudoacalars, Their measurements agree with those from the Mark 1t group. !
The original Mark Il paper included a discussion of a simple model that esti-
mated the quark content of the ' and concluded that the total content was
missing 35%. This has been reevaluated in a paperm submitted to this confer-
ence, which includes a DOZI term, and now the ' appears to be fully made up
of quarks. Consequently the relative rates of the vector + pseudoscalar decays
appear to be quantitatively understood. The total rate, however, has been a
puzzle. When compared to the ¢’ decay rates for vector + pseudoscalars the
J/y rates are much too large. The relative raies should be proportional to the
leptonic rates,

B(y' — hadrons) By — e*e")
B{J /¥ — hadrona) - BUJG = e¥em) 0.135 £ 0.023

Eut the px and H* K rates are a factor 20 too large for the J/. Several pre-
dictions claim that this could be evidence for a vector glueball state that mixes
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with the J/\ causing an anomalous rate in certain modes.""

6. Summary

The expetimental results from ete™ production and *yy collisions are provid-
ing new insights into light quark spectroscopy. When the results from J/vy, vy
and hadronic experiments are combined, the ¢/5(1440) and 8/ f(1720) apy.ear to
be very strong gluonium candidates and now the E/f;{1420) is suggested "o be a
hybrid candidate. These states appear to be produced in gluonic and non-strange
channels whereas they decay into a¥ channels.

In the radiative decays, the ¢/n(1440) and 8/f,(1720) have large radiative
branching ratios and no observable vy width. The ¢/(1440) appears not to be
a single Breit-Wigner decaying into K Rx. The 8/f2(1720) is not seen in K~ p
experiments providing evidence that it is not an s3 state.

The E/f1(1420) is very puzaling. This meson appears in 4 production and
its spin is unambiguously 1. The 4y result would indicate a nonzero non-strange
quark content. This result is consistent with evidence that the E/f;(1420) Is
produced with an w and not a ¢ if the non-strange content is dominant. Recent
LASS results indicate that the D’(1530) is the real a¥ isoscalar partner of the
D/ fi(1285). All this evidence Iuves the E/f1(1420) as an extra unexplained
axial vector.

In other topics, the relative rates of J/y two-body vector+psendoscalar de-
cays can be explained in simple models including DOZI contributions. The sb-
solute rates, however, do not agree with the rates when compared to the ¢
decays. The radiative decays into ¢¢ have been menrsured and confirmed. There
is an enhancement near 2.2 GeV/c? and the preliminary evidence is that it is
pseudoscalar, consistent with the other vector-vector respnances produced near
threshold. ' -

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or uscfulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights, Refer-
ence herein 1o any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring, by the Uniled States Government or any agency thercol. The views
and opinions of authors expressed herein do not nccessarily state or reflect those of the
United States Government ar any agency thereof.
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