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GLUEBALLS IN THE REACTION *7p + #¢n '

S.J. Lindenbaum
Brookhaven National Lsboratory, Upton, New York 11973

and
City College of New York, New York, Mew York 10031

Abstract

The BNL/CCNY group has observed and performed a partial wave analysis on
1203 (22 GeV) *"p + $#n events. The OZI suppression has been found to be almost
completely broken down. The $¢ spectrum is found to be composed almost entirely
of two new resonances, the gr(2160) and the gp(2320) with IGJPC = g¥2+*, For gp
{(2160), M = 2,16 £ 0.05 GeV, and T = 0.31 £ 0.07 GeV. For gp(2320), M = 2.32 2
0.04, and T = 0,22 t (0.07. Assuming 1) QCD is correct, and 2) the O0ZI rule i
universal for weakly coupled glue in disconnected Zweig diagrams due to the
creation or annihilation of new types of quarks; it is concluded that one or two
primary glueballs with the above quantum numbers are responsible for the above
observed states.

Introduction

In a pure Yang-Mills theor_'y1 where S0{3) c has local gauge symmetry, and
color is confined, all hadrons would be glueballs? {i.e. sulti-gluon
resonances). This is due to the self-coupling of the gluons which becomes
stronger with decreasing energy (i.e. asymptotic freedom).

However experimentally we find that the hadronic sector is dominated by qa
and gqq built states. There were a number of glueball candidates and extensive

discussion of the-_3‘-20

t This research was supported by the U.S. Department of Energy under Tontract
Nos. DE-AC02-76CHOD016 {BNL) and DE~-ACD2-79ERIOSS0A {CCNY).



Thus establishing glueballs is crucial to any theory which uses stI(S)e such
as QCD, Grand Unification and Partial Unificsktion. It has been the author's
opinion for some time®s6 that if glueballs are not established, QCD is in
serious trouble, On the otkcr hand, the expiicit establishment of glueballs

would indeed be a great triumph for QCD.

How Do You Find Glueballs?

From prior experimental observation it is clear tha: if glueballs exist,
they are masked in the vast collection of quark-built meson nonets, existing in
the mass range whera one would axpect to find them (~ 1-3 GeV).

1. Pattern Recognition of a Decuplet

One looks for a noriet with sn extra singlet, s glueball with the same
quantum numbers, If it is near enough to the singlets in the nonet it will aix
with them. Nonet + gluebull + decuplet, with characteristic mixing and splitting
(and have other special characteristics of glueballs). Calculations have shown
that the ideal mixing observed in a great deal of noncts would be affected in
these decuplets, and pattern recognition would have to be used, 19,20 4
glueball candidate of this type is the BNL/CCNY J'C = g+ 8¢ 1240). 1% This would
nake a new 0H multiplet with apparently the right characteristics: Of course
one must realize that there are many other possible explanation: for thess

states.*
2. Look in a Channel Enriched in Gluons
Clueball candidates of this type are the SLAC JC a g+ , lota(1440),
which could be the tenth member of a ground state 0" decuplet,** and the SLAC £
{1640). On course one should realire that there are many other possible
explanations for these states. Secondly, the foliowing speakcrn will discuss
the iota and the 8 followed by three theoretical talks on the ubject.z'z'm'
3. An 0OZI Suppresscd Channel with a Variable Mass
In an OZI suppressed channel with variable mass, glueballs with the
right quantum numbers should break down tiwe OZI suppression in the mass region
vhere they exist and dominate the channel. Thus the OZI suppression can act as a
filter for letting glueballs pass while suppressing other states. Furthermore,
the breakdown of the 0ZI suppression can serve as a clear signal that one or more
glueballs are present in the mass region. According to present concepts in 0CD,
the OZI suppression is due to the fact that two or more hard gluons are needed to

* Ope could, for example, inadvertently mix states Ifrom the basic nonet with
those of a radial excitation.

** The SLAC iota(1440) is thought to be in & channel where glueballs are
enhanced since it is found in J/¥ radiative decay.



bridge the gap in an OZI suppressed disconnected or hairpin diagram involving new
types of quarks. The esrly onset of asymptotic freedom leads to a relatively
weak coupling constant for these gluons, which then causes the 0ZI suppression.
However, if the glue in the intermediate state resonates to form a gluebsll, the
affective coupling constant {(as in all resonanse phenomsena) must becows strong,
and the 0ZI suppression should disappesr in the mass range of the glueball. This
should allow hadronic states with the gluebsll quantum numbers to form with
essentially no 0ZI sugprz2sion. The author has made this argument
puvioully.s'si"“ols Thus the O0ZI suppression esseutially is s filter
which lets glueballs pass and suppresses other states.
The 7°p + é4n (OZI Forbidden Channel)

My lecture will be concerned with tuis channel since the latest detalled
tesults have been obtained iun 1it.

The BNL/CCNY collaboration had shown in 1977-78 that in the OZI forbiddenZ”
{or suppressed) reaction x"p + ¢¢n at an incident pion energy of 22.6 GeV, that
the 0ZI suppression was essentially absent.“ This wvas quantitatively
demonstrated, and interpreted by the author as evidence for glueballs in the #$
lylten.sss However, the initial 100, and eventual 170 events obtained did mot
allow a viable partial wave analysis to explicitly identify the glueball
candidates quantum nuabers, mass, width, etc. The #9 mass spectrum observed in
other later low statisticr measurements were consistent with our results.2®

The BNL MPS (Multiparticle Spectrometer) was redesigned with a novel, high
speed drift chamber systea .replacing the spark chanbers?”? in order to obtain > an
order of magunitude more data. In a run with the new MPS II and 22 GeV incident
%~ beam, BNL/CCNY obtained 1203 *~p + #én events in which the visible cross

section is only ~ 6 nanobarns.

A partial wave analysis of this datals 29 yields at the very least, two
explicit strong glueball candidates in the §$ system with sil quantum nusbers,
oass and width deterained. As will be discussed later if QCD is correct and the
0Z1 rule universal for disconnected OZI suppressed diagrams, one or tvo primary
glueballs have resulted in these states.

The basic reaction measured is given by the 0ZI allowed reaction {Fig. la)
™p +» X'KtX™n. ‘In DCD” one considers these OZI ailowed reactions proceed by a
continuous series of exchanges of single and perhaps some low energy multiple
gluons which have relatively strong effective couplirg constants and thus are
strong interactions. The poorly understood hadronization process is thought to a
large extent to occur near the outer regions of the confinement region with

unsuppressed cross sections.
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Figure la: The quark line dlagrem for the reaction *p » K'X"K'X"n, which is
connacted and OZI allowed.

If a ¢ replaces one K™%~ pair we have the resction 3™p + #X'X"n (see Fig.
1b) which is still a connected diagram and 02I allowed.
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Pigure 1b: The quark line diagram for the reaction = p + #'KX"n, which is
connected and OZI allowed.

However, if both XX~ pairs form #'s, we have a disconnected {double
hairpin) diagram which is 0ZI forbidden. Hence *™p + #¢n in Pig. lc iz an 021
forbidden diagram, and should exhidit the 02I cuppieuion.

This was clearly shown for *"p + ¢n, where the 0ZI suppression factor is =~

100.39 Typically:
o(x"p) » wn
——-25——-0(._ p) > ¢u 100
also exhibiting the OZI suppression factor.

Another OZI allowed process is K'p + $A. The ratio
o(X"p) > #A _
a(xp) > ¢ = OO
also shows the typical 0ZI auppx'eui.on.31

The decay matrix element squared of the 02I allowed process, $ + XX, 13 »
100 times that for ¢ + pts™ which 1s 021 lupprelud.z"" Hence in both the

»
»
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Figure ic: The quark line diagram for the reation *™p + #4n which is
disconnected (i.e. a double hairpin diagram) and is 0ZI fordidden. Two or three
gluons are shown connecting the disconnected parts of the diagras depending upon

the quantum numbers of the #§ systenm.

production and decay, a single # hairpin (disconnected diagram, see Fig. 2),
corresponds to an 0ZI suppression factor » 100.

One may ask is it as legitimate to consider *™p + #$in also as a disconnected
diagraa subject to the OZL suppressicn. Each of the two #'s is an almost pure s¥
meson system. If you look a:t Fig. lc from right to left you have two s¥ states
disconnected from the =, p and n part of the diagram which is connected, and
contains only u and d quarke. This is basically a disconnected diagram just like
the 0ZI suppressed single $ production case. '

s, | r‘!,ﬂ jr-
#{ - *u? }o+

Figure 2a: The quark line diagram for the reaction # + p*7 which is
disconnected and 0ZI forbidden.

An experimental example where a discomnected diagram formed by two particles
in the final state composed of new types of quarks and their antiquarks leads to
0Z1 aupptesini.orx32 is shown in Fig. 2¢ (left half):
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Figure 2b: The quark line diagram for the resction »~p + ¢n which is a
disconnected and 0ZI forbidden.

#(3685) + J/¥ v*s~ (33 * 2)Z, or J/¥ *°x° (17 % 2)%.
The full width of the #(3685) is only 0.215 MeV, clesrly showing the strong 0ZI
suppression corresponding to the fact that that initial state contains ¢t guarks
only, whereas the final state still contsins the c® quarks but the diagras
becomes disconnected when u and @ quarks and their antiquarks (to form the two
pions) are included in the finsl state, Only the decay mode involving *%r~ 1s
shown, but one should remember that there is an additional decay mode involwving
*° with about half the rate. If this process were 0ZI allowed, the #(3685) would
be very much wider. These Zweig diagrams have two seiarate disconnections, one
containing 2 double hairpin and the other having the more commonly observed
single hairpin, and the OZI rule works beautifully at each disconnection.

4(3685) = (10,020; u
TeD,215 u . o | ToD-030 1, e -
c :0.040 ¢ F —>- - 20010 A} 2
N MeV ¢ 4 Y MeV A_rb-m_ ——
- l_—eu-— .
" T(9460)

TeD. D42
20.025

Figure 2¢c



The right half of Fig. 2c shows i similar reaction in the T system where the
T(10,020) + T(9460) =r (30 £ 6)X of the time. This case is an even more
impressive example since for the T(10,0z20), I = 0.030 * 0.010 snd for the
T(9460), T = 0,042 £t 0.015. Thus the I is within the errors the same at the
first disconnaction containing a double hairpin as st the sacond which has the
usuaily studied single hairpin.

Thus it is experimentally clesr from the ¥ and T systems that a double
hairpin type disconnection in a Zwelg diagram is strongly OZI suppressed. The
likely reason the =» decay 1s very strong in these chamnels is that it requires
only two less hard gluons to bridge the disconnecticn. Possible argumsents that
disconnected Zweig diagrams involving new types of quarks, but which are not of a
single hairpin type may not be 0ZI supprissed are obviously contradicted by these
reactions., Tf one naively applies crossing to these reactions, one could naivels
convince oneself that they are related to Pomeron exchange and thus strong. This
would lead to a wide ¥(3685) and a wide T(10,020) instead of the observed wvery
narrow states. Thus ithe Zweig disconnected diagrams and the 0ZI rule are subtle
nysteries which are often ﬂlundentood.'s,ls inally I have carefully avoided
utilizing Zweig dilagrams involving so-called Pomeron exchange since no one really
knows what the Pomeron ls, especially in these typcs of reactions.

But what if one introduces two-step processes ot other complicated
intermediate states or processes, other than hard sultigluons to jump the
disconnected part of the disgras. The author has discussed thil“,l"’ and shown
that the 0ZI rule is peculiar in that you can defeat it by two-step processes or
in OCD language changing the nature of the multigluon exchange needed in the
one-gtep diagrams to a series of the ordinary 0ZI allowed gluon exchanges.

In other words, Zweig's diagrame are, based on all experimertal
obzervations, to be taken literally as one-step processes and the multigluyon
exchanges needed to comnect disconnected parts of the diagrams are not to be
tampered with. Why are these peculiarities observed? I cannot answer that,
Neither can I answer why color exlsts, why confinement? Why quarks? etc. etc.
etc. These are all concepts based on observation.

It is certainly consistent with all experimental observaticns In the $, J/y
and T systems that the 0ZI mlezs,ls works very well.®* Therefore I assumed as an
Ansatz that the 0ZI rule is univercal for weakiy coupled glue in Zwelg
discoanected diagrams involving creation or annihilation of new types of quarks,
and of course the correctress of OCD as an Anratz in drawing my conclusioas.

With these Ansatzen I will later conclude thst we heve discoverad one or more
glueballs. Without assuming QCD, thera is no point in discussing glueballs. 1If
you quarrel with assuming the uriversality of 0ZI, we will have to demote our
conclusion of glueball discovery to discovery of very strong giueball candidastes,



and suggest you explain why the assumption of the OZI rule which has been
consistently observed to work be replaced by complicated alternatives. Remember,

the name of the physics game 1is sicplicity as long as it works!

The *7p + ¢¢n Experiment

The experimuntal arrangesent that INL/CCNY used smploying the new S II is
shown in Fig. 3. The major changes from the HPS I experiments to MPS II
axperiments was to replsce the spark chambers with drifc chaabers with ten times
more data-gathering rate cspability snd to isprove the (charged particle and ¥)
veto box around the liquid hydrogen target to obtain an even cleaner neutron
signal.

Figure & is a scatter plot of the mass of one K'K™ pair versus the msss of
the second K'Y~ pair. Esch event has two points on the plot due to the four
possible combinations. The two ¢ bands stand out over the 4-kaon background.
Where the two # bands cross there is a black spot with peak intensity (corrected
for resolution and double counting) greater than 1,000 times zhat of the

LI0UIL
HYOROGEN _"]
x TARGET >
L.,
INCIDENT |
BEAM
SCALE
1 1 1
0 2 4
meters
—————
DOWNSTREAM
DETECTORS

Figure 3: The MPS I and the experimental arrangement {see Ref. 3 for further
details.

adjoining 4-kaon event iatensity. The # band intensity (corrected for
resolution) is about a factor of 20 higher than the adjoining &-kaon svent
intensity. Where the two 4 bands cross, the #4 intensity {corrected for

* The fact that the 0ZI rule works well for the single ¢, J/¥ and T is
understandable if there are nc glueballs with the right gquantum numbers at

their masses.



resolution) is = SO times greater than the #K'X™) intensity.* If the 021
suppression occurred, very little enhancement would be ssen hers. Thus we have a
patent violation of the OZI suppressfon. This effect was noted by ue in 1978."
The spesker has showm that if one uses the ischar nodcl.,‘” which ia well knom to
work well snd has no provision for OZI suppression, one can quantitatively
upluns 6415 the scatter plo: within a factor of 2. The new greater

statistics data are consistent with the sarlier experiment,

1.4
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"l;gslnn’)im
Figure 4: A scatter plot of K'X" effective mass. Two randomly chosen mass
combinations are plotted for each event. Clear bands of ${1020) sre seen with an
enormous enhancement {black spot) where they overlap {l.e. #¥).

Independent evidence of the breskdown of the DZI suppression is ginn’“:”
by a study of the reaction Kp + #4$A or Mt". This OZI allowed reaction has a
cross section only a factor = 4 larger than the cross section for »~p + #émn which

* When a huge signal occurs where none is supposed to, nature 1s usually trying
to give you z message. Here I believe the message is “glueballs™.



1s 021 forbidden. We alsc have preliminary results on this reaction and cbts'n
the same factor = 4. One should divide the & by a factor of 2 since in the »~
case only n is allowed to accompany the ¢4, wvhereas in the X~ case, either a A or
z° 18 accepted.

The 0ZI allowed and forbidden reactions have equal cross sections within a
factor of 2. In contrast to this, the ratio?

o(K"p) + A
o(r"py + #m ~ 0

shows the typlcal 0ZI suppression, It has also been shown 3% recently that
oS(K°p) + ¢K'K™n _ o(x7p) + ¢K'K"n _ .
o(K°p) + #én o(" p) + #dn

Since all stites except ¥"p + #¢n are OZI allowed, this again shows the absence
of 0ZI suppression.* Thus we have gshown in a number of ways that the large O0ZI
suppression ~ 100, expected in single ¢ production is present, whereas that
expected 1ir. 4¢n praduction is droken dowm to within a factor of 2 of 0ZI1 allowed
processes shich is within the uncertainties of the comparisons. Thus we can
clearly cenclude that the expected 0ZI suppression is essentially ashsent in the
7"p + ¢én 0ZI forbidden process. Figure 5 shows the mass spectrum of the other
K’ pair in en event when one K'X~ pair falls in the ¢ mass band (10i4.6 * 14
MeV) and clearly indicates the huge #$ signal. Figure 6 shows & very clear
neutron recoil fros the ¢4 with an estimated contamination of non-neutron events
in our data sample ~ 3Z. This should have a negligible effect on our analysis.
In the mass region where the partial wave analysis was done, the sxhe background
was small (~ 11%) and it was included in our analysis.

The histogras in Fig. 7 shows the detected $¢ effective mass spectrum for
1203 *"p + $¢n with an estimated background of 130 events from #&'K™ and =~ 40
events of non-neutron recoil. The dashed line is the Monte Carlo determined
acceptance of the apparatus for our partial wave analysis solution to be
discussed later. However one should note that the result obtained for the
acceptance is close to that one would obtain from phase space. Furthermore the
results of the partial wave analysis are insensitive to considerable changes in
the acceptance. The observed spectrum is consistent with that of Ref. 3 and
other subsequent low statistics #¢ exper:l-ent-.zs One should note that for

* o(K") ~ o(nx") for 44 production implies flavor independence {supporting
glueballs). It should be noted that in general, strange quark production is
enhanced by one to two orders of magnitude when a strange quark is contalned in
the initial system. This general effect has been greatly downgraded in this
instance.
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Figure S: The effective mass of each K'X™ pair for which the other psir was in
the @ mass band.
(9.4 £ o.7):'.

It" € 0.3 Gev? the t' distribution is consistent with e If one

looks at the quarl. structure of Fig. lc, one essentizlly has a pion exchange
radiating several gluons (thought to represent a glueball) and thus one would
expect a peripheral production mechanism, which is what we observe.

It should be noted that the $¢ mass spectrum from K p + $#A/E3* 13 much
broader and extends to much higher masses (see Fig. 8).
Partial Wave Analysis

The partial wave analysis (PWA) used six angles to specify all kinematic snd
other characteristics of the 4 system with each ¢ decaying into a 1§ o pair,

Pigure 9 shows the Gottfried-Jackson frame. The usual GJ angles, B {polar)
and Y (aziauthal), were employed.

Pigure 10 shows the rest frame of §;. In it we label the polar angle of the
decay of the Ki’ relative to the ¢ direction as 8;, and the azimuthal angle of the
decaying ri' as a,. There 1s a similar rest fras- {(not shown) for the second #

with corresponding polar angle for Ks of Bz aad rzimuthal angle a,. Since the
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Figure 6: The missing mass squared for the nsutral recoiling system from the 4.

azimuthal angles a are the same in either $ rest frame, o is shi m in the rest

frame of @, - These six angles and relevant combinations of them mere used in the

PWA.

The partial waves considered were all waves with J = 0,1,2,3,4; L = 0,1,2,3;
S=0,1,2; -J{MJ,P=%, n= i, Jis the total angular somentum of the #4
system, L is the orbital angular momentum, M 1is J,, P is the parity and n the
exchange naturality of the wav: I = 0 and C = + for the ) system. Bose
statistics requires thst L - ° - even nusieor.

The above criteria led to a group of 52 independent waves. The maximum
1ikelihood method was used for the PWA. To determine the partial waves playing a
major role in the ¢4 system, the events in the mass region 2.1 to 2.3 GeV were
fitted with an incoherent background plus one additional partial wave of specific
JP, S, L, M and n, cycling through each of the 52 waves described sbove. The
largest, and only significant contribution case from Jl’csmlwI = 2¥%200". This
wave was retained, and to search for other waves, esch of the other 51 were added
one at a time in turn. The only significant additional contribution came from
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Figure 7: The observed ¢4 effective mass spectrum. The dashed line is the Monte
Carlo calculated acceptance,
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Figure 8: The $$ effective mass spectrum for K'p » #¥ AE.

JPSLH" = 2%220~, These two waves were then retained and each of the remaining
fifty were added one at a time in turn. No statistically significant
contribution from any other wave was found. The #4 data were then divided up
into five adjoining 100 MeV wide bins starting from threshold, so that me could
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Figure 9: The Gottfried-Jackson frame with polar angle 8 and azimuthal angle V.

explore the muss dependence of the partial wave structure. The bin size was
choser because about 200 svents per bin are needed to obtain reliable solutions.

The background from ¢KTX™ events (~ 112) waz estimated from an examination
of the :egions adiacent to the é$ peak. There wac no svidence of any angular
structure, so this backgrcund was reprecented by a fiat distribution in all
angles. A maximum likelihood fit to the five bins using the two JP = 2F yaves
described gave a very good Fit with x2/D.F. » 1 when the statistics and
systematic errors were considered. To ensure that no other combinstion of two
waves would give an equivelent fit, each possible combination of two waves, i.e.
52 x 51/2 = 1326, were tried in the central bin where the S and D waves found had
a significant overlap. The closest one came to a fit was 50 sway from the
original fit., These ~ 50 fits always had the S-wave originelly found as one of
the two waves. Hence the original two-wave fit is clearly selected.*

Therefore the mass independent solutions (i.e. no parameteriration chosen)
for the JPSLM"s 2¥260~ S-wave and the 2t220" D-wave are shown in Fig. 11. The
lower half of the figure shows the !slz normalized to events ss the open circle

* Oune might perhaps expect a background of the L = 0, JP = 0 wave at threshold,
but this wave contributes only 10 £ ST of the events in the lowest mass bin.
Furthermore, one should recall ?ackgrounds do not bresk down OZI suppression.
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Figure 10: The ¢ rest frane with the polar angle 8; of the decay Ki’ (relative
to 4 direction) and the a:imuthal angle a; of the decay Ki’.

points and the corresponding 'DI2 -p?.:l.tudes squared are shown as the clo.ed
points. The x points in the upper part show the D-S chase difference. A natural
paraneterization for these data is one or two Breit-Wigners. A one Breit-Wigner
f£it was 7ejected by > 100, primarily because of the phase difference. A two
Breit-Wigner fit on the other hand was very good with x°/D.F. = 1. The solid
lines show this fit. The quantus numbers and parameters of the two resonances to
be discussed later, are shown in Table I.

It at first sppears remarkable that we can demonstrate such selectivity
{i.e. 2 waves selected out of 52). However this results from the fact that the
#$ systea is a very powerfznl analysis systeam for picking particular waves. If we
look at Figs. 12a and 12b where angular variables for nuserous allowed (i.e. L +
S = even) pure waves up to JPC = &M are gshown. We can notice from these figures
that each wave has its own characteristic signature in the warious wvariables
shown. Out data shows a fiat distribution in ¥, all M = O waves which are shown
have this feature. Therefore there is no need to plot ¥. The primes (i.e. ul' -



TABLE I
Quantus numbers and parameters of the Breit-Wigner reaonance fit to the S~ and
D-wive amplitudes (and phase difference) of Fig. 1l.

£,(2160) £,(2320)
1%3¥C ' ottt ottt
Maas (GeV) 2.16 % 0.05 2.32 % 0.04
0.31 £ 0.07 0.22 % 0.07
Retio of Partial Widths Iy/Tg = 0.02 T /T, = 0.04
¥ [} [] | 1 (.,
20 -
¥ el { 4
z

EVENTS (orb. units)

22 .
m($$) (Gav)

Figure 11: (a) The points show the intensity (lslz and ,Dﬂz) and for the best
mass-independent two-wave fit described in the text. (b) The points show the D-S
phase difference (mass-independent) for the best two~wave fit described in the
text. The curves show th: resultant best maximum likelihood fits for the
parameterization of two interfering Breit-Wigner resonances.
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ci) indicate modifications to the variables for display and comparison purposes
80 as to asqualize the phase space in sach histogram bin (to be shown later). Fecr

sxample:

P Wl LA el o Sl LA

[ &%
Due to the inherent symmetry, Ac' = ci - ci, and cuﬂi - cocai heve besn folded,
the data for a; and o) added, and the data for cos® and cos®; added. The very
characteristic signature for particular pure waves in these angular variables
give us great salectivity. Notice that the two i’ 2 (S and D) waves found in
the PHA (the third and the fifth from the top in Fig. 12a) have similar very
characteristic large structurs in ci - ci and the S-wave has a characteristic
structure in a whereas the D-wave does not. Thus ci - ai and a are tke most
important varisbles in selecting the JPC = 2H yaves we found 1n our partial wave
analysis. ’

A detailed comparison (in 3 mass bins) of the data and the Monte Carlo
generated prediction for our fit from the partial wave analysis is shown. The
Monte Carlo results are acceptance~corrected and are based on over 14,000 events,
more than an order of msgnitude more azatistics than the data (for which the
actual number of events are showmn). Thus the statistical fluctuations in the
Monte Carlo results will be ssall compared to those in the dzta. Ve determined
that the angular variasbles and correlations were not sensitive to the acceptance
except in the case of the G.J. angle B.

A comparison of the data and the Monte Carlo for ¥y (the G.J. arimuthal
angle) are compared in Fig. 13a. The agreement is very good.

The data and Monte Carlo for cos8, where B is the G.J. polar angle are
compared in Fig. 13b. Even though cosB 1s sensitive to the acceptance, we obtain
a quite reasonable agreement.

Figure 14 shows the data and Monte Carlo predictions of the fit for a and
Ada' = ui - ui. The agreement between the data and the Monte Carlo prediction
based on the fit for Aa' is most impressive since there are large factors 2 3
between peaks and valleys.

The agreement is also quite good for a. The first bin shows large
structure, characteristic of the S~wave. The next bin shown is where the D-wave
is very important and shows very little structure in a, which is a2 feature of the
D-wave. The agreement is good. The next bin shows the structure returning as
the D-wave drops down and again indicates agreement.

Figure 15 shows the comparison of the data with the Monte Carls for ai + ui
and cosf. There is no sizeable structure in these wvariables. The sgreeucnt is

generally good.
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Figure 13: {a) Comparison of the data and the acceptance-corrected Monte Carlo
for the fit in G.J. azimuthal angle Y.
(b) Comparison of the data and the acceptance-corrected Monte Carlo
for the fit in G.J. polar angle function cos8.

Figure 16 shows the comparison of the data with the Monte Carlo for cosai -
co-ﬁi and couei + conei. The agreement i3 good and there is no sizeable
structure in these variables.

We have made ten characteristic angular correlations for six independent
variables and found good agreement - striking at tiwes in Aa' and o for example.
The data and Monte Carlo agree in all mass bins in all wariables.

In Fig. 17 where the s0lid line is the fit prediction, the agreemsent with
the ¢¢ mass spectrum is also good. However, in the #4 system, its myriad and
characteristic angular distributions and angular correlaticns are much more

important tests of the significance of the fit, than the mass spectrum. Thus we
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Figure 14: (a) Comparison of the data «nd the acceptance-corrected Monte Carlo
for the azimuthal angle o of the decay Kt in the $ rest frame.
(b) Comparison of Aa' = ui - ui with the acceptance-corrected Monte
Carlo for the fit.

can feel quite confident that our two Breit-Wigner fits are in excellent
agreement with the data.

All the quantum numbers, the mass, full width, and partial width ratios for
these two Breit-Wigner resonances are given in Table I. They are at the very
least strong glueball candidates due to the breakdown of the D2I suppression, and
the striking selectivity of 2 out of 52 possible waves selected.

If one takes as input Anzatsen: 1) the correctness of CCD; 2) the
universality of the OZI rule for weakly coupled glue in a disconnected Zweig
diagram, due to introduction of a new type of qa pairs, this leads to 021
suppresion due to a weakly coupled hard multigluon exchange. As I have pointed
out previously, a glueball in which the gluons resonate would lead to effectively
strongly-coupled glue, and break down the 0ZI suppression.
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Figure 15: (a) Comparison of the data and the acceptance-corrected Monte Carlo
for ai + ai.
(b) Comparison of the data and the acceptance-corrected Monte Carlo

fr. cosf.

This leaves me as the only explanation of the 0ZI suppression breakdown and
the observed selectivity, the presence of one or two primary glueballs in the
mass region with these quaatum numbers. Impure qa intermediate states, &—-quark
states, etc. are ruled out by the above Ansatzen (Ansatz 2).

I say one or two primary glueballs because one primary glueball could break
down the OZI suppression and poasibly mix with a nearby quark state with the same
quantum numbers yielding two states very rich in resonating glue. Of course,
both states could come from different primary glueballs* since we expect that
there is a glueball spectrum of states - not just a single glueball,

* They might also eventually dress themselves to some degree with qf peirs.



Figure 16: (a) Comparison of the data and the acceptance~corrected Monte Carlo
for conﬂi - conﬂi.
(b) Comparison of the data and the acceptance-corrected Monte Carlo

[ ] ) ]
for <:o-8l + colﬂz.

In a number of papers it was concluded that the width of a glueball should
be narrower than hadronic resonances typically by a factor » VUZI suppression
factor, These considerations were based on treating the quark-glue, glue-glue
coupling as weak, and clearly do not apply if the glue-glue coupling becomes
strong enough to form a resonance, in which case we are generally dealing with g
very strongly interacting multigluon resonance. The glue-glue coupling 1is
effectively stronger than the quark-glue coupling, and hadronization is thought
to occur at large distances after splittings and involves considerable numbers of
softer gluons, Therefors glueballs in general should be as wide, or wider than,
typiui hadronic resonances in the mass region (see Table II).
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Figure 17: The observed ¢4 mass spectrum compared to the predicted (solid 1ine

curve) mass spectrum from the scceptance-corrected f£it. The dashed line is the

acceptance.

However, Sid Meshkov's “addballs™ (exotic JPC)ll,la.zu may be narrow
We estimate that we need

since we have no knowledge of how exotic states couple.
at least an ordsr of magnitude more data to search for "oddballs”, and plan to
sccumulate this additional data in the next 1-2 years.

Table TI lists some typical resonance widths from the particle data group

tables and widths for other glueball candidates. We see that T = (200-300) * 100

MeV are reasonable values for glueballs.

Phenomenological Predictions for Glueballs
In constituent glueball models!? the gluon is considered to have an

effective mass m_ = 0.75 cev,“ due to confinement. Thus we might be in the
three-gluon sector. Due to the self-coupling between the gluons and their
splittings, a gauge invariant description with a definite number of gluons is not
possible. Nevertheless it is physically appealing and reasonable to expect in
constituent gluon models that the lowest lying ground state would be mostly




TABLE II
Resonance Widths for Some Hadronic Resonsances from the
Particle Data Group Table32

State 1°ahye Full Width [ in MeV
£(16%90) 1+(37)- 200 £ 20
p*(1600) 1+(17)- 300 * 100
£(1270) ot (2*)+ 179 £ 20

Resonance Widths for Other Glueball Candidates?; 10,18
SLAC 1ota(1440) 0™+ sst20
8(1640) @hH+ 220*120
BNL/CCNY g_(12640) o*(ott) 140 £ 10

composed of 2 gluons and have a mass ~ 2 x 0,75 GeV =~ 1.5 GeV. One wouid expect
another ground state in the 3g sector mostly composed of 3 gluons with a mass ~ 3
x 0,75 GeV =~ 2,25 GeV,

MIT bag calculations of glueballs assume massless gluons and obtain
predictions for quantum numbers and mssses of various states.?7,3% The masses
do not fit some present glueball candidates. Hyperfine energy shifts that depend
on c' have been put into the bag calculations to allow such fits.3? Adapting
these methods, we have derived Is for two-gluon states as a function of @ . The
SLAC iota {1440) and 8(1640) glueball candidates, and the BNL/CCNY g'(lzloo)
glueball candidate, were used as inputs to derive the results shown in Fig. 18.
We can obtain a JPc = 2+ 31.(2160) at about the right mass as an excited state in
the 2g sector.* A recent calculation3® based on the MIT bag has shown that a
low-lying (TM)? glueball has an estimated mass in the region ~ 2.4 GeV.

The massless assumption for gluons in the bag does not allow Jm = 2 for
low-1lying 3-gluon states, in contrast to the constituer:i gluon model which allows
all Jpc for 3g states and all JPc (i.e., C = +) fr2 2g states.

So far, lattice calculations*? have concentrated mainly on the glueball
ground state getting J‘Pc = gtt, M= 0,8 - 1.0 GeV. Recently they have begun to

* However, one should be aware that perturbative treatments are not justifiable
at high values of ae
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Figure 18: The predicted mass and quantum numbers of the 2g glueballs from
adapting the methods of Ref. 39. The fota (1440), 9(1640) and g,
(1240) were used as input to determine the overall mass level, th=
spacing between the levelsg, and o (t111 break in lines).

attack higher spin states."1,%2 The work is still preliminary, but indications

are that higher spin states could well show up in our mass region. Thus, in

summary, nne finds that the phenomenological models are generally compatible with
our results, except fqr the MIT bag calculations 1f we are in the 3g sector.

XTI



Conclusions for the ¥"p + ¢4n Channel Experiment
If you assume as input Ansatzen: 1) OCD is correct, and 2) The OZL Rule is
universal for weakly coupled glue in disconnected Zweig diagrams, due to the
creation or annihilation of new types of quarks, then we have discovered one or
two primary glueballs with I° = 0%, JPC = 7+ which lesd to the observed states:
&(2160) M= 2160 £ 50 MeV, T' = 310 £ 70 MeV
&(2320) M= 2320 £ 40 MaV, [ = 220 L 70 MeV,
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