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ABSTRACT

We review recent spin-physics experiments in high-energy
hadron interactions, significant physics accomplished, and future

prospects. E
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1.1  Polarized Beam (protons and antiprotons) Facility

An extracted beam from the Tevatron is delivered m&@ﬂﬁkmv
MP primary-beam line to the Meson Detector Building where a 0.73- °
interaction-length Be target is utilized to produce A and A at 8¢, = 0°.
Protons and antiprotons from the A and A decays respectively are
brought to a final target position in the MP hall through the MP sec-
ondary beam (200 GeV/c) line.

Polarized protons from the virtual sources are focused in the ta%—
%l;lg section, where both the momentum and golarization are selected.

e typical beam flux (Ap/p = + 5%) for 3 x 1012 incident protons per 20-

sec spill at 200 GeV/c were: (Pyy is average polarization)

Tagged Beam Total Background
(Pay = 45%) Particles 'S
Protons 1.0 x 107 2.0 x 107 2.0 x 106
Antiprotons 5.0 x 10° 1.0 x 106 5.0 x 10

1.1.1 Primakoff-Effect Measurement

The asymmetry of the nuclear coherent Coulomb n° production
process ("Primakoff Process"), was measured? for the first time with the
use of the 200-GeV/c polarized-proton beam. The apparatus consisted of
a lead-glass calorimeter for n° detection and a magnetic spectrometer for




the scattered protons. A large asymmetzgr in the region of It'l < 0.001
(GeV/c)2 and 1.36 < M(n° p) < 1.52 GeV/c? was observed for the reaction
p + Pb — p + n°+ Pb, where the Coulomb process is predominant.

1.1.2 Coulomb-Nuclear Interference (CNI) Measurement

Several authors since Schwinger3 have indicated nonzero polar-
ization in the Coulomb-nuclear interference region in nucleon-nucleon
scattering. This polarimeter is to measure the interference term of the
nonflip amplitude and the electromagnetic spin-flip amplitude. The pro-
ton polarization arising from the interference is P~ 5% at 1tl =2« 103
(GeV/c)2 and is energy independent.4

Figure 1. pp analyzing power in
the Coulomb-nuclear region.

The analyzing power, AN, of
proton-proton, proton-hydrocarbon,
and antiproton-hydrocarbon scatter-
ing in the Coulomb-nuclear region
was earlier measured using the
200-GeV/c polarized beams.5
These results are consistent
with predictions6-8 based on O mmmm oo
Coulomb-nuclear interference. At

Recently a new CNI target
consisting of trans-stilbene crystals
(diphenyl-ethylene, C14Hj2) was
used.? Large background was s i —
reduced at small It| region by using _ (5' v
this material that possesses pulse- b Geviy'
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- N oW e e N O

shafed discrimination characteristics. Preliminary results on the pﬁ)
analyzing power are shown in Fig. 1 together with the calculated values.
1.2 i ith 200-GeV/c Polariz roton an
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1.2.1 Single-Spin Asymmetry in pTp — (r°, 1) and ﬁTp — n°X at
highpy

Asymmetry measurements, AN = ( 1/Pp)NT - NOANT + NY), were
carried out at 200 GeV/c in n° and 1 production. Photons from the decay
of n°s produced in the target are detected in the "Central Electro-
magnetic Calorimeters”, shown in Fig. 2, located at 10 m from the
target. Each calorimeter is comprised of 504 lead-glass counters in an
array of 21 columns by 24 rows. The dimensions of each lead-glass block
are 3.81 cm x 3.81 ¢m x 18 radiation lengths.

Data of the p'p reactionl0 show that the asymmetry values (AN)
at xr = 0 are approximately zero (or small negative) up to p; = 3.5 GeV/c
and then begin to rise to ~ + 40% in the region of p; =4 to 5 GeV/c as
shown in Fig. 3.
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Figure 2. Layout of the Figure 3. p) dependence
experimental apparatus. of AN at xp=0.

At lower energies as seep in the BNL!! (pTp — n+X), CERN12
(ppT - #°X), Serpukhovi3 (xp' — n°X) data, this rapid rise from zero to
large positive values, was also observed although none of the data
exceeded p; = 3 GeV/c. A positive sign of AN mentioned above corre-
sponds to a larger production cross section to beam-left (beam-right)
when the beam (target) proto1n is vertically-upw%rd. Note that for the
usual sign convention, AN (p'h = hX) = -AN (hp' — hX) at x =0 where
h r?resents hadron. A new finding is that all the AN data of n° or &+
production at xp ? show the large positive asymmetries begin at x; =
0.4 in the region = 5 to 20 GeV. This is strong indication that we are
indeed observing asymmetries caused by hard scattering.

Single-spin asymmetry in p ' p = n°X shows a similar p; depen-
dence as the p'p case. However, data are limited only up to 1p 1=3.5
GeV/c. We have also observed a similar p) dependence in p'p - nX.

Asymmetry measuxfements
(AN)in p (f —n°Xand p'p —»n°X 0.20
on the xr dependence covering ? n
up to 2 GeV/c were, carried out.

AN values in the p'p reaction are
consistent with zero up to xp = 0.3
to 0.4, and then linearly increase

to + 20% near xf = 1.0 as shown in
Fig. 4. Also they are consistent with
earlier datalS taken at <xg> = 0.52.
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1.2.2 xf} Dependence of Single-Spin Asymmetry in pr — n°X and
P'p-onX




Single spin asymmetry in "p'Tp reaction shows a similar xg depen-
dence as p'p case. By knowing the quark content of n° = (ut — (fd)) :72,
both the polarized u and U quark in the polarized proton and antiproton
beam respectively seems to be the carrier of the spin information. We
can also interpret these results using a dynamical mechanism16 describ-
ing the spin effect in the inclusive hadron production in the fragmenta-
tion region. In this mechanism, asymmetries in pp - n°Xand
- pp— 7°X are related to the np backward scattering as i) n°p — pr®

and ii) n°p — pn°, res;ﬁectively. By applying the CPT conservation, the
antiprocess of the i) is the process i1). Thus, similar xf dependence in
asymmetries by protons and antiprotons can be explained.

It ig interesting to notice that our data resembled xf dependence

in pfp — ATX where polarized s quarks were considered17 to be responsi-
ble for high polarization.

1.2.3 xf Dt}aé)endence of Single-Spin Asymmetry in pTp — 7t X and § Tp
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Single-spin asymmetries were measured in nt production at 200
GeV/c.18 Pion production from the target was measured via a large for-
ward spectrogxeter which is shown in Fig. 5. The asymmetry values
(AN) in the p'p reaction are shown in
Fig. 6 as a function of xf for the n+ and T T ,t-

n- data over a p; range of 0.2 - 2.0 0.4
GeV/c. The data exhibit a striking .
form in which the magnitude of AN . 3
increases for both n+and n- par- §
ticles with xp, but the sign of AN 0.2 @
is negative for the n- data. Fur- I C I ¥
ther study of these data shows a 3 3
threshold effect in which AN < 0lsx
increases dramatically above ¢
pL =0.7 GeV/e. i °

(circles) production in the p'p reac- _04} m=0

tion versus xF integrated over p;. |

For comparison, n® data (crosses) are A
Xp

Figure 6 AN for n* (squares) and n- [ a%=x { % 1
[ |
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From this m.irror-symmetrly effect in n+ and 7-, one may speculate
AN = 0 for n° production. By applying isospin relations for single- .
article distributions,19 o+ Af; + o Ay = 2 6°AN, where o* and Ay are
?or the cross section and analyzing power i? p'p — n*X respectively, o
and Ay inp'p — X, and 6°and Ay inp'p — n°X, we can conclude the
following: Experimental data show o+ > o~ and A} = -Ay, therefore we
expect Ay > 0 as shown in F&%. 4.
The AN values in the
reaction20 are shown in Fig. 7 for I
the n+ and n- data. We observe a 0.3
similar behavior on AN magnitude :
with respect to xf but the sign of | =0 ]
AN is positive for the n- data and 0.2
negative for the n* data. The i 1
results can be explained by usin% 0.1 } ,} -
the model16 which relate pp — n*X - [ i $ .
scattering to the np backward < 0 ; I
scattering. The antiprocesses of - * 4
n*p = prt and np 5 pr- are 0.1 -

n'p - pnand n*p - prt + ]
respectively. Thus we have —0.2 —
opposite signs for p' and pT beams. " ]

-0.3 -

Figure 7. AN for n*,(squares) and N
n- (circles) in the ﬁTp reaction. 02 04 0.6 0.8

Xp

1.2.4 Double-Spin Asymmetry in n° Production

We report on a first measurement of the two-spin parameter ArJ,
for inclusive n° production by 200-GeV longitudinally-polarized protons
and antiprotons on a longitudinally-polarized proton target.21 The
hadron asymmetry AL, is defined as the relative difference between the
ﬁrcifs sections for beam and target hadrons of equal or opposite

elicities,

Ay =(0"-0)/(0"+0 )
=Py le < Py >7 o (N7 - N3)/(N® +N7),

where o(s, xF, pt) are the invariant cross sections in antiparallel (2) and
parallel (3) 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 wgen the spin directions are not parallel.

The results2? for Ay, measured for incident protons and antipro-
tons as a function of p; show that each value for Ay, in the p; interval
covered by these measurements is consistent with zero, within the
statistical errors.
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To explain spin effects in hyperon production, many have
proposed a wide range of mechanisms but none of them completely
explains all the data. At 200 GeV/c, three parameters were measured
for further understanding of A asymmetry effects; they are the
polarization P, the analyzing power A, and the depolarization D.

14  Difference in Total Cross Sections, Act,

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

Aoy, = [c‘""‘(:)-— o"’"(:)] .

Only preliminary data are available currently.

2.  Brief Review of Proton-Proton Elastic Scattering at High p;
Earlier studies on proton- .24 G CERN
proton (pp) elastic scattering are [ =28 GeV AGS
summarized, Ref. 23. With pol- 3F  ®24 GeV Thia Exper { 1
arized-proton beams at BNL, the s .
analyzing power, AN, and spin-spin 2k | } I
correlation parameter, ANN, were 1 gl
measured24 up to incident proton- ' o !
laboratory momentum of 24 GeV/c r \ [l &
and p12 up to 7.1 (GeV/c)2. As AL, H‘r W L
shown in Fig. 8, values of AN ol [lial r S .
increase as p12. A similar trend i Ié
18 observed in the hadron pro-
duction as described earlier. A [ A
.‘2 -~ -
Figure 8. AN in pp elastic
scattering. 2 pitcane) g
3. ief rt on Experimen

The single-spin asymmetry AN in the inclusive reaction adl -
n°X in the beam fragmentation region at 40 GeV/c was measured. A
frozen-spin (C3Dg02) polarized target was used. The pr dependence of
the AN was observed as similar to the one in case of hyperon polariza-
tion over the interval 0.7 < xf < 0.9.

4. \ ] he Spin-Dependent Pa Distribution with Polari

These studies can be made at Fermilab polarized-beam facility,
ﬁlanned polarized beams at UNK, and proposed polarized collider at
HIC. In fact, the major motivation to construct the Fermilab



polarized-beam facility was to obtain the gluon-spin information by
measuring the asymmetry parameter AL for X9 and J/y productlon
(proposal 675) and was many years before the "spin crisis".

4.1.1 Gluon Helicity Distribution

i) Direct-y Production _ )

Direct photons are produced through the gq annihilation
subprocess and the g-g Compton subprocess, qg = yq. The Compton
process is the dominant one in pp interactions. Then,

ALL = [Au(x,)/ u(x,)] * [AG(x,)/ G(x,)] * 4..(ag = W)

ii) Jet Production

Several QCD subprocesses contribute to the cross section for jet
production:
a) gluon-gluon scattering at low pJ,
b) gluon-quark scattering at medium p, (above ~ 20 GeV/c), and
c) quark-quark elastic scattering at high p;.

4.1.2 Sea-Quark Helicity Distribution - Drell-Yan Process

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

The astm.metry ApL for Drell-Yan in pp collisions is related to the
sea-quark helicity distribution.

4.2 ity-Violating Asymmetryin W and Z

W and Z production with polarized protons is a totally unexplored
area. The predictions for asymmetries, in particular, for the parity
nonconservation ones, are expected to be large. The observable A
contains spin information for sea quarks.

43 M m f Transversity Distribution in Polari
Protons

From deep inelastic scattering, one can measure f1(x) related to
the longitudinal momentum distribution of quarks in the nucleon and
g1(x) related to the helicity distribution of a polarized nucleon. There
exists a third fundamenta¥ function, h1(x), which is a leading-twist
(twist-2) distribution function like f1(x) and g1(x). This can be
determined by measuring the transverse spin asymmetry ANN in Drell-
Yan processes.




Single transverse spin asymmetries in hard processes are
expected to vanish in pQCD. The asymmetries vanish at the leading-
twist (2) level, however, this is no longer true at twist-3. The twist-3

arton distribution involves the correlation between quark and gluon

eld strength.26
5. I lari i h

The RHIC polarized collider and
associated experiments will be cov-
ered by several colleagues. RHIC
spin proposal, R5, contains experi-
ments using detectors STAR and
PHENIX. Here, I would like to
describe how accurately measure-
ments can be made within the accep-
tance of the STAR detector (see Fig. 9).

Figure 9. Perspective view of the STAR —

Waw g

experimental configuration. e ot Tim aercron
There are several areas of proton-proton spin physics that can be
best done with a combination of RHIC and STAR.
We present the estimates of the acceptances of STAR and
expected event rates for various reactions discussed earlier.
The integrated luminosities used are:
| £dt=3.2 « 1038 cm-2 at 200 GeV = 320 pb-1,
which means 100 days of running (4 « 106 sec, 50% eff.).

5.1 n ith Barrel EM Calorimeter and Sh
xi D

a) Direct-y Production
At /s =200 GeV,
SALL ~ *+ (1/P2) (0.003V 3.2 x 1038 cm-2/ | Ldt).

b) Direct-y + Jet

"Y + Jet" events with -0.3 < njet < 0.3 and -1.0 < Ny < 1.0 determine
the kinematics of the primary quark-gluon scattering.

For the py acceptance of 10 to 20 GeV, x; and xg vary from 0.1 to
0.2 at vs =200 E‘reV. For the cross section in the pr interval 15-20
GeV/c equal to 28 pb, the estimated uncertainty in Ay, is:



SALL ~ + (1/P2) (0.017V 3.2 x 1038 cm-2/ | Ldt) .
c) ALY in W and Z Production

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
events rates at v/s = 500 GeV are:

Boson STAR (Barrel)
W+ + W- 83,000
W+ 61,000
W- 22,000
VAL 3,840

5.2 Measurements with Endcaps

An important upgrade for the photon detection would be a pair of
EM endcap calorimeters to be placed inside the iron pole piece. They
would cover In| <2.0. We show accuracy for some of the reactions
discussed earlier.

a) Detecting with Direct-y and the "Away-Side" Jet (200 GeV)
SALL, Uncertainty in Asymmetry

max (x1, X9)
0.2-0.3 03-04

min (x1, x2)

~ >0.4

0.00 - 0.05 0.012

0.05-0.10 0.006 0.006 0.010 0.012
0.10-0.15 0.007 0.010 0.020 0.030
0.15-0.20 I 0.021 0.019 0.038 0.060
> 0.20 | 0.035 0.049 0.073

b) Sea-Quark Helicity Distribution (200 GeV)

Mee, GeV/c2 5-9 9-12 12-15 | 15-20
28,000 { 20,000 | 8,400 5,400

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