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Abstract

A second generation of polarization experiments at Fermilab, aimed at
significantly expanding the first-round E704 programme on high energy spin
effects, can provide novel information on the problem of the proton spin
composition, which is at present subject to an intense debate.
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1 Introduction

Results on polarized muon deep inelastic scattering [1] suggest that the over-
all contribution of constituent quarks to the proton helicity is small, thus
implying an appreciable contribution either of sea (strange) quarks, or of
gluons or possibly of orbital angular momentum to the proton spin structure
[2].

The subject, which is at present very actively investigated, both theoret-
ically and experimentally, has deep implications for our view of the nucleon
structure and of the QCD framework [3].

While a number of experiments using polarized lepton beams [4] are
presently in progress or in preparation at various laboratories, in order to
check and extend these results, the use of polarized beams of protons (an-
tiprotons), interacting with polarized or unpolarized proton and nuclear tar-
gets, gives a uniquely distinct opportunity for performing a study of the
nucleon spin structure with hadronic probes.

Over the last few years, the Fermilab E704 collaboration has been de-
veloping a rather complete setup for spin physics, based on the MP beam
line of polarized protons/antiprotons [5], a target system with both LH, and
polarized protons and an experimental apparatus composed of a magnetic
spectrometer and electromagnetic calorimeters.

During the 1990 fixed target run, first round measurements were per-
formed simultaneously both with the forward spectrometer and the large
angle electromagnetic calorimeter, providing a number of new results on the
zr and the zr dependence of transverse spin asymmetry in the inclusive
production of charged and neutral pions and A particles.

These results suggest on one side the existence of spin dependent selection
rules in the recombination processes of constituent quarks at large zr, and
a possible precocious onset of a hard regime at zr = 0, as indicated by zr
scaling in the appearance of large asymmetries [6].

A number of theoretical ideas has been triggered by these results empha-
sizing the role of transverse single spin effects both in terms of higher twist
effects, internal orbital angular momentum or soft-hard interaction interfer-
ence effects [7].

During part of the 1990 run also the polarized proton target was success-
fully used for measurements of helicity dependent total cross sections and
(parasitically) for double spin effects in production of neutral pions.
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In conclusion, all parts of the MP facility have been operating very sat-
isfactorily, comprising:

e the 100-200 GeV/c p/p polarized beam ({P) ~ 45%), with rapid po-
larization reversal (snake), instantaneous polarization tagging, and po-
larimeter systems;

e the frozen spin polarized target;

e the experimental setup with complete coverage of the forward CM
hemisphere: the 2z and zr useful regions are not acceptance limited,
but depend only on statistics.

At present this fully operational Fermilab facility is unique and the po-
tential of high energy spin physics has been reviewed in recent workshops
[8]; possible improvements of the MP beam line for upgrading the maxi-
mum energy and the intensity have been discussed, as well as the impact
of accelerating polarized beams of protons, in the framework of the Main
Injector project [9] by using the Siberian Snake concept, which has been re-
cently demonstrated with success in a series of experiments at IUCF [10].
This option is being actively studied [11] and could become one of the novel
high-quality features of fixed target physics at Fermilab in the Main Injector
era.

On basic physics grounds, much attention has been focussed on the men-
tioned problem of nucleon spin composition, which is currently referred to as
the spin crisisin quantum chromodynamics; two approaches to this problem
are developing. The first approach is based on perturbative QCD mecha-
nisms in which the gluons give the main contribution to the proton spin. In
the second one [12] this effect is explained by the nonperturbative structure
of the QCD vacuum which leads to a strong polarization of sea quarks.

These two mechanisms differ by the characteristic scale of distances be-
tween quarks in the proton at which the main contributions appear. In the
first case small distances (with typical transverse momenta of the quarks
k > m, ) dominate, while in the second one the effect is important at large
distances between quarks (and k =~ 0). Several realistic tests of the various
suggested mechanisms for complementing the too small overall contribution
of valence quarks, have been outlined [2, 3].




In particular it has been pointed out that the production of prompt pho-
tons or charmonium would be suitable for studying the gluon helicity in a
polarized proton [13].

The optimal conditions for these experiments would certainly take ad-
vantage of beam upgrades in the MP line, and largely profit by the possible
availability of high intensity accelerated polarized beams.

According to recent recommendations of PAC, we are considering this last
option versus the former one, by realistically estimating the relative figure
of merit (in statistical accuracy, running time, flux and rate limitations,
costs, etc.), according to the specific implications for the measurements to
be performed.

Measurements that have been suggested [2, 3] besides the two above -
mentioned, have different types of requirements, sometimes not only related
to beam intensity; for the ones discussed in this proposal, consideration to
this aspect will be given when appropriate, in order to displicit the relative
advantages of both cases.

We feel that the MP polarized facility has a specific potential for a second
round of measurements aimed at clarifying the spin crisis dilemma, taking
advantage of the presently available intensities and experimental setup, quite
suitable for such studies.

e For instance, the investigation of the helicity composition of the proton
can be initiated already by studying, with the polarized MP beamline,
spin correlation parameters in processes involving final hyperons: re-
actions of this type have been discussed already some time ago [14] as
efficient analyzers of the polarization of strange quarks or gluons in a
polarized proton.

e The availability of polarized antiprotons in the MP beamline is an
additional and unique feature, that can be exploited when trying to
single out the contributions of valence quarks, with respect to gluon or
sea constituents.

® One of the most useful tools in the investigation of the space-time
characteristics of different process mechanisms are the nuclear targets.
The nuclear medium can effectively act as a filter for hard-perturbative
and soft-nonperturbative quark processes [15].



This last possibility is related with the concept of color transparency that
was applied also to the large spin effects in the elastic polarized pp scattering.

In this proposal we discuss a series of measurements that could be done
using the present configuration of the MP beam line and apparatus, in order
to obtain expeditiously significant results that are relevant,in a new and com-
plementary way (with respect to the deep inelastic scattering experiments),
to the spin structure of the nucleon.

In a broader perspective, such timely experimental activity would also
provide a foundation for participating to a robust program with high-intensity
polarized proton beams from the Main Injector, by obtaining in advance
physics information on subjects that are logically propaedeutic to the next
stage, carrying over the expertise accumulated in the field of polarization ex-
periments by our collaboration. For the time being the polarized antiproton
beam is a unique option of the MP beam-line, and we feel that it should be
exploited fully.

Some of the questions we would like to address directly are:

e the relative importance of (transverse) spin or helicity for the polariza-
tion dynamics of hadronic processes,

s the role of various parton species (valence quarks, sea quarks, gluons)
in the spin composition of nucleons,

e the space-time scale of different mechanisms responsible for large spin
asymmetries, in connection with colour transparency breaking in nuclei.

2 Basic QCD asymmetries

Contrary to single (transverse) spin effects, that are difficult to accomodate in
the perturbative QCD framework, double helicity asymmetries in processes
produced by interactions of longitudinally polarized beams and targets, can
be obtained in the parton model from calculations involving the polarized
constituent distributions and the elementary asymmetries corresponding to
perturbative QCD diagrams.

Therefore it should be possible, for selected processes in appropriate kine-
matical regions, to test the helicity dependence of QCD, using the polarized
structure functions measured in deep inelastic scattering, and alternatively




to evaluate, in the framework of perturbative QCD, the helicity distributions
of constituents that are not directly accessible in deep inelastic scattering.

For example, it is important to have the experimental ability of measuring
the helicity of gluons in a polarized proton directly. This is possible by
studying with polarized beam and target the basic subprocesses (Fig.1), in
the kinematical region where they dominate:

a) 99 — 4§
b) g¢ — qv
For these processes the helicity asymmetry:

A =U(+:+)’"°’(+s“)
7 e(+,+) + o(+,-)

is related to the basic constituent asymmetry a¥; :

- > f AFX("DM Qz) AF%(Q:&) QZ) RE’(zca Qz) a’ﬁL do
£L > fFﬁ(wm Q2) Flg(wbv Q2) R%(zca Qz) do

where the functions Fy p(z,Q?) give the probability for a hadron A or B
to fragment into constituents a or b, with fractional momentum z, and R
represents the probability for a parton ¢ to recombine to a hadron C, carrying
a fraction  of its momentum; the functions AF = [F(+,+) — F(+, —)] give
the helicity distribution of a parton type in a hadron, and in first order QCD,
a¥, is given in Fig.2.

Therefore, for example in process a) (g9 — ¢@) a¥, ~ —1 and

fom (o) () - ()

where G is the gluon structure function.

For processes like prompt photon and charmonium production, corre-
sponding to the diagrams in Fig.l, the relationship to QCD is clear, and
they are well suited for studying the gluon polarization [13]; nevertheless
they might be considered experimentally delicate and limited in statistics,
as in the former case the simple structure at the photon vertex is paid for
by the small coupling constant, and in the latter case the high mass of the




cc), which sets the scale for perturbative theory to apply, corresponds also
to limited production rates.

It should be pointed out, however, that already during the previous E-704
run, clean signals have been obtained parasitically both for the production of
prompt photons and of J/Psi, thus indicating that the factor influencing the
quality of the results, that could be obtained in these channels is statistical
accuracy and not experimental ability.

For production of light quarks, for instance in meson production, it would
be more complicate to isolate in a clear way one definite diagram and there-
fore for these processes the effect of gluon polarization can be diluted and
the information more difficult to extract.

However, first results on A%, from E-704 in 7° production both with pro-
tons and antiprotons, compared with a QCD-based, hard scattering model,
tend to indicate that the fraction of the proton spin carried by gluons is
negligible (Fig.3). It would be important to push this comparison further,
by increasing the statistical precision and the pr coverage of the data, also
to exploit the proton and antiproton results simultaneously to discriminate
processes associated with interacting valence quarks or gluons.

In the same spirit the measurement of the asymmetry in the production
of kaons and A hyperons with longitudinally polarized beam and target has
a specific interest both because of the specific signature given by producing
another flavour and the distinct negative sign of the basic asymmetry for the
QCD diagrams involved (type E in Fig.2).

3 Hyperon processes

Since the first results on hyperon polarization at Fermilab [17], in particu-
lar for A, the origin of this polarization is discussed in terms of polarized s
quarks, as the u and d couple in a singlet state, but the dynamical mecha-
nisms for obtaining highly polarized s3 pairs are still to be fully understood.

Recently a relatively simple and quite predictive model [18], gives a fair
description both of the cross section and the polarization, which was not
always the case for some previous fragmentation and recombination models
[19]. Another dynamical model [20] leads to a quantitative description of the
cross section via triple Regge exchange and of the polarization via interference
of final states in processes of virtual dissociation into hyperon states A, X, Z*.




Also spin correlation parameters, which are calculable within these mod-
els, can be compared with new data obtained by us. For illustration we
show in Fig.4 and Fig.5 the polarization, asymmetry and the depolarization
parameters which were obtained in recent measurements with transversally
polarized proton beam on liquid hydrogen target.

The production of strangeness via process gg — 83 should give rise to
significant asymmetries both for polarized beam on polarized target, A%, as
mentioned before, but also, due to the polarization self - analyzing proper-
ties of parity violating decays, to measurable correlations with the polarized
beam. In this case the asymmetry is:

At _ ZJ AFA(2a, Q%) Fh(es, Q%) ARG (2, Q%) iy do
LET s [ F3(z4, Q%) Fb(2s,Q?) RS (2., Q?) dor

The first order perturbative QCD predictions for &}fL are given in Fig.6
and assuming full correlation between the s quark helicity and the A hyperon

polarization:
. AG\ _;
At~ (T )l

In Fig.7 are shown predictions [14] for both asymmetries.

For these predictions the polarized gluon structure functions are assumed
to have a strong helicity dependence (Fig.8).

It should be noted that in both cases there is a significant dependence on
the CM production angle, as a consequence of the helicity conserving nature
of the underlying gluon interaction.

Gluon dominance in inclusive A production, which is expected to be valid
when going to large energy and pr, has still to be established experimentally.

4 Exploring the sea polarization

As previously discussed one of the alternative solutions to the spin crisis
leads to a relatively large polarization of the sea in a polarized proton.

Part of the embarassment with the EMC result [1] is not only caused by
the apparent contradiction with the naive idea of the spin of the proton being
carried mainly by its constituent quarks, but even more by the failure of the
Ellis-Jaffe sum rule (the counterpart for the proton of the Bjiorken sum rule,
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relating the proton and neutron spin structure functions to the axial vector
coupling, which is regarded as fundamental in QCD). The Ellis-Jaffe sum
rule has been originally obtained in the hypothesis of negligible contribution
from the strange sea quarks: in view of the experimental results, it seems
important to test this hypothesis.

It has been suggested [21] that the study of the forward production of lon-
gitudinally polarized A hyperons by longitudinally polarized protons, could
provide the possibility of measuring the helicity density of the strange quarks
in the sea of a polarized proton. Using the MP-line longitudinally polarized
proton and antiproton beams on a LH, target, this type of measurement
would be feasible without modification of the present setup.

The EMC [1] result, combined with the axial vector coupling constants
measured in the neutron and hyperon 3 decays, which are the ingredients of
the Ellis-Jaffe sum rule, provides an estimate for the contributions of the u,
d and s quarks, indicating that strange quarks carry a large fraction of the
proton spin, namely

As=(sT+3T)—(sl+35])=-0.24+0.07

This way the results can be reconciled with the Ellis-Jaffe sum rule (with-
out neglecting the strange quark contribution), but still conflicting with the
simple picture that the valence quarks build up the spin of the proton.

The possibility of a large and negative As is still subject to an intense
debate, bearing also on the problem of the strangeness content of the nucleon
[22], which is periodically claimed to be negligibly small or rather large, on
the basis of reasons that seem in both cases quite respectable.

These arguments range from estimates of the pion-nucleon sigma-term
which is a measure of chiral symmetry breaking, from 7 - N phase shift anal-
ysis which yield rather large values for (p|s3|p) to the evaluation of the axial
vector current matrix elements between nucleon states from elastic neutrino-
proton scattering, where the initial analyses, leading to a small strangeness
content, have been criticized [23] and again a large contribution from the
strange sea advocated. From experiments on charm production from neutri-
nos, it can be deduced that, excluding the Pomeron contribution, diverging
for small =, the strangeness content of the proton is rather small.

It has been demonstrated [24], on the basis of positivity, that the polarized
strange quark distributions are bounded by the unpolarized one s > As and
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therefore any measurement aiming at obtaining information on As is also
touching very sensitive areas, such as chiral symmetry breaking and OZI
rule violation.

Results on a large and negative As might also suggest some more general
interpretation. There is evidence recently reported by the NMC [25] that the
Gottfried sum rule is violated and the simple interpretation is the existence
of a flavour asymmetry in the light quark sea of the nucleon [26], namely
@(z) # d(z). In fact the data would require that d(z) > 4(z) and a way to
understand this is, for example, to accept the idea that quarks are surrounded
by a pion cloud so the excess of u quarks in the proton leads to an excess of
n+(ud) over v~ (ud) [27].

The same picture with a kaon cloud around the quarks together with the
fact that the transition © — s + K flips the quark helicity, leads to expect a
large negative correlation between the helicity distributions Au and As. As
a result A in inclusive A production is expected to be large and negative
[21].

To be more specific in this picture, which is appealling as it connects the
violation of spin (Ellis-Jaffe) and isospin (Gottfried) sum rules, the forward
diffractive production can proceed via the exchange of a soft-nonperturbative
Pomeron, which can directly couple to quarks via multiperipheral ladders.

In the A production the main subprocess at the top would correspond
often to a certain class of fragmentation processes:

p— A+K and p— A+ K

in the forward hemisphere (with large production cross section); the con-
stituent valence u (%) quark leaves the polarized p () to form the forward
kaon. In this picture the hyperon polarization arises from the averaged spin
of the spectator ud system and the value As (A3) for the polarization of
3 (3) quarks in the beam.

In the model of Ref. [18], it is assumed that the dominating subprocess
at the end of the multiperipheral chainis * +p — K + A, with the K on-shell
and the pion only slightly off-shell. Then data from low energy experiments
on the binary reaction 7 +p — K + A can be used to predict the high energy
regime of the (semi-)inclusive A production.

It is worth noting that the pattern of A polarization for the exclusive re-
action pp — AK*p, has been measured at the ISR, and has been interpreted
as evidence of pomeron-quark interaction.
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In another approach to the relationship between flavour asymmetry of
the sea light quarks, and their polarization [28], it was shown that the con-
tribution of strange quarks is negligible but that the light quarks in the sea
have asymmetrical distributions and contribute to the nucleon spin in such
a way to reduce the value of the Ellis-Jaffe sum rule in agreement to the ex-
perimental result; the same percentual reduction would however also affect
the Bjiorken sum rule. Improving our knowledge on the sea polarization for
quarks and antiquarks is a very important challenge, if it appears that also
this crucial sum rule might be violated [29].

There is no doubt about the feasibility of the experiments outlined here,
with the E-704 apparatus in the MP line, in particular the diffractive A
hyperon production, as the setup of the previous run can be integrally used;
the acceptance is extending over the range (Fig.9):

02 <zp<0.8 0.15 < pr < 1.8 GeV/c

Within this kinematical region a measurement of A}‘fL , would give thus
an insight on the non - vanishing (strange) sea quark polarization; if this
polarization is opposite to the proton helicity, such possible anticorrelation
effect would be quite distinguishable from the effects of other competing
mechanisms, which tend to produce positive correlations.

5 Estimation of A-dependence of one-spin
asymmetries in meson production by po-
larized protons on nuclei

As noted above, perturbative QCD at large p? predicts A'-dependence of
inclusive cross sections on the basis of color transparency. Hence if the mech-
anism responsible for spin asymmetry Ay is described by perturbative QCD
then Axy would not depend on the atomic number of the target nucleus due
to fact that it corresponds to a ratio of cross sections having the same A-
dependence. It means that in perturbative QCD we expect Ay ~ A* with
a & 0 On the contrary if the mechanism includes large distances between
quarks then it can lead to a large difference in the absorption of specific quark
configurations in nuclei and to a sharp A-dependence of the asymmetries.
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A nonperturbative model of the polarized proton wave function proposed
recently in the papers [30] has been used here for the estimations of the
nuclear effects. This model successfully describes the EMC experiment and
other experimental data on the structure functions of sea quarks.

In this model an asymmetry in inclusive particle production appears due
to the existence of asymmetric configurations in the hadron wave function
U([z;], [kLi]), caused by the quark interaction with the QCD vacuum fields
(instantons) [31]; a similar mechanism has been proposed also in [32].

Inclusive meson spectra at large £ — 1, in this model result from two
types of contributions:

do (4o ()T
der ) _.x \doF dep)
1 de
Cid_ LF — %/p(2)Gryi(or/z) +

+0. Y / [1id=z] [1[dkLilé(zr — 21 — )| ¥ (2], [kLi])]?

n t 1
where C;,C, are constants.

The first term is a perturbative QCD contribution, where g;/,(z) are the
quark distribution function in the k,; symmetric configuration in the proton
wave function. The second term describes the contribution of large distances
in the cross section from the internal polarized nonperturbative sea [30]. Here
U,.([z:], [k.:]) is the n-particle Fock column component of the nucleon wave
function.

According to this model for a polarized proton the dominant contribu-
tion comes from configurations with asymmetric distribution of quarks and
antiquarks (k;; > kji, ¢; > ;). This connects with the fact that for total
angular momentum conservation in the spin-flips of valence quarks on non-
perturbative fields a large orbital momentum transfer to the sea quarks is
needed.

The basic contribution to the second term in the kinematical region
zrp — 1 p? > 1GeV?, where one-spin asymmetry in inclusive w-mesons
production is observed [33], is the process of meson production from quark
and antiquark with essentially different variables z; ~ 0,z; =~ zp; k11 ~
0,k1; > 1GeV in the five-quark component of the nucleon wave function

IN) = |(3¢)(qq)) -
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The asymmetry is obtained as follows:

_ Cs - (do/dzp)NS
An(@r)lprx = (do/dzr)S + (do/dzrp)NS

NAFF)lpA=nX = Y5 (dor/d:cp)s + ANE (do/dzr )V

In the framework of the parton model in a nucleus only quite low par-
tons with z; ~ 0 can interact. Therefore for the symmetrical configuration
with (z; = z3 = zr/2) we expect an absence of nuclear absorption, i.e.
color transparency. At the same time the asymmetric configuration with
z; =~ 0, z3 = zr must be absorbed with hadron cross sections. The nuclear
factors are calculated by standard methods:

ANS = [ TR RTATO, 48 o g

where T'(b) = A - exp(—b?/R?*)/2n R? is the nuclear profile function, which
has been taken in the gaussian form.

In Fig.10(a,b) the calculation results of A-dependence asymmetries for
70 meson production on nuclei Be, Al, Pb are shown together with our
results for proton target. It can be concluded that if the mechanism of one-
spin asymmetries connects with large nonperturbative effects then we should
observe an A-dependence. On the contrary if the perturbative mechanism
dominates, considerable nuclear effects are not expected and hence the asym-
metry has to differ weakly from the proton one.

6 Experimental feasibility

A programme of measurements with the polarized proton (antiproton) beam
and the E704 existing apparatus that we propose for the next fixed-target
run can be sommarized as follows:

e A (A) diffractive production with longitudinally polarized beams, over
a range of (small) pr values and (medium - large) zr values; for these
measurements with LH, target, the setup of the previous run can be
used, with the advantage of being already fully tested for the detection
and reconstruction of V.
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e The same criteria apply to the measurements of ##™ on LH, and nu-
clear targets with transversally polarized beams. Additionally to the
forward spectrometer, the small - angle and large angle electromag-
netic calorimeters, can be used, as in the previous E704 run for the
study of neutral pion production. For the measurements of A hyperon
production, the E-M calorimeters will be also useful for tagging other
hyperons (mainly £°) as well as K° (that have already detected in the
7% 7% channel with the E - M calorimeters). This is a definite extra

bonus in using our multipurpose apparatus for more specific channels.

e For the investigation of the gluon helicity distribution in the production
of strangeness via the process gg — 33 we should look for asymmetries
both with longitudinally polarized beam and target, but also, for corre-
lations of the helicities of the beam and of the produced A. As in both
cases there is a significant dependence on the CM production angle,
the region to be explored is defined by an interval:

0.25 < zp < 0.50

with zg (= /2% + z%). This kinematical region can be suitably cov-
ered by the E704 forward spectrometer, with minor changes, in order
to extend the acceptance to larger values of pr and smaller values of
zp; rates for A production should be appreciable up to pr = 3 GeV/c.

The polarized target for the A¥; measurements will consist of the same
cryostatic system already used for E704, but loaded with ®LiD with a high
frequency (180 GHz) microwave source. The main merit of the 8LiD target
arises from the much smaller dilution factor of the polarization: in terms
of running time required for a given accuracy on the asymmetry, the 6LiD
target represents a gain of about 14 over conventional target materials.

From the measurements performed in the previous fixed-target run, we
have a complete understanding of the performance of our apparatus, both
for the charged (pion) and for the neutral (7%andA) channels; for the A
the overall distributions of zp and pr are given in Fig.9, showing that the
kinematical region covered in E-704 is adequate for the first two types of
measurements listed above. The experimental distributions of Fig.11 contain
the effects of geometrical acceptance, trigger acceptance and reconstruction
efficiency of our apparatus and therefore we have estimates for the data to
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be collected, comprehensive of all these effects, including a number of losses
connected realistic run conditions.

In order to evaluate the conditions for expanding the pr coverage of the
spectrometer, we have used the Monte Carlo programs developed for the
setup and trigger studies for E-704, that have been later tuned on real data,
for checking possible effects of reconstruction efficiency on the experimental
distributions. With this programmes it is possible to generate events con-
taining A particles, trace all the charged tracks through the spectrometer
defining their hits on all the detectors, and feed these data to the same re-
constuction program that was used for the analysis of the real data; it is also
possible to generate minimum bias events to study the trigger rejection and
to implant generated As onto realbackground events from the experimental
tapes.

As it will be discussed later, the acceptance for A hyperons produced at
the target and decaying to pn~ from 1 m to 6 m downstream the target
(more than 35 percent of such decays for As in the kinematical region of
interest) was defined in the previous run by our trigger counters and not by
the geometry of the apparatus.

From this study it turns out that it is quite simple to expand the coverage
towards larger pr by mainly extending the trigger counters and redefining
the correlation patterns, with modest changes of the geometry of the spec-
trometer. The results of this study can be summarized in Fig.11, where the
geometrical acceptance (a) and the reconstruction efficiency (b) are shown
for the new configuration. This analysis shows that up to 3 GeV/c the ge-
ometrical acceptance is larger than 60 percent for 0.4 < zp < 0.95 and the
reconstruction efficiency is larger than 40 percent. Concerning the trigger, a
straightforward modification of the one used for the previous run would give
very similar efficiency, close to 60 percent with rejection factors between 5
and 10, according to the kinematical region; however we are continuing the
Monte Carlo studies, in order to adapt the trigger conditions to the require-
ments at larger pr.

As the spin asymmetries are calculated from ratios of events, both ac-
ceptance (geometry and trigger) and efficiency (trigger and reconstruction)
will drop out as the beam and target polarizations are frequently flipped.
Therefore the knowledge of these parameters is more important for estimat-
ing correctly the achievable statistics and consequently the expected precision
on the asymmetry, rather than for defining correction factors to the row rates
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and distributions.

This is particularly true for single and double spin asymmetries; however
in the case of spin correlation measurements, where the weak decay distribu-
tion of the A hyperons are used for extracting their polarizations, care has to
be taken in preventing biassing these distributions. These effects have been
studied already for our previous experiment, and a number of relevant con-
siderations will be given in a subsequent section discussing the determination
of the polarization asymmetries and spin transfer parameters.

7 Experimental setup

The apparatus, installed in the MP line, can be divided into four major com-
ponents: the polarized beam, the target system, the forward spectrometer
and the electromagnetic calorimeters.

7.1 The polarized beam

The polarized beam involves the production, transport, tagging and spin
manipulation of the polarized protons; a complete description of the beamline
(Fig.12) is published [5]. For both positively and negatively polarized tagged
protons the averaged polarization is 45 percent; the tagging system has been
confirmed by polarimeters based on Primakoff and CNI (Coulomb - Nuclear
Interference) effects [34].

The final direction of the beam polarization is manipulated by a spin
rotation system (snake) without disturbing the trajectory of the beam at the
final focus (Fig.13). The spin can be changed from horizontal to vertical
or longitudinal and can be reversed periodically, for suppressing systematic
€rrors.

7.2 The target system

The target system allows alternate installation either of a 1 m long target,
filled with liquid hydrogen, or of a polarized proton target (3 cm diameter,
20 cm long) [35], operating at a temperature of 0.4 K for obtaining the
polarization build-up in a 2.5 T magnetic field with 70 GHz microwaves;
once a polarization close to 0.7 is reached, the microwave is switched off,
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and the temperature is decreased to less than 80 mK (frozen spin), in order
to maintain the polarization for sufficient periods, even with low magnetic
fields. For the ®LiD target, polarization up to 0.7 is obtained at 5§ T' with
180 GHz microwave power [36]. In this case both p and n are polarized; the
dilution factor is 0.5, to compare with 0.14 for conventional materials, the
target density is 0.86 g/cm?.

7.3 The forward spectrometer

The forward spectrometer stretches 50 meters from the target to the chamber
farthest downstream, with its cross section approximate 1 meter high by 3
meters wide at the ‘end. It is capable of recording a significant fraction
of forward charged particle tracks coming out from the experimental target.
Fig.14 shows all essential elements: 43 wire chamber planes and the 1.4 Tesla
analyzing magnet (BM109) are responsible for the reconstruction of charged
tracks angles/momenta.

Five hodoscope planes and a Cherenkov threshold counter act as a fast
trigger system.

Three types of chambers are used in the spectrometer; most of the cham-
bers are MWPC read-out with two types of electronics (RMH/PCOS3) with
2 mm wire spacing, the most critical ones at the beginning of the spectrom-
eter have 1 mm wire spacing, at the end one drift chamber with sense wire
spacing of approximately 19 mm. Most chamber modules have four plane
views: X,Y,U,V with X and Y respectively horizontal and vertical and U and
V symmetrically inclined by approximately 24 degrees from the the vertical
axis.

Table I summarizes the setup of wire chambers, Table II contains infor-
mations on other detectors in the spectrometer.

The spectrometer has been working satisfactorily for beam fluxes of one
million polarized protons per second (with efficiencies of each chamber better
than 90 percent); higher fluxes can be tolerated if the beam area is desensi-
tized with beam killers.

A hyperons, produced at the experimental target, decaying in a region
downstream the target into proton and negative pion, can be detected by
measuring their decay products in the chambers upstream the analyzing mag-
net, whose momentum could be determined using the downstream chamber
telescope.
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Events containing a candidate A decay are preferentially recorded, by
selecting with the hodoscope setup configurations where a stiff track, corre-
sponding to the proton in the asymmetric decay deflected by the analyzing
magnet to beam-right into the Cherenkov counter acceptance, is accompa-
nied by a softer track to beam-left, corresponding to the decay negative pion.

The acceptable configurations have been obtained from Monte Carlo stud-
ies and have been implemented in the trigger by means of PLU and MLU
units (Fig.15). The selection criteria, as checked on real data in 1990, do
not introduce appreciable biases on production or decay distribution of the
accepted A.

The Cherenkov counter contains helium gas in a 1.5 meter diameter by
20 meters long cylindrical volume; photons emitted from charged particles
traversing the counter volume are collected by four 50 x 50 ¢m mirror seg-
ments and focussed into single photoelectron sensitive phototubes. At a
pressure of 4 psi, the threshold energy for pions is around 40 GeV/c; by
using the Cherenkov signal to tag high energy pions, and taking advantage
of the segmentation, events with positive pions faking the protons from A
decay, are reduced.

Also the effect of this selection has been checked on real data, and found
not to affect the reconstructed A distributions.

According to the arrival time of signals from various parts of the ap-
paratus, stretching from the tagging station midway the beam line (200 m
upstream the experimental target) to the most downstream hodoscope, the
trigger is divided in three logical levels:

I geometrical/interaction level (RIGHT o« LEFT ¢ INT)
II proton arm and pion arm correlation level (PROT » PI)

III proton-pion correlation level, strobed by beam (PROT ¢ PI« BEAM)

The wire chambers are strobed with level I, and on occurrence of level 111,
the data are validated for storage on tape. Collection of the data was per-
formed in 1990 by CAMAC interfaced PDP11/45 frontend computer, con-
nected to a VAX-3100 workstation for online monitoring. The data tak-
ing rates were typically 1200 triggers/spill: a higher throughput (> 5000
events/spill) can be obtained with an optimized acquisition system based on
dedicated VME dual port fast memory buffers and MC68020 processors: the
transfer rate can be in excess of 1 Mbyte/sec.
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7.4 The Electromagnetic Calorimeters

Two sets of lead - glass counters are used for determining the energy and im-
pact position of electromagnetic showers mainly produced by pairs of photons
from neutral pion decays [37].

The central region around the beam is covered by an array of 125 lead
glass counters (6.35 em X 6.35 ¢m) with a thickness of 13 X, placed at a
distance of 50 m from the target.

At larger angles (40 — 140 mrad) two arrays of about 1000 counters
each, are positioned symmetrically with respect to the beam axis at 10 m
from the target. The energy resolution obtained in previous run is given by

dE/E = 0.05/E + 0.02.

8 Event reconstruction and selection

On the basis of the wire chamber information, charged tracks are recon-
structed by the pattern recognition algorithm in the horizontal projections
upstream and downstream of the analyzing magnet, as well as in the vertical
projection across the whole spectrometer,

The magnet has a field integral of 3 Tm, appreciably uniform in the
spectrometer acceptance, and the effect of minor components is negligible.
The partial tracks are associated in three dimensions, using U,V coordinates,
thus allowing momentum reconstruction for the individual trajectories.

The single track reconstruction efficiency is higher than 60 percent and
for the subsequent selection of events containing a V° candidate, pairs of
tracks are selected such that:

e the reconstructed decay vertex (from the closest approach of the two
tracks in space upstream the magnet), is completely separate (down-
stream) from the target volume;

¢ the vector sum of momenta points to the production vertex and matches
the beam impact point at the target,

¢ additionally we require also that the longitudinal momenta of the pos-
itive and negative tracks are asymmetrically distributed such that a =
(pt — pz)/(pt + pL) > 0.5 and the transverse components gr = ¢f =
g7 < 0.15 GeV/c
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these events lead to a clear A band in the a — gr plane, corresponding to a
very clean peak in invariant mass (Fig.16 and Fig.17), with small background
from residual K? decays: most of these events are suppressed when using the
Cherenkov counter in anticoincidence.

These conditions, optimized for selection of A (also for %), will be relaxed
in order to accumulate simultaneously also consistent samples of K?.

9 Determination of spin parameters

For the measurements we are interested in there are three types of asymme-
tries that can be obtained:

o The single spin asymmetry with transversally polarized beam is ob-

tained by
1 N(+) - N(-)

Ay = — 1

N Pe N(+)+ N(-) (1)

e The asymmetry with beam and target longitudinally polarized is ob-
tained by

i 1 N(+’+)“N(+a_) (2)

Y PePr N(+,+) + N(+,-)

from events with parallel (+,+) and antiparallel (+,—) beam - target
polarization ( +/— refer to the beam/target helicity).

To first order this asymmetry is independent from acceptance and de-
tector efficiency bias, but it is affected by the large dilution factor of
the target polarization.

e Measurements with polarized beam and unpolarized target allow for A
hyperons to obtain

2 N(+,+)+N(——,—-)-—N(+,—)--N(—,-}-) (3)
arPp N(+,+) + N(— =) + N(+,—) + N(~, +)

from events with parallel (+,+), (—, —) and antiparallel (+,—), (—,+)
beam and A polarization. enditemize

A}f}, =

The longitudianl A polarization can be extracted on the basis of the
parity non - conserving decay distribution for the produced protons:

Wy = (1 + as Pacosd”®) (4)
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where Pg and P, are the beam and ¥* is the C. M. angle of the decay
proton.

Also in this case the relative acceptance and efficiency effects should
cancel in the asymmetry in first order, however particular care has to be
paid to the unambiguous discrimination of the most asymmetric (for-
ward - backward) decay configurations, where the vertex reconstruction
is quite delicate.

We have studied this problem by Monte Carlo simulation and it turns
out that, by taking into account the correlation between the decay
momentum asymmetry (p — w) parameter a previously defined and
the CM decay angle (Fig.18) it is possible to estimate the longitudinal
component of the A polarization essentially free from vertex bias. This
is substantially different from the same problem in the determination
of the transverse A polarization and can be simply traced back to the
fact that the forward-backward decay events are limited to the edges
of the cos?} distribution while they affect a broader interval in the
central region of the cosd¥} distribution; the subscript L and N refer
respectively to the CM decay angles measured with respect to the A
direction and to the normal to the production plane.

10 Rates and statistical accuracy

With the present spectrometer configuration the available zr, 1 region
is perfectly matched to studies at small transverse momentum, where
statistics are very comfortable; this kinematical region is relevant to the
study of possible contributions of strange sea to the proton helicity.

For these studies, a running time of 4 weeks would allow to collect
approximately 400k events with a reconstructed A hyperon in the kine-
matical range

03<zr <038 0.10 < pr < 1.0GeV/c

in order to achieve a §A4%; = 0.03 per bin.

For the studies at larger pr, we can reduce the distance from target
to magnet by 1/3 or move the magnet transversally by 0.5 m, in order
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to increase the acceptance at larger pr (both displacements are easily
performed, as magnet and detectors are on rails).

Assuming a cross section at pr = 3GeV/c, zr = 0.3 0f 6:1073%cm?/GeV?,
for 2400 hours of data taking with a ®LiD polarized target (p =
0.83 g/cm3,l = 20 ¢m) and 2 - 107 polarized proton beam/spill, we
expect to obtain 2 -10* A per bin (0.5 GeV/c at pr = 3 GeV/¢). This
would give an error in A%, of 0.04.

The accuracy achievable in this measurement depends crucially on the
special merit of the LiD material as a polarized target for inclusive
reactions where the unpolarized nucleons in the target reduce the ef-
fective polarization PE/f with respect to that of the polarized protons
(Pr = 0.7—0.9) by a factor that in standard materials can be as low as
0.15, while in 8 LiD,due to the high nuclear polarization, both for ¢ Lz
and D, is only 0.5. We have assumed a running efficiency of 70 percent
in the rate estimates.
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11

Conclusions

We propose to exploit during the next fixed target Tevatron run the
existing and fully debugged E704 setup on the MP polarized p/f beam
line for performing the following measurements:

a)

d)

asymmetry An for charged and neutral pions (and K?) produced
by vertically polarized p (§) on LH, and nuclear targets at medium
pr and over a wide range of zr in order to study the relationship of
colour transparency and spin dependence. No modification in the
setup is required; the running time estimated for this measurement
is 600 hours.

depolarization parameter A%, at small pr and medium zr for
A with longitudinally polarized p () beams on LH, target, in
order to explore the strange sea polarization. No modification in
the setup is required; the running time for this measurements is
estimated 800 hours.

depolarization parameter AY; for A and Z° hyperons over a range
0.25 < zr < 0.5 with longitudinally polarized proton beam on
L H, target, in order to probe the gluon polarization. Minor mod-
ifications to the spectrometer have to be performed and running
time is estimated 1200 hours.

Asymmetry AY; for A and I° hyperons, with longitudinally pola-
ized proton beam and ®LiD polarized target over a range 0.25 <
zr < 0.5. Results also on asymmetry for pions and kaons could
be obtained simultaneously during this run, in order to obtain a
diversified set of data related to the contribution of gluons to the
helicity composition of nucleons. The total required running time
is 2400 hours.

In this case the major technical complications refer to the smooth run-
ning of the polarized target and to a multitrigger operation of the
acquisition system. Both these aspects have been already taken care
during the 1990 run of E704 with success.

Based on our experience during the previous run of fixed target physics,
we are confident that, if scheduled during the next period for an overall
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running time of approximately 7 months, we could achieve significant
new results that would probe the role of spin for the structure and the
dynamics of hadrons in a direct way.

Some of these experiments would not be necessarily easier at higher
energies or with larger intensity and we feel that their requirements
match ideally the MP polarized beam properties.
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13 Figure Captions
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4: Py, An, Dyn(= A¥y) for pp — AX at 200 GeV/c versus zx
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Two basic diagrams related to processes initiated by gluons, suit-
able for gluon helicity studies.

: The basic QCD asymmetry a¥, for different classes of diagrams.

% in 7° production.

[38]. The dotted line in P, plot represents standard behaviour
(for example Ref. [17]). Ay and Dyy data at 200 GeV/c are
compared with K? and X° at 18.5 GeV/e.

: Py, An, Dy for pp — AX at 200 GeV/c versus pp for all zp

(upper plots) and for 0.5 < zr < 1.0 (lower plots) [38]. See
also Fig.10 for the pr, zy experimental distributions. The curves
in the P, plots correspond to Ref. [18] (dashed line) and Ref.
[20] (dash-dotted line) respectively for zy = 0.4 (upper plot) and
zr = 0.7 (lower plot).

The &}/, elementary asymmetry for processes gg — s5, uil — 3.
Predictions of [14] for helicity asymmetries in pp — AX.

A€ for Ref. [14] and for recent models.

The E704 experimental phase space for pp — AX.

E704 - Ay dependence on nuclei number.

a) Gemetrical acceptance and b) Reconstruction efficiency
for pp — AX.

The MP polarized beam line.

component and for periodic reversal against systematic errors.
The layout of the forward spectrometer of E704.

The correlation maps of hodoscopes for selecting A configurations.
The selected A invariant mass distribution.

The V° decay phase space « gr.

The correlation between a and 7 or 4 decay angles.
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a-) g9 — 99 b) g9 — q7

Fig. 1: Two basic diagrams related to processes initiated by gluons, suit-
able for gluon helicity studies.
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Plane | Type | Chamber Wire | No. of | Offset | Z-Position | Chamber
spacing wires | in cm in cm | Type
mom

T X PCT 0.10 98 0.2 250.2 | KM

i Y PCT 010 | L3 0.07 239.2 T M

3 3] PCY 428 L 5 027 253.7 | MO

T v 14881 mI0 | U6 | -0.24 235.7 | I

1 X PC2 010 ) 192 0.01 593.8 | RMH

5 Y PCT . 0O.10 . 192 T.06 592.8 | RME

T U | PCZ 010 | 192 U.11 597.9 | RMH

3 v PCZ 0.0+ 19T 0T 580.3 | KMH

] X PC3 020 1281 -0.01 850.2 | PCOSIIT— 1
10 T 1 PL3 0.20 | 128 0.06 850.2 | PCOSIT
11 8] PC3 U.20 23017 -1.01 850.2 | PCOSHIT
17 v P 0.20 730 T.1T 350.2 | PC |
T1 X 71T 0.0 3581 -U.13 I176.0 | PCOSIIT 1
T3 T T PCEITT 0.0 287 -U.14 IT76.0 | PCOSIIT
T 1 PC§ 0.0 1 3041 -LI7 11:6.0 | PCOSIT

5 T v PCT | 0.20 3041 L.29 1176.0 | PCOSIN

T PCT 1 0.20 1 256 ] -0.00 1 1246.5 | RMH

18 T PCYd 1 0.20 192 | -6.25 | 12445 | RMH

9 X TS o020 1 258 702 1 TI58.8 | RMH

Pii] Y PCS 0.20 756 720 1356.4 | RMH

21 U PTCS 0. 758 U.15 1363.2 T RMHE

22 v PCS 0.20 255 0.10 1351.0 T RMH

73 X PCs 0.20 J20 ] -0.23 1555.9 | RMH

4 Y PCT U.20 3 301 1653.5 | RMH

25 U PTE 0.20 320 | -U.25 1681.3 | RMH

pL v PTo 0.20 320 0.21 1648.1 | RMH

77 X P 0.20 320 1 -0.08 1 1746.09 | RMII

78 Y P 0.20 20 0.07T 114%.5 | RMHE

29 X L okid 0.20 320 | -0.13 1761.9 | RMH

30 Y PCT | 0.20 320 | 0.00 1750.4 | RMHA

31 \'f e 0.20 104 5.14 1839.0 | RMHA

k4 X PCE | 0.20 0 000 1987.7 | PCOSIIT |
33 X7 PC8 0.20 1024 | 19.68 | 1975.3 | FCOSIN

3% U PCE— 0. 1] T00 [ 197077

BV PCE . 0.20 ¢ 1024 1 -16.40 1972.8 1" PCOSII

15 X PCY 0.20 1024 | 19.8D 20715 | PCOSHI |
37 X PCY 0.2 1024 | 19.13 2070.1 | PCOSIT '
38 U PCO 0.20 0241 18.27 1 2004.0 | PCOSIIT 1
ki) v PCY 0.20 1022 1 -15.39 2078.6 | poosl |
L) X PCTS V4] 384 | -830.00 4890.0 | RKMH

11 Y PTI5 0.20 ! 0.00 1800.0 | RMH

Ly) X DCT 1.90 180 | -0.21 | 2:00.0 | Drlt Chamber |
43 X DC1 1.96 160 0.0 2 4705.0 | Driit Chamber
4 T DCT T1.36 170 2.15 4700.0 | Drit Chamber
15 \'s DTT 1.38 176 1.5 T700.0 | Driit Chamber |
13 X Bl .10 %6 | -0.05 ~2350.0 | HMH

7T BIT U710 6 | -0.08 1 -II500 THMH

18 X BIZ U.10 36 .07 -516.0 | AMHA

49 Y BI2 U0.10 95 007 | -518.0 | HMH

50 X BI3 0.10 36 7.04 -1978 | RMO

34 T BI3 010 ] 0.U5 -197.8 | KMd

TABLE 1: A summary of specifications and locations of Muiti-Wire Proportionai

Chambers used in the Fermilab E704 forward spectrometer.




Detector Size Position Description
(in cm) (X,¥,2)

LH2 3,3,100 0,0,0 Cylindical Liquid Hydrogen Target
MP9YAN | 228.162.282 0.0,1500 1.4 Tesla Dipole Magnet

Gap 42,54,282 0,0,1500 Magnet's Gap

H3 50,50,1 0,0,1635 Hodoscope, 10 segments

114 120.60.1 10.0,2130 Hodoscope, 12 segments

H5 | 116.100.1 . 86G.0,4725 | Hodoscope, 12 segments

HG 56,100,1 -7,0,4725 Hodoscope, 4 segments

C1 102.102,2400 | -78.8,-8.7,4550. | Cherenkov Threshold Counter

TABLE 2: Description of the detectors of the forward spectrometer and their location.




