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Is all hadronic physics ultimately describable by QCDt? Cer-
tainly j many disparate phenomena can be understood within the QCD
framework. Also certainly, there are important questions which are
open, both theoretically (little guidance, as yet) and experimental-
ly* regarding confinement. Are there dibaryons, baryonium, glue-
balls? In addition, there are experimental results which at present
do not have an explanation. This talk, after a short section on QCD
successes and difficulties, will emphasize two experimental topics
which have recent results—glueball spectroscopy and exclusive reac-
tions at large momentum transfer. Both are experimentally accessible
in the AGS/LAMPF II/AGS II/TRIUMF II/SIN II energy domain.

INTRODUCTION—QCD

That the ingredients of QCD exist has been substantially con-
firmed experimentally.t Quarks or hard regions inside protons were
observed in deep inelastic e-p scattering. QCD "charge," or color,
is consistent with the rate observed for e +e~ -»- hadrons, which is
proportional to the number of final states available, giving a color
factor of 3. Three-jet events are seen for e+e~~ collisions at high
energy which are interpreted as two quark jets and a gluon bremstrah-
lung jeL. The large body of spectroscopic data is consistent with
(qq") mesons and (qqq) baryons in color singlets.

Magnetic moment data and radiative decay widths of vector mesons
also support this picture.-'- Eight baryon moments have been mea-
sured to a few percent (many to 1%), and these should be the vector
sum (SU(6)) of u-, d- and s- quark moments. These agree at a 20%
level. If the quarks are point—like, they would have Dirac moments
so the experimental quark moments can be converted to confined-quar
masses. These masses agree with those obtained from mass sp3.it-
tings.

In QCD gluons carry color and can interact, unlike QED where
photons do not carry charge. Gluon interactions increase the
strength of the coupling constant ag at large distances and are re-
sponsible for confinement. For short distance interactions, large
momentum transfer, ctg is small and perturoation theory may be used.
Quarks are asymptotically free at short distances, with light (u,d,s)
quark masses estimated to be A/5 MeV. Hadron physics then divide into
two regions—a hard scattering region where perturbation theory can
be used and a soft region where a complete theory is necessary. Pre-
dictions for this low energy region may be forthcoming from Monte
Carlo studies of lattice QCD.

*Work performed under the auspices of the U.S. Department of
Energy.

TThe theory of quantum chromodynamics and evidence for it is
discussed by Walecka and Farrar at this conference.



A somewhat distressing aspect of QCD for an experimentalist is
the questiou of the transverse momentum boundary, above which pertur-
bative QCD may be used. There are many experimental results which
indicate that an asymptotic region has been entered for py > 1.5
GeV/c or Q or I tl > 5 GeV^/c . Examples are Che Q^ dependence of
the proton form factor^ (constant for Q > 5), that fixed-angle
elastic scattering follows dimensional counting predictions for -t >
5,3 and that elastic cross sections develop a flat ceatral region «:t
this value of momentum transfer. For inclusive production, an ex-
pected power law behavior sets in for p_- > 1.5, however the rate de-
pendence is pC . An expected asymptotic dependence of p ^ is not ob-
served until ju > 10. Farrar discusses the applicability of pertur-
bation theory in her talk at this conference.

The following experimental results either do not seem to agree
with QCD, or may require a more complete theory. Inclusive hyperon
polarization in p + p->• A + X has been observed out to p,. = 4.5.
The large polarization observed for smaller Pp is still there. It)
QCD high py inclusives are fragments of a single quark jet. Heli-
city-flip is strongly suppressed leading to an unambiguous prediction
that there should be no such polarization. Several large polariza-
tion effects have been seen for exclusive reactions. At the ZGS with
a polarized beam incident on a polarized target, the ratio of spin
parallel p-p scattering to spin-antiparallel (transverse spins) grows
tu a value of 4 by jy = 2.3 or -t = 10.^ By varying scattering angle
and beam energy, it was shown that the effect depends on p and not
angle. Such a large value in the ratio of pure spin cross sections
represents a serious difficulty for QCD: a polarized proton contains
only partially polarized quarks so that even if one assumes antipar-
allel-spin quark scattering to be zero, proton-proton scattering can-
not give such a large ratio (•*• + )/( + •!'). There are also two new re-
sults. Single-spin elastic scattering using a polarized proton tar-
get, p + p +~*"p + p, develops a large asymmetry (51% +17%) by py =
2.5. At large angles (90° cm), the P~~ in the quasi-elastic process
irp~*P~~P is polarized, possibly with no helicity-0 component. This
will be presented later in this talk.

There are a number of candidates for states which do not appear
to be standard mesons or baryons. QCD is not yet explicit as to what
states should exist, although lattice calculations indicate a ground
state glueball (gg) between . 7 - 1 GeV. Glueball candidates will be
discussed next. Other possibilities, some having their candidates,
are dibaryons (6q), hybrids (qqfg), ggg, baryonium (qqqq), and free
quarks. Also in the "soft" sector, there are 20% disagreements for a
naive quark model with magnetic moments, and with the P radiative de-
cay width.

GLUEBALL SPECTROSCOPY

Since gluons carry the color charge, it is expected that they
can form color singlet states such as (gg), (ggg), or a hybrid state
(q'qg). There is little theoretical guidance on masses, with an ex-
pected range from 1 - 2 GeV. For (gg), the C-parity must be + and,
because gluons are assumed massless, the total angular momentum can-
not be 1. Therefore, for (gg), JPC = 0±+,2±+. One looks for



resonances which are not part of a qq multiplet, and which behave

like glueballs.
Glueball production would be favored for disconnected graphs

where all quarks in the initial state are otherwise accounted for in
the final state. Three systems which have produced candidates are
J/ij) radiative decay, iT~p-J-Gn, and central production pp̂ -ppTTTr (Figure
1).

Glf rrrr

Figure 1.

Since the glueball coupling does not depend on quark flavor, there
should be substantial s¥ in the final states. Table I shows the
glueball candidates which I am aware of.

TABLE I

GLUEBALL CANDIDATES

Reaction Candidate Final States PC T (MeV)

J/if -*" G + y E/i(1440)

9(1640)

5(2220)
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pp
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g2(2220)
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G(1590)

~ 1400

KKTT9

nn,KK10

KK1 1

0 +

I4"1"

2++

(J/*,pp)
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favored
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drop in TTTT 0
cross section
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Data are from ref. 9 C. Edwards
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There are several reviews which discuss most of these s ta tes .
I will show data here from a recent AGS experiment which was de-
signed to study the iota (1440) region where states of the same mass
were identified with different JPC. The iota was first identified as
a candidate glueball 'hen observed decaying to K^KTIT0 in the radia-
tive J/tJ> decay in the Crystal Ball detector,9 as shown in Figure 2.
The Dalitz plot shows a strong 6(980) component, with a considerably
sharper signal observed for KKir events with n̂ -f̂ C H25 MeV. A state
at 1420MeV had been identified for ^p-* E(H20) + n at 4 GeV/c,9 with
j? = i+ (Figure 3). The Dalitz plot showed K* lines.

New data, first presented at Moriond by Protopopescu this year
(40% of the data sample analyzed), indicates that there may, indeed,
be two states in this mass region. The experiment used the Multipar-
t ic le Spectrometer to ooserve KKTT final s ta tes , produced both by a
pion beam and by an antiproton beam:

ifb -> K+K tf"~h at 8 GeV/c and
S

•p"p +K+K Tr~X° at 6 GeV/c.

The Kg •>• r+tr~ effective mass width was 6.5 MeV further with few per-
cent background. The (missing mass)^ histogram for the ir~ data,
shown in Figure 4, shows a clear exclusive neutron peak, also with
l i t t l e background.
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Figure 4. Missing mass-squared for X intt p->-K K TT n .
Ref. 16. S

Figure 5a gives the KK- mass for the pion exclusive data and 5b
gives the effect ive mass for the antiproton da ta . Clear s igna ls are
seen in the E/ iota mass region. If events are kept with H™< 1.05
GeV to F i l ec t for events with a &v channel, the peak in the E/ ic ta



region becomes much more prominent for the pion data. For the p data
the E/i peak is almost lost in the background (Figure 6). A partial-
wave analysis of the data is in progress.
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The E/i system has other puzzles. The decay i->Sir is seen in
the J/ty data, but not i ->• ninr, expected if 6->-n7T. K~ production of
E/i is not seen, while the D-meson is produced. There is also data
on ir+p and pp central production of the E/i at 85 GeV/c with the S2
spectrometer, where they see the K*K decay mode, but not r|7r v~• The
E/i system is not yet sorted out, but there are strong indications
that more than one state may be there, with one possibly a (gg)
state .

Other candidates listed in Table I also represent clearly seen
states which are observed in systems which favor glueball production.
For example, Figure 7 shows the K+K~ mass in ir~~p-»-K K~$n where one
<j>->-K+K"~ decay has been identified. The experiment observes

1800

1600

1400

1200

1000

800

600

400

200

»-p—• ££n

Figure 7. The effect ive mass of each K K~ pair for which
the other pa i r was in the <{> mass band.

77 p -s- (j)(j)n/K K~~<j,n »4 1/5. The leading graph for the KK n̂ system i s not
disconnected, as show.-; in Figure 8a, the leading graph for <jxj>n i s
shown in Figure 8b, and i s disconnected. A la rge suppression would
be expected, for example in the rates for w~p -* (Jm/K~p -y <j>A m 1/60. A
different experiment measured the r a t io of r a t e s for K~p ->- <}>4>A/K+>K~~<j>A
which is a lso 1/5. For t h i s case, nei ther diagram i s disconnected
(Figure 8c shows the <jiij>'\ diagram.) I t i s argued that the lack of
suppression for 7r"~p ->• Hn may indicate that the resonances found in
the system couple strongly to gluons and are candidate g l u e b a l l s .
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Figure 8. Quark diagrams of three reactions. Only (b)
must be disconnected.

The spectra of these odd states in the low mass region—(gg)j
(ggg)> (<3<Tg)> (6q), ( q w P > (q)—will represent a fundamental test of
theory. Many possible candidates have been discovered quite recent-
ly, due to many factors including improved apparatus which can accept
higher luminosities, an accumulation of J/ijj events, and the stimula-
tion of the field by theoretical developments. Areas of spectroscopy
which are still virtually untouched are resonances with neutral final
states and those which can be made with K~ beams. A good neutral de-
tector capable of taking high rates in a pion or kacn beam and a 10
to 10 /second separated K~ beam above 10 GeV/c (requiring high proton
intensity) would open up a new and potentially exciting area of spec-
troscopy.

INCLUSIVE EXPERIMENTS—POLARIZATION

As mentioned in the introduction, single particles produced at
high p T are seen in QCD as fragments of single quark jets. Indso.d,
quark jet signatures have been unmistakable in data for high energy
e e~ and "pp collisions. Because of the expected suppression of heli-
city-flip amplitudes, single particles should not be polarized at
high transverse momenta. But hyperons are. Figure 9 shows data for
the polarization of A hyperons produced inclusively versus p.,. for
several energies.17 At the ISR, polarization reached 50%. The ef-
fect has been shown to depend on both p T and

 xS4Py\/Pheam' increasi-ng
linearly in x or p , and flat for p^- > 1, fixed x. When the data are
matched in x and p T, the polarization is seen to be independent of
energy from {s = 5 to 56 GeV. An experiment at Fermilab" measured the
A polarization out to p^ = 4.5. The polarization remained constant,
when compared at fj.::ed x, from p̂ . = 1 to 4.5. Other experiments have
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measu*«=d large polarizations for inclusively produced E ,5— which
hav^ lea to precise magnetic moment results.1° Inclusively produced
protons and Is (incident protons) have not been found polarized.19

Theoretical models for the effect have been proposed. A major
difficulty has been to include all hyperons, for example E where two
strange quarks must emerge and A which requires just one s—quark. A
tantalizing result is that the Zs have the opposite polarization from
As and 5s. The strange quark spin in the £ is antiparallel to the £.
spin, while for the A ^nd ̂  the s-quark and hyperon spins are paral-
lel.

EXCLUSIVE EXPERIMENTS

Theoretically, exclusive reactions at Ugh p are much more dif-
ficult to treat thai inclusives. Every quark must be accounted for
and wave functions are required. Exclusives may represent the next
step between hard inclusive scattering and the soft domain where per-
turbation theory cannot be used. There are, however, very large spin
effects that have been discovered. This would seem to argue that a
simplification should be possible.

Figure 10 shows results from an elastic scattering experiment
with a polarized proton beam incident on ^ polarized proton target
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(transverse polarization). A ratio of 4 is observed between the
rates for spin parallel and spin anti-parallel scattering at ^ =
2.3. A new result, presented at this conference by Raymond, gives a
single-spin asymmetry of 51^ +_ 17%. Again, the asymmetry only be-
comes large at high-pT, just where it is expected to be small.

There are also new results from a large angle two-body exlusive
scattering experiment which observes a large spin effect for hard
scattering. These first results from the experiment^ are prelimi-
nary.

Several types of quark di?grams may contribute to meson-baryon
two body exclusive scattering, as shown in Figure 11. Elastic scat-
tering may proceed via any or all of Che graphs, £3 can ir"~p -»• p~~p. A
reaction such as Tf~p-»-K.oA cannot occur via pure gluon exchange or
quark interchange. And others, such as Ti~p-»-Tr A~ or K E~% require
both annihilation and quark interchange. The purpose of the experi-
ment was to compare these and other two body reactions at the highest
possible p . Each reaction is sensitive to different mixtures of tvi
graphs shown in Figure 11. If the quark graphs are flavor-indepen-
dent, as expected for hard scattering where the asymptotic quark
masses are small on the scale of the momentum transferred in the in-
teraction, the amplitudes for the two body exclusive reactions can be
written :>.n terms of the same quark scattering amplitudes, with corre-
sponding relationships between the reaction cross sections.

The experiment was performed at the AGS with an intense 10 GeV/c
if beam incident on a hydrogen target. Results on elastic scattering
and on the p~p final state will be presented here. The apparatus
consisted of a single-arm spectrometer which selected events with a
positive particle with momentum close to the elastic limit of 5.6
GeV/c near 22° in the laboratory or near 90° in the iTp elastic cen-
ter of mass system. The absence of a signal in each of two threshold
cerenkov counters with 'Ythreshold = 22 and with ^threshold = 10
tagged protons in the arm. The incident beam momentum was measured
to Ap/ps= +1% (rms) and the scattered proton momentum resolution was
Ap/p = +0.5%. Charged particles recoiling to the other side of the
spectrometer arm were detected by three wide-aperture proportional
wire chambers with no magnet.

Figure 12a shows the (missing mass) for ir"~ + p -»-p + X where we
require only one track to the recoil side, a clear proton track in
the spectrometer arm, a good reconstructed vertex, and with coplanar-
ity and opening angle cuts to select elastic events. The width is
large, due to the poor beam momentum resolution. The 500 events ob-
served give a cross section for elastics of approximately da/dt&\
nb/GeV2/c2.

Figure 12b shows the missing mass distribution for 1-track re-
coil events, with the elastics removed. The cuts used to select
Tt~~p-+p~~p, P~ -Hr~7i° are indicated. The apparent width of the P mass
is consistent with the resolution. If we assume a linearly falling
background extrapolated from higher masses, the ratio of events with
a p~~p to a TT~P final state is approximately half.

The angular distribution of the *~ from p~ decay analyses the he-
licity o£ the p~. In the Gottfried-Jackson frame, the distribution
of the TT~ is given by



W(e,*) = | i r [p00cos26 + ( p n - p1_1)8ln28 cos2<f>

2 2
+ (p + p._.,)sin 0 sin <j) - 2 p Gin20 sin $]

i

where 9 is the polar angle from the incident v~ direction in this
frame and <j> is the azimuthal angle. p. .is a spin-density matrix
element for helicity i, j p~~ amplitudes. A non-resonant S-wave ir~Tr°
background would have an isotropic angular distribution.

In Figure 13a we show the angular distribution of events within
the -cut, plotting events versus cos 9 and cj>. Our acceptance can be
seen in Figure 13b which shows the scatter plot for an isotropic
Monte Carlo distribution, filtered by our apparatus and event selec-
tion criteria. There are two regions where the acceptance Is poor—
near cos 9 = +1 where the elastics have been cut out, and near cos 9
= -1, § = 0° where backward decays toward the beam line miss our side
chambers. A sin 8 sin <j> Monte Carlo distribution is shown in Figure
13c and a cos 9 distribution is displayed in Figure 13d. The data
appear to have little cos 6, and show qualitativity the two lobes of
the sin 9 sin <t> distribution, indicating the presence of Lelicity +1
and absence of helicity <j> p~. The higher mass data are consistent
with isotropy, or non-resonant S-wave tf~~fi° background.

If the pure gluon exchange graph (Figure lla) were to dominate
this reaction, helicity conservation at the quark level, a QCD pre-
diction, would require that the P~ helicity be the sane as the inci-
dent TT~, or zero. Helicity-flip amplitudes are expected to be sup-
pressed by a factor m /ifs £i 10~-* for our case where we assume the
asymptotically free quark mass of about 5 MeV. Thus, the gluon ex-
change graphs appear to be small.

(a) (b) (c)

Pure Gluon Quark Annihilation Annihilation +
Exchange Interchange Interchange
ir~p •*• iT~p, p ~ p if p •*• AK i r~p -*• K Z ~ , T T A

Figure 11. Quark diagrams for meson-baryon exclusive scattering.
Example reactions for the diagrams are shown. The
reactions listed in (a) can proceed via diagrams (b),
(c), (d). Similarly, ir~p->-KA can proceed via (d).
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of the 7r~ ih-., p~ -*• iT~ito decay, for data and
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Quark annihilation or exchange, however, is not excluded by he-
licity conservation. These graphs, Figures lib, c, d, may give he-
licity +1 and 0. Why are the helicity amplitudes absent? It may be
that just one mechanism dominates and that a cancellation suppresses
the helicity 0 amplitudes. If so, then a relatively small number of
two body exclusive reactions can over-determine these amplitudes,
leading to quite stringent tests of QCD.

SOME CONCLUSIONS

QCD may be the correct description of hadronic physics, but
there are puzzling results. Many have to with spin—it is not only
not true that spin effects die off at high pT, but strong spin ef-
fects ear there! Experiments should measure spin effects at large
trans e momentum where possible. The high energy polarized proton
beams the AGS (Ratner, this conference), at FNAL from A decay, and
poss: _y in the SppS could yield new and striking phenomena.

The mechanism of confinement is fundamental to our understanding
of hadronic physics. There are many now glueball, dibaryon and bary-
onlura candidates (note the LEAR results presented at this conference
by Walcher). With higher intensity available in the future, intense
K~ beams will be possible. Spectroscopy with neutral final states
and with strange quarks is virtually uncharted. Spectroscopy at high
Pj, may also be. attractive, where little penalty is paid to produce
exotic states (Farrar, this conference). It is hoped that high ener-
gy collisions of heavy ions will probe confinement in a new way, pos-
sibly producing a form of quark-gluon soup.

There is clearly a lot to do, and it is encouraging to an exper-
imentalist that whenever experiments look into a new region, via
higher luminosity, new probes or higher energy, new and exciting
physics is uncovered.
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