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Spin physics activities at medium and high energies became significantly active when
polarized targets and polarized beams became accessible for hadron-hadron scattering
experiments. My overview of spin physics will be inclined to the study of strong interaction
using facilities at Argonne ZGS, Brookhaven AGS (including RHIC), CERN, Fermilab,
LAMPF, and SATURNE. General references for the first two sections arc Refs. I to 5.

In 1960 accelerator physicists had already been convinced that the ZGS could be unique
in accelerating a polarized beam; polarized beams were being accelerated through linear
accelerators elsewhere at that time.

However, there was much concern about going ahead with the construction of a polarized
beam because i) the source intensity was not high enough to accelerate in the accelerator, ii) the
use of the accelerator would be limited to only polarized-beam physics, that is, proton-proton
interaction, and iii) p-p elastic scattering was not the most popular topic in high-energy physics.

In fact, within spin physics, Tr-nucleonphysics looked attractive, since the determination
of spin and parity of possible _p resonances attracted much attention. To proceed we needed
more data beside total cross sections and elas_c differential cross sections; measurements of
polarization and other parameters were urgently needed.

Polarization measurements had traditionally been performed by analyzing the spin of
recoil protons. The drawbacks of this technique are: i) it involves double scattering, resulting in
poor accuracy of the data, and ii) a carbon analyzer can only be used for a limited region of
energy.

1. Experiments with Polarized Targets

In 1961, solid-state physicists at Berkeley, Harvard, and Saclay had succeeded in
polarizing protons in a crystal. High-energy physicists at Berkeley, Rutherford, CERN,
Argonne, and Saclay had begun planning to make use of a polarized proton target.

The main advantage of the use of a polarized target is that one can measure polarization
by single scattering. But the only material available in 1962 was a crystal lanthanam magnesium
nitrate, La2Mg3 (NO3) • 24 H20). We had to be convinced that we could carry out rtp elastic
scattering measurements using such a crystal at _ incident momentum as high as 10 GeV/c;
counting on the Fermi-momenta spread due to bound protons, we could select events that
occurred only with free protons that are polarized.

Experiments using polarized targets were first concentrated in clarifying the spin and
parity of 7rp resonances by measuring _'p -+ rtp at various angles covering these energy regions
up to 3 GeV/c where bumps were shown in r_p total cross sections. These attempts were
successful in establishing various resonance states.

In 1966, the energy regions beyond resonances were investigated. We found mirror
synkmetry in the rc+p and g-p world as shown in Fig. 1. Measurements in

,._1 _ Og-p _ g n were also performed and the results of non-zero asymmetry destroyed a "naive"
Regge-pole model which was popular at the time.

In 1968, there was a new break through with the invention of new hydrocarbon target
(cleaner material than the crystal) at 3He temperature yielding 80% of polarization. The new
target greatly promoted spin physics activities. We show some theorists appreciation of
polarized targets comically expressed in Fig. 2.

l -4-
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Figure 1. Polarization of _-+-elastic scattering. Figure 2. Appreciation from theorists.

2. Experiments with Polarized Beams and Polarized Targets
(Medium Energies)

In 1973, polarized protons were accelerated to 6 GeV/c and later above 11 GeV/c at the
ZGS. Also later polarized beams became available at KEK, AGS, LAMPF, and Saturne. Then
the major concentration on spin physics was shifted to pp scattering in which two-spin and three-
spin measurements could be done.

Let us list some observables in the pp interactions. We adopt the notation (Beam, Target;
Scattered, Recoil or X) to express the observables; * indicates that the spin direction is known; O
means that the spin direction is not known. N is normal to the scattering, while L is the
longitudinal direction, and S is NxL in the scattering plane.

II II _11 I I

(O'O,O,O) Cross Section o

(*,O;O,O) or (O,*;O,O) Analyzing Power AN (P)
(polarization parameter)

(*,*;O,O) Spin-Spin Correlation ALL (CLL), ANN (CNN),
Ass (Css)

(*, O; O,*) Polarization Transfer K ik

(O,*;O,*) Depolarization Parameter .... Dik
(*,*; O,*) Triple- Spin Parameter Hi ik

For example, to determine the parameter AN, one measures the difference between the number of
events with spin up and down divided by the sum; that is

AN = (1/PB) (N 1"- N$)/((N '1'+ N'I').

-5-

!1



To determine the correlation parameter ANN, one measures the difference between the event ra_-
with parallel and antiparallel spin directions divided by the sum, and the result then divided by
the product of the beam (PB) and target (PT) polarizations:

1 _;I"I' N_ NI'_ NST)/(NTI"+ N_J,+ NI'_+ NJ,T).ANN = ------- + - .

The correlation parameter ALL is expressed as:

1 1 (N*" - N'*)/(N'- + N'),
ALL = Pa'--_T(I'H'" I+')/(I'H"+ I+') = "_

where (++) refers to the spin state parallel-equal helicity and (+-) to the spin state antipa_llel-
opposite helicity in the c.m. system. Since the incident hadrons have opposite momenta in the

c.m. of the interactions, I++ (I+-) events arc measured in antiparallel, N', (parallel, N") spin
states of the beam and target particles.

The spin-dependent total cross sections are:

AOL = [o TM (_)- oT°t(=)] (longitudinal spins) and

AOT = [oT°t(T'l') - oT°t('M') ] (transverse spins) ,where

6Tot= 1/2[o'Tot(__) + GTot(_)].

In 1976, there was a big surprise in spin physics. Experiments carried out to measure
AOL(pp) found a sizable structure in the pp system. As shown in Fig. 3, up to 1.2-GeV/c incident
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Figure 3. pp total cross section.



proton momentum, the total cross section, which mainly consists of the elastic process, falls and
then rises due to opening of the inelastic-channel. The cross section flattens above 1.5 GeV/c.
We observe no structures in the total cross section. As shown in Fig. 4, the Ao't. data show a
sharp peak near 1.2 GeV/c and a dip near 1.5 GeV/c.
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Figure 4. Difference in the total cross section, AaL.

To understand this phenomena, during the following several years, many observables mentioned
above were measured in the pp system at several laboratories. These results were indispensable
in obtaining unique partial-wave solutions. Two dibaryon resonances, lD2 and 3F3, in the I - 1
system were found. At present, studies in the np system are continuing and there is a good
dibaryon candidate in the I = 0 system as shown in Fig. 5.6

e

- 0 °

-120"

-90"

Figure 5. I---0dibaryon candidate.
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There was confusion once when a partial wave analysis for NN _ NN_ reaction was
interpreted that there was no evidence for the existence of the ID2 dibaryon. 7 Recently it was
found that the interpretation was not appropriate because there are two important effects on the
phases for pp ---+np_,"+not taken into account. Now the NA phase in the NN --_ NN_ partial-
wave analysis can be explained on the basis of the S-matrix pole for the ID2-wave pp, 5S2-wave
NA, and sP2-wave 7td scattering, es The details are shown in Fig. 6.
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Figure 6. Consistency check for dibaryon.

To further understand these effects, one must look for structures in energy much higher
than the threshold region. Results at Plab = 2 to 6, and 11.75 GeV/c are shown in Pig._'/revealing
bump and dip structures in the momentum range 2.5 to 4.0 GeV/c. If the bumps in (kZ/4n) AoL
are considered to be due to diproton resonances, the masses are about 2700 and 2900 MeV.
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Figure 7. A plot of (k2/4g) AOLvs. mass. The line drawn is only to guide the eye.

2.1 Candidates for Dibaryon Resonances

We summarize candidates for I = 0 and I = 1 dibaryon resonances in the nucleon-nucleon
system in Table 1. (The I = 0 isospin state has fewer candidates than I = 1 because of the lack of
experimental data.)

Table I. Candidates for the Dinucleon Resonances

(i)":l-'l Isospin:State ' .......... " "....... '

B_ 2.:14 B_ (2.18) B_ (2.22) B_ (2.43) B_ (2.43) B_ (2.70) B_ (2.90)
........ T(MeV) ... _:_ .. 564 ..... 656 ....... 750 . 1,270 .... 1,2_7_0..... 2,008 .... 2,60_5

Mass,GeV... 2.14-2_:!7.......2.18:Z20..,2,__2_0:.,..2,25.......2.43_-2:50.__2.43:2.50.,__2.70._0,!_0._2._.90_.±_.0,.1_0: ........_JUL

......Width, GeV 50-1.00 100-200 100-200 - 150 - 150 - 150 - 150

Quantum......State __ . ]_ .........Triplet.P I ....._3F3_ ProbabiY IG4 _I ,T,.,ri,'pietRjj ............... " Probably_....116
pp (10%) pp (10%) I_ (!7%) ........................................................................................... ,t__,.............. ,,L __

:__y Modes J,,gd,.(30%),, _ (30%) nd (4%) ..............................................
Na(35%)

fill I 1" tl : '='' ' ' "

__i) I = Oisospin state

J3g (2.17) Bg (2.43)
- T'(MeV) 750 ...... 1,270
..... MasS; GeV ...............2:17 2,;¢0-:2:50
" Width, Mev .... 25 .......2. 200

--- '-Qiiantuin -s-t-ate.................. 1i5-i-.................. Triplet

-9-
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The current status of non-strange dibaryon resonances in the region of masses 1.88 - 3.02
GeV was reviewed by I. StrakovskyS by examining NN --->NN, r,xl --->7td, NN _ hd, NN _ AN
channels. A similar conclusion was drawn as those in Table 1. It was concluded that a combined
analysis in the framework of coupled channels should bring us to the clarification of dibaryon
resonances.

2.2 A Study of N-N Spin Observables at Saturne

A number of measurements are being and will be made to study pp and np elastic
scattering and total cross section spin observables in the beam kinetic-energy range from 0.5 to
2.7 GeV at Saturne. The goals will include i) a determination of the I = 0 amplitudes to higher
energies, and ii) the identification of the partial wave(s) responsible for structure previously
observed at Saturne II and Argonne ZGS energies.

Measurements of the I = 0 amplitudes above 1.1 GeV from quasielastic scattering of a
polarized proton beam from a polarized deuterium target will be performed. The measurements
will be performed detecting the outgoing neutron and proton in coincidence.

The numerous indications of structure in the cross sections and spin observables near Tlab
= 2100 MeV require additional measurements to their origin. This energy is higher than that
covered by most phase-shift analyses.

2.3 ggl..alld.gd,.E_I._stic Scattering

Results of cross section, tensor polarization, and vector polarization measurements in nd
elastic scattering oi PSI, LAMPF, TRIUMF, and KEK energies have been reviewed earlier (for
instance, Ref. 4). For the tensor polarization t20, there exist two different data sets which differ
dramatically. The measurements were performed at LAMPF 10and the other at PSI. 11 The
LAMPF data show that the angular distribution of t20 is negative and smooth. The PSI data, on
the other hand, show a positive and rapid angular dependence. Relatively new data from
TRIUMFI2,13 are in agreement with the LAMPF data.

A phenomenological analysis of pion-deuteron elastic scattering was carded out 14by
using a model that contains the dibaryon resonance amplitude and the background amplitude
obtained by a Glauber-model calculation. 15 The experimental data used in the analysis include
differential cross section, the vector analyzing power, and the tensor polarization in the
momentum region 250 to 1000 MeV/c. No satisfactory fit to the t20 PSI data 11with the rapid
angular dependence was found, but it is important to note that resonance parameters were needed
for satisfactory fits. In this energy region, it is practically impossible to perform a phase-shift
analysis because of the large number of partial waves required. Therefore, the above model,
which gives the non-resonance amplitudes without any serious ambiguity, was used to interpret
the existing data.

The analyzing power for elastic pd scattering (pq'd --->pd) has been measured in the
forward region at 800 MeV and at 3.5 GeV (Refs. 16 and 17, respectively). These angular
distributions show that the behavior is consistent with the prediction of the multiple scattering
model based on the Glauber theory.

Various spin parameters for pTd --->pTd scattering were measured at 496, 647, and 800
MeV. 18 Comparison with the noneikonal multiple scattering theory 19reveals large discrepancies

between the data and theory at 800 _d 650Tt_'leVbut fairly good agreement at 500 MeV. Spin
observables in sm all-an.gle elastic p d --> p d scattering were measured with an N-type target 20
and an L-type magnet 21 at 800 MeV. The results were compared with predictions based on
different plaase-shift solutions for the nucleon-nucleon scattering matrix.

-10-
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A numberof vector and tensor spin observables in the d-p elastic scattering reaction wen=
measured at Saturne II22with a polarizeddeuteron beam at incident energy of 1.6 GeV.

2.4 Dr)--) 7tdScattering

Earlierextensive 7td+ -) pp phase=shiftanalyses were performed.23 The results show
good agreement with the variousexperimental data. "24-26 The phase-shift results include the
Breit=Wignerbehavior for JP = 2+ and 3"(1D2and 3F3) states. A similar result was obtained by a
_rd--) mt phase-shift analysis.27

It is important to noto that the _+d --) pp phase shifts23give M ~ 2.17 GeV and Ftol~
0.11 GeV for NN.states lD2, 3F3,and 3Pl. Similar results were obtaineclby K-matrix analysis of
pp scattering at -qs - 1.88 - 2.36 GeV for NN states 1D-_3F3, and _P2- _F2partial waves,za
Als_o,K-matn'x analysis for systemspp, NA, and 7tdat _/s = 2.02 - 2.34 GeV gave M --2.16 GeV
for lD2 and _F3 states.29 Slighdy different results from th¢ above analyses were reported.30

Spin-spin correlationparameters (ALLand ASL) for pq'pl'._) _d weremeasured between
500 and 800 MeV at LAMPF.31,32 The results are consistent with predictions of PWA fromRef.
29, but they are in substantial disagreementwith theoretical predictions33above 600 MeV.

Ali non contradictory 7tdelastic and _+d ---)pp PWAs yield a branchingratio of F_i/I"Tot
- 0.3 (l"p.i__tel ""0.1). for both the 1D2and P wave NN states in the 7tdchannel and a ratio of--
0.04 (--0.17) for the -_F3state. This fact is consistent with the conclusion for the NN system as
shown in Table 1.

We note here that based on the pq'pl'.._)_+d data31,32,34the existence of dibaryons was
doubted. However, this doubt does not seem valid because the above-mentioned phase-shift
analysis gives a reasonable g2/NDF value. We expect updated pp ---)mi phase-shift results soon.

The existence of a resonant state in the pp_y_tem at the approximate energy of 2.7 GeV
was suggested by the result of measurements in p,p/.._) d:_:+at Tp = 1.2 to 2.3 GeV. 35 The
angulardistributions of the analyzing power as shown in Fig. 8 indicate a strong energy
dependence. Structures found in similar energies are discussed earlier.

2.5 Inclusive Reactio_

Apart from the broad structureobserved in the B - 2 system (see earlier sections), a
considerableamount of experimental workhas been devoted to the study of narrow
resonances.36 Theoretically, the interest in narrowresonances 1"1/'2_ 100 MeV was stimalat_
by the possibility that the quark color degree of freedom might manifest itself in the form of
exotic states with narrow width in the B = 2 system. In the T = 1 channel the ftr,stobservations

of such states in the p3He --) dX in Saturneexperiments37abov_ the NN _ threshold were
conf'u-medby analyzing powers deduced fronJan _periment, p SHe---)dX, at an incident proton
energy of 80 MeV performed recently at LAMPF.-_ The analyzing powers, Ay, are shown in
Fig. 9. A dummy target consisting of an empty cell replacing the liquid _I-tecell was used to
account for the deuterons producedin the target cell. Table 2 summarizes the results of Saturne
II andLAMPF experiments, togetherwith predictions of theoretical models.

An experimental,search for B - 2, T = 2 bound states in the vicinity of the 7rNNthreshold
was conducted in the pp_---) 7r-Xreaction.44

-11-
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Table 2. Narrow Structures in the B = 2 System.
I I __ II II

..... LAMPF : Saturne II Rotational Formula 39' Bag Model 40
Peak Position FW_ Peak Position FWHM

_ _VleV) (MEV) (MEV) (MEV) Resonance Mass Resonance.,Mass x 0.9
2015 ::1:5 34 ::1:14 2015 2015, 2017
2054 :!:4 11 + 6 2052 ' 2098, 2100'

2125+3 6+7 2124+3 25+2 2124 2121_2129 ' _
- 2152+4 20 + 10 2155 2164 _

- 2i81 + 5 20 + 8 2192 + 3 25 :t:6 2192 2175_ 2180_ 2185

2.6 A Narrow-Width Dibaryon as T!NNQuasi-Bound Sta_¢

The possibility of the existence of nNN bound states has been suggested. Since strong
attraction due to the nN interaction in the P33 state and the NN interaction in the 3S 1 state exists
in the system, a bound state has been expected there. However, the large centrifugal repulsion in
the P33 resonance makes it difficult for the system to be bound. Thus, rather than a bound state,
resonance states exist in the nNN system, jr'= 2+ and JP = 3- resonances are theoretically
predicted, _nd are in agreement with the experimental data.

In the fINN system, the important interactions are the lqN - nN interaction in the S11 state
and the NN interaction in the 3S1 state. Both interactions give no centrifugal repulsion providing
a greater possibility for a bound T1NNstate.

-12-
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Theexistenceof an I ffi0, JP= 1"quas:_ound state in the _NN-nNN coupled system is
theoretically predicted with a mass of about 2430 MeV and a width of 10-20 MeV. 4z

It was observed that the np (1PI) _ np (lP1) amplitude shows anticlockwise looping as
shown in Fig. 10.

3. Proton-Proton Elastic Scattering at High P.L

Earlier studies on proton-proton (pp) elastic scattering are summarized, Refs. 1 and 2.
With polarized-proton beams at BNL, the analyzing power, AN, andspin-spin correlation

parameter,ANNewere2measured432u to 71 (3 V!c --As shown up to incident proton-laboratory momentum of 24 GeV/c andpj. p . ( / ) in Fig. 11, values of AN increase as p.Lz. A similar trend is
observed in the hadron',production which will be described later.

i i ' ' I _ -''r'_'--'

• 24 GeV CERN
a 28 GeV AGS

•3 • 24 GeV ThisExper.

0.01 •

. -o:o2, o.o2 .,,
100-_ •1 • "

_, 0

0

-5

%1

-10

".2

-005 ' ' ' ' ' ' * -• 2 4 6 8

P_(OeV/c)_
Figure 10. np (lP1) --* np (IP1) amplitude. Figure 11. AN in pp elastic scattering.

4. Polarization of Hyperons

The high-energy hyperon polarization data come from inclusive reactions. The A
polarization in the proton fragmentation region has been thoroughly investigated. It appears to
be almost independent of energy, from CERN PS (or AGS) to ISR energies. At low pj. the
polarization has a weak XFdependence, but for p± > 1 GeV/c the polarization increases linearly
with XF.

i

i
-13-
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The polarizations of other hyperons have been measured as weil. The polarization of the
cascade particles is about the same as that of the A, and the ]: polarization has opposite signs to
that of the A but about the same magnitude.

Ali of these experimental findings have been parametrized by combining the
fragmentation picture with SU(6) symmetry, which amounts to the assumption that valence
quarks carry ali the spin of the proton. 44.4y The data were also qualitatively explained by a
model using mass-corrected permrbativc QCD. 46 The problem of explaining, within the
framework of PQCD, the l_argcobserved single transverse-spin asymmetries in hyperor
production was reviewed.47 The absence of small parameters in the first-order asymmetry in
QCD was stressed. 48

The cross sections for p Be ---)AX and ]:°X have beeu measured 49 at a beam momentum
of 28.5 GeV/c at an average laboratory production angle of 4°. The ratio (_(_°)/¢)(A) was 0.278 4-
0.011 5=0.05, where the uncertainties arc statistical and systematic in that order. T_n ratio does
not depend strongly on the momentum of the produced particle measured earlier L, __,/eenI0 and
24 GeV/c. lt does not agree with any of the theoretical predictions for this ratio. For example, a
calculation7 based on SU(6) formalism and polarization measurements predicts 0.1 I.
Interestingly, it may be argued that ]: and A productions should be equal. Since there are three
Z's, ]:°/A° should be roughly one-third. Thus, SU(_ appears to be severely broken, although the
ratios of cross sections for exclusively/produced YY pairs in p_ collisions arc within 10-20% in
agreement with SU(6).

The largeratioo(Z°)/o(A)ilnplicsthatasubstantialfractionoftheA'sobs,_x'ved
experimentallyarcdecayproductsofZ°.The polarizationoftheZ°inp Be _ Z°i+ X at28.5
GeV/c wasmeasuredTM tobe0.28± 0.13atanaveragcp.i.= 1.01GeV/candXF= 0.60.This
valueisingoodagreementwith0.23± 0.13measured_iat18.5GeV/c.The polarizationof
directA'smay bedilutedbydecayA's.The directA polarizationissubstantiallygreaterthanthe
alreadylargevaluesthathavebccnmcasurcd.

4.1 polarizationandMagneticMoment of_+ Antihyperons

The polarizationof_+ hyperonsproducedby800 GcV/c protonsintheinclusive
. "_+ .

rcacuonsp + Be _ ,..,+ X isapproximatelyequaltothatof_,"asshowninFig.12.52 Models

0.0

.N

o -0.2 • 800GeV/c

r_ _- 800 GeV/c.

A ,.., 400 GcV/c
-03. .... t ..... , .... , .... , ....

0.4 0.6 0.8 1.0 1.2 1.4

Pt (oer/c)

Figure12.Comparisonofthe_+ andF.."polarizationwiththatoftheE"datatakenat400GcV/c
anda productionangleof5 mrad.
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predictzero polarization for aliantihyperons,as po_].larizationof A's producedprotonsfound to
be consistent with zero. Non-zeropolarization.of _.-r calls intoquestion those models. The
presenceof a significant polarizationfor the _.,"makes possible the firstmeasurementof the
magneticmoment of an antihyperon.It was determinedto be p-_.- 0.657 :l:0.028 :l:0.020
nucleonmagnetrons.52

4.2 Polarizationand Ma_etic Momentof D,:

By a polarized neutra_lb_amfromp . Cu _ (A, -='-°)1'. X, f_"hyperons wereproducedin
a spin-transferreaction, (A, zo)T . Cu --_Q". X.53 The Q"polarizations arefound to be -0.054
:l:0.019 and-0.149 :l:0.055 at meanQ- momentaof 322 and 398 GeV/c, respectively. Based on
these polarizations, the f_"magnetic momentis determined to be (-1.94 :t:0.17 :l:0.14) PN, in
good agreementwith the naive-quark-modelprediction of-1.84 pN.-_

4.3 Polarization of._'_rons

The polarization P__ of _,- hyperonsproduced by 800-GEVprotonswas measured forxp
from0.3 to 0.7 and P.Lfroi_ 0.5 to 1.5 GeV/c.35 The kinematic behaviorof P__ is shown in
Fig. 13. The _,"polarizationdoes not demonsp'atethe strongxpdependence sh"bwnbyPA. A_so,
an energydependence of t-'__was observed;II).__I at 800 GeV/c is largerthan that of 400 GeV/c
as shownin Fig. 13.

0.00 ' ''' I''' '-'

-0.05
• P.x

c Xr='O.3

o._-o.to" :oI-s

-O.t5 _x xr .4!

o oo_ o Xr=0.57
-0.20 . o xr=O.66

." r= .6 -.
-0.25

0 0.25 0.5 0.75 l 1.25 t .5

pTCcev/¢)

Figure 13. P__ as a function of PTfor contours of constant average XF.The lines are a
sc_aematicrepresentation of the behavior of the A polarization from XF= 0.3 to
XF= 0.6, the same region as the P.__results.

5. Polarized Beams at Fermilab

5.1 Introduction

Ever since polarized beams and/or polarized targets became available for the use of high-
energy experiments, various measurements on the polarization phenomena have been extensively
carried out. Asymmetry measurements are sensitive to interference terms between dominant and
nondominant amplitudes, and thus provide useful information which cannot be obtained from



differential cross section measurements alone, on the study of production and reaction
mcchanismso

The physics objectives for the Fermilab polarized beam facility up to 200 GeV/c were in
part based upon the facts that there were already several experimental indications that spin
effectsaresignificantathighenergy.Theywere

i) Measurementsof_oproductionathighp.l.(P.t.> 2.0GeV/c)inproton-protonatCERN
andinR"protoncollisionsatSerpukhovrevealedsizableasymmetriesat24 GeV/c and40
GeV/c,respectively.

ii) HyperonsproducedatlargeXFinclusivelyoffnucleiandhydrogenatCERN, Fermilab,
andISR,were observedtohavehighpolarizations.

iii) Inelasticscatteringoflongitudinallypolarizedelectronsonlongitudinallypolarize_
protonsatSLAC yieldedalargeasymmetry,implyingthatprotonhelicityorientationis
communicatedtotheconstituentquarks.Thus,spindependenceinquark-quark
collisionscanbeinferredfrommeasurementsofspindependenceinproton-proton
collisionsinappropriatekinematicregions.

The observationoftheselargeeffectssuggestedthattheunderlyingprocessesinvolved
mightbesimpleatthelevelofconstituents.A numberoftheoreticalmodelswereintroducedto
explainthesepolarizationphenomenaandpredictionsforfuturemeasurementsweremade.

5.2 PolarizedBeam (protonsandantiprotons)Facility

Duringthelastdecade,constructionofahigh-energy(above100GeV/c)polarizedbeam
complicauonswas attempted.Inordertoavoidpossible " involvingdepolarizationathigh

energies,polarizedprotonscanbeproducedfromdecayinghyperons,lambdas,orsigmas.The
Fermilabpolarized-beamfacilitywasconstructedand was operationalin1987.

An extractedbeam fromtheTevatronisdeliveredthroughtheMP primary-beamlineto
theM._csonDetectorBuildingwherea0.73-interaction-lengthB....ctargetisutilizedtoproduceA
andA at0c.m.--0°.ProtonsandantiprotonsfromtheA andA decaysrespectivelyarcbrought
toafinaltargetpositionintheMP hallthroughtheMP secondarybeam (200GeV/c)line.

Polarizedprotonsfromthevirtualsourcesarcfocusedinthetaggingsection,whereboth
themomentum and polarizationaxeselected.56The typicalbeam flux(Ap/p= + 5%) for3 ×
1012incidentprotonsper20-sccspillat200GeVIc were"(Payisaveragepolarization)

i(Pay = 45%) Particles x's

Protons I 1.0 x 107 [......... 2.0 x 107 [ 2.0 x 106 j
...........AntiProtons ......--l.....-------510x---iO5.................t........... i-.-Ox--lO6 ......." [....... ........ 1

52.1 Primakoff-Effect Measurement

,Theasymmetry of the nuclear coherent Coulomb x* production process ("Primakoff
Process ), was measured 57 for the first time with the use of the 200-GeV/c polarized-proton
beam. The apparatus consisted of a lead-glass calorimeter for _* detection and a magnetic
spectrometer for the scattered protons. A large asymmetry in the region of It'l< 0.001 (GeV/c) 2
and 1.36 < M(x ° p) < 1.52 GeV/c 2 was observed for the reaction p + Pb --> p + x ° + Pb, where
the Coulomb process is predominant.

I
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The measured asymmetry for the Coulomb process is consistent with the analyzing power
(about -70%) of the _o production process deduced from existing low-energy y + pl __,_;o+ p
data. The results demonstrate that the Primakoff process is useful as a polarimeter for high-
energy polarized beams.

52.2 Coulomb-Nuclear Interference (CNI) Measurement

Several authors since Schwinger 58 have i_dicated nonzero polarization in the Coulomb-
nuclear interference region in nucleon-nucleon scat,.ering. This polarirneter is to measure the

interference term of the nonflip amplitude and the el_tromagnefic spin-flip ampli_de. The
proton polarization arising from the interference is P~ 5% at ld = 2 • 10-3 (GeV/c) z and is energy
inde_n_nL 59

The analyzing power, AN, of proton-proton,, proton-hydrocarbon, and antiproton-
hydrocarbon scattering in the Coulomb-nuclear regxon was earlier measured using the 2(X)-GeV/c
polarized beams. °° The results at 16- 0.003 (GeV/c) z show the value AN = (2.4 + 0.9)% with
the polarized-proton beam, and AN = (-4.6 :t:1.9)% with the polarized-antiproton beam both on a
hydrocarbon target, and also AI,_= (4.5 :l:2.8)% of proton-proton scattering. These results are
consistent with predictions61"e_based on Coulomb-nuclear interference.

Recently a new CNI target consisting of trans-stilbene crystals (diphenyl-ethylene,
C14H12) was used. 64 Large background was reduced at small Itlregion by using this material
that possesses pulse-shaped discrimination characteristics. Preliminary results on the pp

! analyzing power are shown in Fig. 14 together with the calculated values.
I

7

6

5

4

1" [ •
,

I

0

-I

-:_

-3

I J . _ ! j ..,_ . .

o o.o_ o.os oao

(GvI )

Figure 14. pp analyzing power in the Coulomb-nuclear region.
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5.3 Hadron Production with 200-GeV/c Polarized Proton and Antioroton Bc_ams

5.3.1 Single-Spin Asymmetry in p l'p -o (:c° 71)and _ l'p -o :c_X at high pj.

Asymmetry measurements, AN = (1/PB)(N T - N'I')/(NT + NJ'), were carried out at 200
GeV/c in n ° and vi production. Photons from the decay of xOsproduced in the target are detected
in the "Central Electromagnetic Calorimeters" CEMC-1 and ('_MC-2, shown in Fig. 15, located
symmetrically to the left and to the right of the beam axis at 10 m from the target. Each
calorimeter is compri,_,.d of 504 lead-glass counters in an arrayof 21 columns by 24 rows. The
chmensions of each lead-glass block are 3.81 cm x 3.81 cm× 18 radiation lengths. Each array
covers polar angles of (5.,5 :t:2.2)° in the laboratory frame, where 5.5 ° corresponds to 90' in the
c.m., and azimuthal angles of + 25° with respect to the horizontal plane containing the beam
axis.

Data of the pl'p reaction65 show that the asymmetry values (AN) at XF - 0 are approx-
imately zero (or small negative) up to P.t.= 3.5 GeV/c and then begin to rise to ~ + 40% in the
region of P2. = 4 to 5 GeV/c as shown in Fig. 16.
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Figure 15. Layout of the experimental apparatus. Figure 16. P.Ldependence of AN at XF= 0.

At lower eoergies as seen in the BNL 66(pl"p _ _,'+X),CERN 67 (pp'l" -o _°X),
Serpukhov 68 (rc-pT --o n°X) data, this rapid rise from zero to large positive values, was also
observed although none of the data exceeded P.L--"3 GeV/c. A positive sign of AN mentioned
above corresponds to a larger production cross section to beam-left (beam-right) w_en the beam
(target) l_roton is vertically-upward. Note that for the usual sign convention, AN (p_h -o hX) --
-AN (hp _ --->hX) at x -=0 where h represents hadron. A new finding is that ali the AN data of _o
_8 + production at XF-=0 show the large positive asymmetries begin at X.L= 0.4 in the region

= 5 to 20 GeV as shown in Fig. 17. This is strong indication that we are indeed observing
asymmetries caused by hard scattering.

Single-spin asymmetry in _l"p _ noX shows a similar P.Ldependence as the pl"p case.
However, data are limited only up tq,P.L= 3.5 GeV/c as shown in Fig. 18a. We have also ob-
served a similar P.Ldependence in pip --ofiX as shown in Fig. 18b.
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5.3.2 xF Dependence of Single-$pinAsymmetry inp l'p --e gaX and _'_p --e _r°X

Asymmetry measurements (AN) in pTp -o x°X and _ Tp _ 7tox on th_ XFdependence at
200 GcV/c covering pa. up to 2 GeV/c were carried out. 69 AN values in the p'p reaction arc
consistent with zero up to XF= 0.3 to 0.4, and then linearly _crcase to + 20% near XF= 1.0 as
shown in Fig. 19. Also they arc consistent with earlier data m taken at <XF> = 0.52.

0.20 I I I I 1.5

c

-1.4

zO. 15 -
0

<

3>, | -Ilr,.. " ¢2_

T¢_ e"
0

EO. IO -
E -12 u
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< , _

0
L.

0.05 --1.! u

o
! ! ! ! I
0 .2 .4 .6 .8

XF

Figure 19. XFdependence of AN at P.L= 0.5 to 2.0 GeV/e in the reaction pl'p _ _oX (open
squares) and _'p _ (closed circles).

Single spin asymmetry in _ l'p reaction shp_s a similar XFdependence as pl'p case. By
knowing the quark content of x ° = (u_-dd)/_2, both the polarized u and _ quark in the
polarized proton and antiproton beam respectively seen to be the career of the spin information.
We can also interpret these results using a dynamical mechanism 71describing the spin effect in
the inclusive hadron production in the fragmentation region. In this mechanism, asymmetries in
pp _ g°X and _p _ _r°X are related to the 7rpbackward scattering as i) gOp_ pxO and ii)
go_ _ _no, respectively. By applying the CPT conservation, the antiprocess of the i) is the
process ii). Thus, similar XFdependence in asymmetries by protons and antiprotons can be
explained.

It is interesting to notice that our data resembled XFdependence in pp _ ATX where
polarized s quarks were considered 72 to be responsible for high polarization.
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We also present theratio of the spin-averaged cross sections for x° production by
antiprotons and by protons as shown in Fig. 20.

!
I i

-./-.
_,. _ .1t

- __ t.1 Pt

Figure 20. The ratio R(_ / p) of the cross section for _.oproduction by antiprotons and by
protons.

5.3.3 XF Dependence of Single-Spin Asymmetry in p Tp -->_:_X and _ Tp --->_±X

Single-spin asymmetries were measured in _± production at 200 GeV/c. 73 Pion
production from the target was measured,via a large forward spectrometer which is shown in Fig.
21. The asymmetry values (AN) in the p_p reaction are shown in Fig. 22 as a function of XFfor
the _'+and _- data over a p± range of 0.2 - 2.0 GcV/c. The data exhibit a striking form in which
the magnitude of AN increases for both _ and x" particles with XF,but the sign of AN is negative
for the _" data. Further.study of these data shows a threshold effect in which AN increases
dramatically above p± = 0.7 GeV/c.
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Figure 21. Top view of the E-704 forward spectrometer layout.
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From thismirror-symmetryeffectinzt+and x',onemay speculateAN = 0 forx°
production.By applying.isospinrelationsforsingle-particledistributions,74rf+A_ + o"A_I= 2
o*A_, whereo"+and A_I ar,cforthecrosssectionandanalyzingpowerinplp _ #'X
respectively,o"and A_Iinplp _ nX, andcr°and A N inplp _ xoX,we canconcludethe
following:Experimentaldatashowo"+> o"andA_ = -A_I,thereforewe expectAN > 0 as
showninFig.19.

The AN valuesinthe_'rpreaction75arcshown inFig.23forthex+ andx"data.We
observeasimilarbehavioronAN magnitudewithrespecttoXFbutthesign.ofAN ispositivefor
thex"dataandnegativeforthex+data.The resultscanbeexplainedbyusingthemodel71
whichrelatepp_ x+X scatteringtothe_pbackwardscattering.The anuprocessesofx+p
px+ _d x'p__ px"arex-_ --_p x-andx+_ _ p"rc+respectively.Thuswe haveoppositesigns
forplandp I"beams.

5.3.4 Summary of xj. and xF Dependence

There are two distinct common phenomena observed in the xi and XFdependence of the
one-spin asymmetries. The asymmetry values are zero or small for both X.Land XF< 0.3 to 0.4.
Then there is a rise from zero to large positive values for X.Land XF> 0.3 to 0.4. It will be in-
teresting to find out if these two phenomena are related.

A recent review 76 discusses the various theoretical approaches used to explain the
possible origin of single-spin asymmetries in pion production. According to Ref. 77, the possible
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origin is an asymmetry in the transverse-momentum distributions, due to orbital angular
momentum of the constituents in a polarized proton. An alternate suggestion 78 invokes
transverse forces that are generated when rotating color charges in the spinning proton interact
with the gluon field of the target. The most recent attempt 79 to describe single-spin transverse
spin asymmetries at PT > 3 GeV/c is made by introducing the leading contribution from a spin
dependent quark-gluon correlation function ("twist-3" parton distribution) in perturbative QCD.

5.3.5 Single Spin Asymmetry in Direct Photon Production

In addition to the calorimeter used for the x ° production discussed above, a lead-
scintillator sandwich counter (called guard counter) that surrounds the calorimeter was placed to
increase the acceptance for the direct ?.

As will be discussed in Section 7.3, AN measurements in direct photon production
provided information on the twist-3 parton distribution involving the correlation between quark
and gluon field strength (presented by N. Saito at the Nagoya Symposium).

5.3.6 Double-Spin Asymmetry in z °Production

We report on a first measurement of the two-spin parameter ALL for inclusive xo
production by 200-GEV longitudinally-polarized protons and antiprotons on a longitudinally-
polarized proton target. The hadron asymmetry ALL is defined as the relative difference between
the cross sections for beam and target hadrons of equal or opposite helicities,

-9 '-+ '9ALL = (0" _-- 0" /(0" O"

=P,'.<P,>'.(N:-N:)/(N:+N:),
where o(s, xF, Pt) are the invariant cross sections for inclusive xo production in antiparallel (_)
and parallel (_) spin states of the beam and target particles. Since the incident hadrons have
opposite momenta in the c.m. of the interaction, the helicities are equal when the spin directions
are not parallel. The quantities N(s, xF, Pr) are the corresponding normalized event rates
measured in the experiment, PB is the beam polarization, and <PT> is the target polarization
averaged over polarized and unpolarized nucleons.

The 3-cm diameter polarized proton target 80 of length 20 cm consists of 2-mm diameter
beads of frozen Pentanol (C5H 120) doped with Chromium-V. Pentanol contains one polarizable,
free proton for about six unpolarizable, bound protons and neutrons. The effective polarization-
dilution factor, including the target windows, is D = PT/<PT> = (8 + 1). The free protons are
polarized to typically either PT = 0.75 or PT = -0.80 in 3 to 4 hours at a temperature of 0.4K,
using microwaves of appropriate frequencies near 70 GHz.

The results 81 for ALL measured for incident protons and antiprotons as a function of P.I.,
are shown in Fig. 24. Each value for ALL in the PA.interval covered by these measurements is
consistent with zero, within the statistical errors.
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Figure 24. The two-spin parameter ALLin the reaction (a) pp _ xox and (b) pp --->p°X at
200 GeV/c, for -0.1 < xF < 0.1. The curves are predictions for different values of
the spin-weighted gluon distribution function (see Ref. 82).

5.4 One-Spin and Two-Spin Measurement_ in A Production

Many experiments have measured polarization values for various hyperons (A, r'.+, X;o,I;*,
___o,--, and f_'). The data exhibit a certain simple pattern as: i) ali hyperons produced by proton
fragmentation are polarized perpendicular to the production plane but anti-hyperons arc not, ii)
the magnitude of the polarization increases linearly with lr/"below lfr of 0.8 GeV/c, is
independent of PT above 1 GeV/c, and increases linearly with XF,and iii) the polarization is
independent of energy.

To explain these spin effects many have proposed a wide range of mechanisms but none
of them completely explains ali the data. At 200 GeV/c, three parameters were meastL,'ed for
further understanding of A asymmetry effects; they are the polarization P, the analyzing power
A, and the depolarization D.
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and D = (llPB)[a(i//f)-a(il_ f)]l[@(il/f)+a(i/Xf)

5.5 Differ_nc¢_ in Total Cross Sections. Ac_T,

The difference between total cross sections with spins antiparallel and with spins parallel
longitudinally was measured at 200 GeV/c.

The values of ACYLwas -16 mb at ~ 1.5 GeV/c incident proton momentum where ¢_Tot~ 40 mb.
For pp the par_ that survives at high energy is expected to come fTom A 1 exchange and this scales
roughly as 1/Plab. The prediction at 200 GeV/c is -50 lab. For _p there may be a large
contribution that amount to ~ 2 mb due to q_ annihilation.

Total cross-section measurements at lower energies are usually made in a geometry close
to a pencil beam, a point-like target, and detectors defining concentric rings for the extrapolation
of the transmission rates to zero solid angle.

For the measuremen' at 200 GeV/c, the beam divergence was relatively large and the
position and direction of t!e particles incident on the target is defined by two hodoscopes. Two
different transmission hodoscopes, DSL 1 and DSL2, were placed at 16m and 47m respectively
from the target. Results of DSL1 and DSL2 were analyzed by a Saclay group and DSL1 is being
analyzed by an Argonne group. Preliminary results by the Saclay group are shown in Fig. 25,
whex'e systematic and statistical errors are combined.

6. Recent Results from IHEP, Serpukhov
(Presented by S. Nurushev at the Nagoya Symposium)

6.1 Single-Spin Asymmetry in the Reaction _-dT --->r_X at 40 GeV/c

The single-spin asymmetry AN in the inclusive reaction n-d '1'--->n°X in the beam
fragmentation region at 40 GeV/c was measured. A frozen-spin (C3D802) polarized target was
used. The PT dependence of the AN was observed as similar to the one in case of hyperon
polarization over the interval 0.7 < xi: < 0.9.

6.2 Preliminary Results on the Asymmetry_ in ppT --->_0X.at 70 GeV/c at xi: = 0

A 70-GeV/c proton beam was produced by means of a bent crystal which was installed
inside the vacuum tube of the Serpukhov accelerator.

Single-spin asymmetry AN was measured up to 4 GeV/c. The data are compared with
earlier data with different energies at CERN, BNL, Serpukhov, and Fermilab.
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Figure 25. Preliminary data ("Saclay analysis", L. van Rossum ct. al., private communication).

7. Study of the Spin-Dependent Parton Distribution with Polarized
Protons

These studies can be made at Fermilab polarized-beam facility, planned polarized beams
at UNK and proposed polarized collider at RHIC. In fact, the major motivation to construct the
Fermilab polarized-beam facility was to obtain the gluon-spin information by measuring the
asymmetry parameter ALL for _2 and J/¥ production (proposal 675) and was many years before
the "spin crisis".

7.1 Measurements of Parton Helicity Distribution in a Polarized Proton

Let us consider the hadronic reaction, pp --->(hadron or gauge boson) + X. When both
initial protons are longitudinally polarized, we measure an observable ALL. If one QCD
subprocess is dominant:

ALL ~ PaPb aLL (a -t-b --->c + x), where

Pa and Pb are polarization of partons a and b, respectively.
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7.1.1 Gluon Helicity Distribution

i) pTpl"_ X2 + X

It is generally believed that the _2. (3555) state is mainly produced by gluon-gluon fusion.
The observable ALL is related to the dismbution function of a polarized gluon in a polarized
proton expressed as G+(x) and G.(x) with same- and opposite-sign helieities, respectively. The
dependence is giver 0y:

wl_re xi, x2 are the longitudinal-momentum fraction of glu9ns, XF= x 1 - x2,
M_ a = xi. x2. s, AG/G(x) - (G+(x) - G.(x)/(G+(x) + G.(x)), ALL is ALL (7£2)for two fully
pol'£rized gluons.

Fermilab 200-GeV/c polarized beam is in the unique energy region to investigate the
gluon-spin distribution in the cha=monium production. At collider energies, M2/s = xi • x2 = 0.
For a given XFcoverage, x I or x2 is zero. So far, theoretical models predict AG/G(x) = 0 at x = 0.
Therefore, no information is obtained on AG/G(x) because ALL is proportional to AG/G(xl) •
AG/G(x2).

ii) Direct-T Production

Direct photons are produced through the q'q annihilation subprocess and the q-g
Compton subprocess, qg -o Tq. The Compton process is the dominant one in pp interactions.
Then,

" "aLLfqg-'
where Au(x)/u(x)= [u+(x)-u_(x)] / [u+(x) + u_(x)] with Au(x) being the helicity
distribution of the quark, and

AG()/G(x)= +a_(x)].

Forexarnplc,Au(x)/u(x)= 0.4atXq= 0.2(fromHMC-SMC), aLL = 0.6at90°

scattering.Then wc haveALL = 0.2x AG/G,and8(AG/G)= 5 x 8ALL.

Forpropercoverageofxregion,alarge'_ regionisnotaproperpiace.

iii) JetProduction

SeveralQCD subproccssescontributetothecrosssectionforjetproduction"
a) gluon-gluonscatteringatlowPa_,
b) gluon-quarkscatteringatmedium P.L(above~ 20GeV/c),and
c) quark-quark elastic scattering at high P.L-

At low pa,:

ALL = [AG(xi) / G(xl)] x [AG(x2) / G(x2)] × aLL(gg -'+ gg)
:=j

"i

I[
J

i_mm

- -27-
i
_
-

mm



The aLL is expected m be large, iLL = 0.8 at 90°.

7.1.2 Sea-Quark Helicity Distribution

i) Drell-Yah Process

The Drell-Yah process appears to be one of the best ways to determine the polmdzmtion of
sea quarks. The q_ annihilation into a vector boson gives a large asymmetry at the partonic
level, and selects sea antiquarks along with valence quarks.

The asymmetry ALL for DreU-Yan in pp collisions is related to the sea-quark helicity
distribution:

E e_[Aq, (xl)A_ (x2) + Aq, (x2)&_" (x 1)]

ALL = fiI_' Ee_[qi(xl)_.(xg.)+q,(x2)_.(Xl)] .... ,
i

whereXl-x2= XF,xlx2= M21s,andfiLL= -I.

ii) Parity-ViolatingAsymmetryinW andZ Production

W andZ productionwithpolarizedprotonsisatotallyunexploredarea.The predictions
forasymmetries,inparticular,fortheparitynonconservationones,areexpectedtobelarge.

@

The observableA_v isdefinedas:

A_V = (N--N')/(N- +N. ).

W'sarcpredictedtobeproducedbyaparity-violatingmechanism,usingstandardmodel
couplings.Forexample,inthecaseofW + production:

= u(x2).
u(x0 u(x2)aL

7.2 Measurementsof0uarkTransvcrsilyDistributioninPolarizedProtons

We discuss measurements of hl(x) in the Drell-Yah process. From deep inelastic
scattering, one can measure li(x) related to the longitudinal momentum distribution of quarks in
the nucleon and gl(x) related to the helicity dismbution of a polarized nucleon. There exists a
third fundamental function, hl(x), which is a leading-twist (twist-2) distribution function like
ft(x) and gl(x). This can be determined by measuring the wansverse spin asymmetry ANN in
DreU-Yan processes.

ANN = (1/P') (N" - N'*) / (N `1"+ N").
Intermsofhl(X),ANN isgivenas:

(x )hf(x2)
ANN = aNN _ ..2 ra tv _ rE I.,._ '
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where ann is the panonic double-spin asymmetry.

7.3 One-Svin Measurement tODetermine Spin-Dc_ndent Ouark-Gluon
Correlation Functions

Single wansversc spin asymmetries in hard processes are expeclcd to vanish in _.
The asymmeu'ies vanish at the lcading-t_vist (twist-2) level, however, this is no longer true at
t'wist-3.

A large asymmetry was I_licted inpip _.) 'yX. (E_entally, large AN values were
found in lower-energy experiments up to Fr = 4 GeV/c in p fp ---)x°X').

The twist-3 parton distribution involves thz correlation between quark and gluon field
strength.

8. RHIC Polarized Collider and the STAR Detector

RHIC polarized collider and associated experiments will be covered by several
colleagues. RHIC spin proposal, RS, contains experiments using detectors STAR and PHENIX.
Here, I would like to describe how accurately measurements can be made within the acceptance
of the STAR detector (see Fig. 26).

TOK(
CALORIM(T(R

COIL

TRI_(R 8AII|(LITOF.

POt(TlP

SILICON VERT(X TRACX {_l_
8(A14 PIPI

V[RTEX POSITION O(T('

Figure 26. Perspective view of the STAR experimental configuration.
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There arc several areasof proton-protonspin physics thatcan be best done with a
combinationof RHIC and STAR. Oneof themis the gluon spin structurefunction with
longitudinalspin in the proton. The gluon spin structure function, AG,can be determined
crudelywith inclusive jets, betterwith inclusive direct gammas,and best by using a direct
gammain coincidence with the productionof an away-side jet andobtaining the x dependence of
AG. The sea-quarkpolarizationcan be determined by me_lsuring',helongitudinal spin-spin
asymmetricsin the Drell-Yah process. Thc quarku'ansvcrs_ d_stributionsin a polarized pmmn
have recendybeen discussed extensively by theorists and h in a fundamentalmeasurementm
determinethe su'uctumfunctionhl(x). Thiscan be done by measuringthe transversespin-spin
asymmetriesin the Dr¢ll-Yan process. Single-spin transverseasymmetriesin _ production
appearto remain constant at a given XTup to 200-OeV/c. At the higherenergies availableat
RHIC,it is unarguablethat perturbativeQCD should be fully applicable. Finally, the
measurementof single-heticity asymmetries (parityviolation) in W"a:and Z° productionwill be
carriedout.

We present the estimates of the acceptancesof STAR andexpected event rates for
variousreactions discussed earlier.

The integrated luminosities used am:

f..dt= 8. 1038cm-2 at 500 GeV = 800 pb"1,
and

£dt = 3.2.1038 cm"2at 200 GeV - 320 pb"1,

whichmeans 100 days of running(4 • 106sec, 50% eff.).

8.1 Measurements with BarrelEM Calorimeterand ShowerMaximumDetector

a) Direct-y Production

With the assumed showermaximum 1-cre strips, the estimated8ALLat "V_= 500 GeV is
for Fr = 10 to 20 GeV, Ay:!:1,

8ALL ~__.(I/P2)(0.0006"_8x I038cm-2/_£dt)

At"V_=200GeV,

8ALL ~± (I/P2)(0.003"_3.2× 1038cm-2/_£,dt).

b) Single-JetProduction

JetscanbedetectedinSTAR andwiththeEM calorimeterfortheEM component,and
withtheTPC forch_gedparticles.MonteCarlostudiesoftherates,acceptance,andresolution
weremadeusingtheISAJETprogramwithEI-ILQIstructurefunctionsandGEANT.

2 2 fthAssume that particles within a coreof radius 3/(At/) + (A_) = 0.7Dvere part o e jet.
Jetrapidity: Illl< 0.3, correspondingto 0.05 < x < 0.3 at PT= 10 GeV/c, "4s = 200 GeV.

t
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c) Direct-y+ Jet

"y+ Jet"eventswith-0.3< _ljet< 0.3and-1.0< lIy< 1.0determinethekinematicsofthe
primaryquark-gluonscattering.

ForthePT acceptanceof10to20GeV, Xlandx2varyfrom0.Ito0.2at"U_--200GeV.
For the cross section in the Pl"interval 15-20 GeV/c equal to 28 pb, the estimated uncertainty in
ALI.is:

8ALL ~ :1:(1/P2) (0.017 _ 3.2 x 1038 cm -2/ _ £dt).

(remember 8(AG/G) -- 5 x 8ALL).

d) Di-Jet Production

The number of di-jet events, Npair at _/_ ---200 GeV (320 pb-1) is given as:

Jet + Jet Events

Mjj [Tl[ Npalr
>-20 < 0.3 3 - 106

e) One-Spin Measurement to Determine Spin-Dependent Quark-Gluon
Correlation Function

The event rate for direct-gamma production can be estimated in a similar way as before,

I 1038 / _ £ dt.
GAN ~ + -_ (0.004 _/3.2 x cre-2

f) ALPv in W and Z Production

Productigl3 cross sections are estimated using PYTHIA v 5.3 for W and Z in pp
interactions at _/s = 500 GeV as

cB(pp --+W. + X --4e + + _ + X) = 120 pb

oB(pp _ W" + X --_e" + _ + X) = 43 pb

oB(pp _ Z° + X _ e+e- + X) = 10 pb

The STAR detector with electromagnetic calorimeters is especially suitable for experiments with
the W and Z due to its large acceptance for electrons produced by high mass particle decays.

The event rate estimates at "_ = 500 GeV for the integrated luminosity 800 pb"Iare:

Boson " STAR (Barrel)
W+ + W" 83,000

W+ 61,000
W" 22,000

Z* 3,840
i
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8.2 Measurements with Endcags

An important upgrade for the photon detection would be a pair of EM cndcap
calorimeters to be placed inside the iron pole piece a_.shown in Fig. 20. They would cover Illl
2.0. Figure 21 shows the x coverage for XT= 2 PT/qS = 0. ! as functions of the _t-¥ and jet
pscudorapidities, where xi and x2 are given in terms of pseudorapidiry as:

xi= 2 '

and

2PT (e-rlt +e-_2 )

We summarize measurements and accuracy for various reactions discussed earlier.

a) Detecting with Direct-y and the "Away-Side Jet (200 GeV)

8ALL, Uncertainty in Asymmetry

max (xi, x2)

rain (x 1, x2) [ < 6'2 0.2-0.3 0.3- 0.4 > 0.4
0.00- 0.05 ...... 0.0'12 0_009 0.007
0.05-0.10 0.006 0.006 o.olo 0.02
0.10-0.15 0.007 0.010 0.020 0.030
0.15-0.20 0.021 0.019 0.038 0.060

0.20 .... 0.035 0.049 0.073 _

b) Di-Jet Production(200 GeV)

Irr Irll N pair
i ii ii iii ii

> 20 < 1.3 1.10 s

c) Sea-Quark Helicity Distribution (200 GeV)

Me.e, GeV/c 2 5-9 9-12 I 12-15 15-20
28,000 20,000 I 8,400 5,400

d) hl(x) in the Drell-Yah Process (200 GeV)
26,000 events at mass region of 5 to 9 GeV (SANN = + 5% at XF= 0.20)

e) W's and Z (500 GeV)

l W+ 80,000
W- 30,000
Z° 7T200

* Work supported by the U.S. Department of Energy, Division of High Energy
Physics, Contract W-31-109-ENG-38.
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