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ABSTRACT

We propose to measure the single-spin asymmetry parameter AN in
inclusive 7° production and direct-y production at high Pr using the
polarized proton-beam facility at Fermilab. 1In addition, we propose
to measure the double-spin asymmetry parameter ALL in inclusive 7°
production using a polarized proton target. The measurement of ALL
will be extended to direct-y production when improved target materials

become available.

I. INTRODUCTION

Investigation of the substructure of hadrons and the behavior of
hadronic constituents is presently among the most active areas of high
energy physics. Recent data on deep-inelastic ep scattering 1)2) are
most directly interpreted as evidence that quarks at large-X have high
probability for retaining the helicity of the parent proton. Since
high-pT hadron or photon production results predominantly from the hard
scattering of hadronic constituents it is reasonable to expect that spin
dependence in these fundamental subprocesses can be further investigated

using polarized protons 3)4)5).

We propose to study spin dependence in the reactions
o .
p+p -+ T + anything, and (L)
P+pP -7y + anything {2)

with emphasis on the high-pT region. The quantities to be measured are

the single-spin asymmetries

Ay

- Ed30(¢')/dp3 - Ed30(+)/dp3

(3)
Ed3g(4)/dp> + Ed3a(4)/dp3

for both reactions (1) and (2) with a transversely polarized proton
beam and liquid hydrogen (HZ) target. In addition we propose to measure

the double-spin asymmetry in reaction (1)

- Ed30(++)/dp3 - Ed30(+-)/dp3

(4)
Ed3o(++)/dp3 + Ed30(+-)/dp3

ALp,

where ++(+-) indicate parallel (antiparallel) helicities for longitudinally

polarized beam and target protons. This measurement requires replacement



N

of the liquid H, target by a polarized proton target (PPT).

II. PHYSICS MOTIVATION

The single-spin asymmetries in reactions (1) and (2) are expected
to be close to zero in current QCD theory even with higher order correc-
tions (AN = O(mq//s) where m, is the mass of the light quark). Never-
theless, large asymmetries in inclusive 7° production have been observed
at the CERN PSS) for P;= 24 GeV/e, XF > 0, and 1.0 < Pp < 2.5 GeV/c.
Although this kinematic region may be too low to contradict directly
the validity of the constituent model based on QCD these results provide
strong motivation for extending similar measurements to regions of higher
Pin and PT' The high-intensity polarized-proton facility to be
constructed at Fermilaﬁ7) can usefully cover the Pr region to 4-5 GeV/c
at p; = 300 GeV/c for both reaction (1) and (2). If large asymmetries
are observed at such large Pr they would present a serious challenge
to the attractive model of hard scattering and perturbative QCD.

The -QCD Compton effect, gluon + duark -+ gamma + quark, is expected
to be the dominant mechanism for direct-y production at large Pr In
contrast to the 7° which represents only a fragment of the scattered .con-
stituent the y itself participates directly in the hard-scattering process.
As a direct consequence the ratio-y/no should increase with increasing Pps
this prédiction has recently been confirmed in several different experi-
mentsg)g)lo? "Thus, direct-y production provides -a particularly clean
process for studying the dynamics of hadronic constituents without the
complexities of quark fragmentation. We emphasize that on the experimental
side the use of a polarized beam on a liquid H, target provides a partic-
ularly clean technique for studying single-spin asymmetries without the
~ complexity of polarized targets and the unavoidable background from pro-
duction on unpolarized constituents therein. ~

Although important qualitative features may be deduced from single-
spin asymmetry measurements, the study of double-spin asymmetries can
provide quahtitative insight into the spin properties of gluons which are
not accessible to deep-inelastic ep scattering experiments. The double-
spin asymmetry ALL in inclusive 7° production has been estimated by several
authors; their results are shown in Fig. 6. Curve (a) was obtained by
Babcock et al.3) using a hard-scattering model based on QéD perturbation

theory; although the predicted asymmetry is small it has a definite



positive sign. Cheng and FischbachS) predict a much larger asymmetry

11 find zero

using the effective-gluon model (E-G); Sivers et al.
asymmetry in the constituent interchange model (CIM). The large
differences are a consequence of the different spin dependences assumed
in the fundamental subprocesses for these models; the present experi-
ent will be sufficiently sensitive to discriminate among these modelé.
The double-spin asymmetry for direct~y production has recently

been estimated by Hidakalz)

assuming QCD Compton and qq annihilation

as dominant subprocesses. These same assunptions successfully describe
available data for the unvolarized cross sections. His results suggest
significant asymmetries at large Xp ( =57 at Xp = 0 and X = 0.5).

Because of the polarization dilution in available polarized proton targets
ALL cannot yet be measured with adequate precision; however, targets

of sufficient spin purity are under development at Saclay and CERN.
Because of the importance of direct-y production as a hadronic probe

we propose to extend the double-spin measurements to this final state

when improved target materials become available.

III. EXPERIMEHTAL METHODS

a) Experimental Arrangement

A schematic view of the experimental arrangement is shown in Fig.1l.

7 enters

The polarized.proton beam to be constructed in the M2 beam line
from the left. Trajectories of individual beam particles are defined
by hodoscopes Hl and HZ; these are separated by 20 meters and have spatial
resolutions of 1.5 mm in both the x and y directions. For single-spin
measurements a liquid H, target 100 cm long will be used with the proton
beam transversely polarized. For the double-spin asymmetry measurements
the longitudinally polarized proton beam will be incident on a longitudinally
polarized proton target.l The proposed snake system will allow the beam
polarization to be flipped from spill to spill with no important change
in beam geometry.

Gammas produced by the interaction of protons on either target are
detected in the two Pb-glass spectrometers Gland Gz. At Pin =-300 GeV/c
the spectrometers are placed 12 m downstream of the target and centered
around € = 80 mrad which corresponds to XF = 0, The azimuthal angle sub-

tended by each spectrometer is * 22.5° with respect to the horizontal plane.



The scintillation hodoscopes H3 and H&’ immediately in front of the
Ph-glass spectrometers, are constructed in three planes for segmentation
in the X, Y, and U directions; these have spatial resolutions of 4 cm
and serve to localize charged particles which accompany y's. To improve
background identification in direct-y production each Pb-glass spectrom-
eter is provided with a guard counter Gi and Gé. These coarse-grained
Cerenkov shower counters ensure identification of 7° and no decays in

which only one y falls within the fiducial area of a Pb-glass spectrometer.

The acceptance of the detector in XF—PT space is shown in Fig. 2
for p;, = 300 GeV/ec.

b. Gamma Spectrometers

The two gaﬁma spectrometers comprise the major part of the detector.
Each consists of 372 Pb-glass cells (3.8x3.8x45 cm) stacked to form a
trapezoidal array as shown in Fig. 3. The Cerenkov light is collected
by a photomultiplier at the rear of each cell. The detector elements
and the design of the associated electronic system will be similar to
those developed by the IHEP~-IFSN-LAPP Collaboration for the GAMS 4000
spectrometer13) at CERN. The principal characteristics of this spectrom-
eter are listed in Table 1,

The remarkable spatial resolution of the GAMS spectrometer (+1 mm
at 200 GeV) results from an optimal choice of transverse dimension 2A
of the Pb-glass cellsla). By choosing A just slightly smaller than the
effective half-width (2 em for Pb-glass of type F-8) of an electromagnetic
shower it spreads over only a few cells to form a cluster. A fit to the
energy deposition pattern in the cluster provides the position coordinates
for the incident y. The ability to resolve the merged clusters produced
by two close y's is particularly important for efficient identification
of direct-y's in a background of n° decays. The IHEP group has found

15) that pairs of y's from n° decay can be discriminated

experimentally
from single y's for transverse separations greater than 2.5 cm even when
both y's fall within the same cell of Ehe spectrometer.

Geometric efficiencies for n° detection have been studied using
Monte Carlo simulation; results are shown in Fig. 4 for a kinematic
region around X, = 0. With increasing Pr the probability for detecting

both y's from a n° decay (solid circles) asymptotically approaches the



25% azimuthal angle subtended by the spectrometers (2x45°). At lower

P the efficiency decreases as the probability for one of the v's to
miss a spectrometer increases. For XF = 0 the probability that only a
single v falls within the detector acceptsnce (triangle points) decreases
rapidly with increasing Prp- For XF # 0 the 7° angle varies rapidly with
Prs this results in a maximum near Pp= 4 GeV/c for the probability that
a single v falls within the detector acceptance. The probability that
both v's from a 7° decay fall within a single cell (open cirgles) is
almost negligible for Pp < 7 GeV/c. Even so, many of these events will
be resolved since the transverse separation of the two v's will be larger
than the discrimination limit of 2.5 cm.

To accommodate high event rates the integrated charge in each cell
is digitized with its own ADC. Pedestal subtraction and energy normal-
ization are performed automatically by a fast processor. Relative gains
(PM + ADC) will be monitored under microorocessor control with an LED
system between spills to achieve a long-term stability better than 1Z.
The energy resolution has been measured for a spectrometer of this type;

at full width half-maximum (FWHM) it is
AE/E = 0,025 + 0.13//E(GeV)

giving + 2.5% at 25 GeV, Linearity has been studied with electrons
from 1-4 GeV by the EHS group at CERN and from 1.8-40 GeV by the GAMS
group at IHEP. No deviation larger than 1% was observed.

Energies and coordinates (using the method of moments) will be
evaluated on~line, This provides the possibility for imposing event
selection criteria if necessary before recording data on tape. With
reasonable estimates for processing times we conclude that as many as

500 events/sec can be recorded even with iarge multiplicities.

c. Identification of ﬂo Events

Fast discriminators sample the integrated charge in each cell.
Thresholds are adjusted so that the detector is triggered when an energy
greater than 10 GeV is deposited in any cell, This allows efficient
detection of 7°'s emitted near XFz 0 and Pr < 2.0 GeV/c. If rates are too
high the discriminator thresholds can be increased or the hodoscopes

\ H3 and H4 can be used to reject clusters associated with charged



particles. It is apparent, however, that event reject is preferably
executed off-line after careful study so that no bias is introduced
in the inclusive final states.

To obtain a 'clean' sample of 7~ events all data must be subjected
to extensive off-line analysis. Backgrounds due to improperly paired
v's will be estimated using Monte Carlo simulation with reconstructed
7°'s as input. Contamination of the final sample by 1°'s from decay
of inclusively produced no's, wo's, and K:'s can be reasonably
estimated from available measurements and models which relate charged

and neutral production. This contamination will be small at high Pr+

d. Identification of Direct-y Events

The problems involved in .identification of direct-y 's in a
background of n° decays have recently been addressed with considerable
success by several groupss)g)lo). Background arises from
i) The decays 7° - vy and n® > vv in which one vy misses a
spectrometer, 18 below threshold for detection, or converts in the
target; or the two y's are too closely spaced to be
geometrially resolved;. and

ii) Neutral hadromns such as n, n, or Kg which interact in the
Pb-glass and simulate a single shower.

We propese to surround the Pb-glass spectrometers with gaurd
counters to detect y's which otherwise would be lost. With Monte Carlo
simulation we find that a lateral thickness of 30 cm is enough to detect
97% of these associated y's arising from decay of 1°'s emitted near
X, = 0 with Pr * 5 GeV/c. Because of the large volume (0.5 m3) and

complex shape of the gaurd counters we propose to use a water solution
of heavy elements (for example ZnI, with p= 2.8, and R.L. = 4.2 cm) as
recently developed at KEKlG). The direct measurement of this important
background will result in significant improvement of the final error
compared with the alternative of subtracting background with Monte Carlo
simulation. The background from unresolved n° decays is very small,
Less than 0.3% of all ﬁodecays falling within the detector acceptance
are unresolved for Pp = 6 GeV/c; for Y/wo = 0,1 this represents only
a.3% backeground for direct-y's. The background from conversions in the

. . o
target can be reliably estimated from the reconstructed 7 events.
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The neutral hadron contribution to background will be measured
in a separate run using the method of Cox et al.IO). Ten radiation
lengths of Pb will be inserted in the space between the hodoscopes H3
and Hé and the Pb-glass spectrometers. The vy flux is largely degraded
while the neutral hadronic component is attenuated only 307 due to
interactions in the Pb, This background varies from 10 to 40% depending
on the kinematic region and therefore must be subtracted separately in
each XF and Pp interval.

Measurement of single-spin asymmetries will be carried out

simultaneously for the inclusive 7°'s and direct-y's.,

Iv. RATE AND ERROR ESTIMATES

_ Rates for 1° production have been estimated with the following

assumptions:

Py, = 300 GeV/c ,

Beam intensity = 3x10' /spill with 1 spill/60 sec and
polarization P, = 0.5

Geometrical efficiency for 7° detection = 0.25

Liquid H, target 100 cm long for Ay measurements

Propanediol polarized proton target 15 cm long with

polarization Pt = 0.8 for ALL measurements.

The invariant cross section was calculated with the parameterization

of Busser et a1.17)
3 )
fag £9 . ¢ p. D b Xp (5
3 T
d”p
-27 2 2
where C = 14.2x10 em /GeV™, n = 8,6, and b = 12.5., The results are

12

given in Table 2 for an integrated beam intensity of 1.6x10" " polarized

protons corresponding to 1000 running time,

Statistical Errors

For a transversely polarized the observed single-spin asymmetry
is given by

) N~ N

(Np+ Np) = (N + N RN

Lb

R

£ =

<NR* NRb) * (NL+ NLb) Ntotal

where NR(NL) is the right (left) signal and NRb(NLb) is the right (left)

background with N_, = N Then the observed asymmetry is related to

Rb Lb®



AN through
. NR+ NL . NR- NL . 1 b AN
Yeotal Mgt M X b
where x = (N_ . .)/(No+ N ). The statistical error in Ay may then be

approximated

X

My * T3

where Ae = I/V(Ntotal
largely from pairs of uncorrelated y's which fall within the 7° acceptance

Ae
b

). In this case the backgrounds NRb and NLb result

criteria. This background can be estimated from the 2y effective-mass
distributions. With ¥ = 1.1 as a reasonable estimate we obtain the

errors AANvgiven in Table 2.

A similar estimate has been made for AAN in direct~y production,

In this case it was assumed that the ratio y/wo varied from 0.08 at

Pp =3 GeV/e to 0.2 at Pp =3 GeV/clo). The backgrounds Npp, and N

b
result from the sources discussed in Sec. IIId where procedures for

b

estimating their contributions are described. With the assumption
¥ 2 1.1 we obtain the estimated statistical errors given in Table 2.
The double-spin asymmetry measurements require both polarized

beam and target. The statistical error may be approximated

My o= Lo e

R

here the 'polarization dilution factor' a reflects production on unpol=-
arized target constituents, principally carbon and oxvgen. This factor
depends not only on the target material but also on the kinematic
conditicns, particularly Ppe To estimate AALL we assumed that a varies
monotonically from 10-20 as Pq increases from 2-5 GeV/c. Accurate
evaluation of o requires a detailed study of the A-dependence of the
reaction through the relevant kinematic region.* With the assumption
that ¥ = 1,5 for the double-spin asymmetry we obtain the errors AALL

given in Table 2.

* . . .
It should be noted that the effect of the diluticn factor is frequently

overestimated. The statistical error in the asymmetry depends, in fact,

only on /o since the error in the asymmetry Ae = 1/¥N 1/vxa(Ng+ N ).

total ~



Systematic Errors

The systematic errors divide roughly into multiplicative and
additive. Uncertainties in target and beam polarizations are multi-
plicative errors., Target polarization can be measured to *3% with
the principal uncertainty in calibration of the nuclear magnetic
resonance system which uses the thermal equilibrium signal. It is
estimated that beam polarization can be calculated to %37 from the
beam optics. Neverltheless, we propose to measure this independently
with a high-rate polarimeter based on elastic scattering in the
Coulomb-nuclear interference regionlg); this will provide an accuracy

of +5% even for runs as short as a few hours.

An additional multiplicative error in AALL arises from the uncer-
tainty in target dilution a. This can be estimated with good accuracy
from measurements of single~ and double-spin asymmetries using liquid HZ

and a polarized proton target with identical detector conditions.

Additive errorg which may introduce a spuricus asymmetry in the
data can arise from

i) changes in beam geometry with reversal of beam polarization

ii) misalignment of detector components
iii) changes in gain of spectrometer elements.

Geometric sources of error associated with either the beam or
detector can be accurately controlled through frequent cross-checks of
counting rates with different spin-spin and spin-detector (right or
left) combin;tions. The gain stability of the Pb-glass counters will
be controlled to an accuracy better than 17, With frequent reversals

of beam polarization long-term variations in gain will average away.

Comparison with Theory

The statistical errors estimated in Table 2 have been superimposed

on relevant theoretical predictions in Fig. 5 and 6. Fig, 5 shows AAN
for 1° and direct-y production; the QCD prediction is near zero for each.
We show also the exverimental results for no'production at 24 GeV/c6}.

The greatly improved accuracy even at much larger Pr expected in the
present experiment results directly from the use of a polarized beam

and liquid H2 target rather than an unbolarised beam and a polarized
proton target with its large dilution factor. Up to 5 GeV/c, where

QCD predictions become meaningful, asymmetries larger than 5% in inclusive
ﬂo production and larger than 157 in direct—y production will be reliably
detected. It may be noted that the integrated luminosity ( =5x1037/cm2)
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is comparable to that of the most extensive ISR experiments so that
our measurements of cross sections for direct-y production on H2 will
provide important new data at these energies.

Fig. 6 shows AALL superimposed on relavant predictions for inclusive
7° production. A significant asymmetry in the region Pp < 3 GeV/¢ would
provide strong evidence against a scalar gluon for which no asymmetry is
expected. Consequently, this experiment will not only discriminate among
different models but it may also provide important insight into the
gluon spin structure.

The double-spin asymmetry in direct~y production cannot yet be
measured” with useful accuracy because of the large dilution factor o
in available polarized targets. However, we place high priority on
this part of the program when improved target materials reach practical

use.,

V. RUN PLAN AND BEAM REQUIREMENTS

As discussed earlier, the design of the gamma spectrometers has
profited greatly from the long experience of the GAMS group. In additionm,
‘members of our Collaboration are currently involved in an experiment at
Serpukhov which utilizes a gamma spectrometer with 500 elements identical
to those proposed here; 250 have already been fabricated and are in use.
These elements will become:- available and form the major part of the
gamma spectrometers; the entire detector could be completed for early

measurements in the polarized proton beam facility at Fermilab.

Before the start of déta—taking with a liquid H2 target we request
200 hours of unpolarized proton beam for checking out the entire system.
A portion of this time would be run at high intemsity, 63108 p/spill,
in order to measure the cross sections for imclusive n° and direct-~
production with good precision. This preliminary run will provide a
precise calibration of the apparatus for the purpose of detecting

direct-y's with high efficiency.

Single-spin asymmetries for both reactions will be measured
simultaneously. To achieve this we request 1200 hours of polarized
proton beam; this includes 200 hours for measurement of backgrounds
induced by neutral hadrons. In addition, we request 1200 hours of
polarized proton beam to measure the double-spin asymmetry in inclusive
° production with the same detector conditions and the liquid H2

target replaced by a polarized proten target.
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The total request is thus:

200 hours of unpolarized proton beam, and

2400 hours (=~ 3 months) of polarized proton beam.

Because our detector is particularly compact and simple it should be
compatible with detectors designed for other measurements in the polarized
proton beam facility, 1In this case all or part of the time requested can

be used simultaneously for additional measurements.

A measurement of the double-spin asymmetry in direct-y production
represeﬁts a natural extension of this program. This requires improved
target materials such a LiD or NH, and possibly an elaboration of the
detector to complete the 27 azimuthal geometry., If the new target
material is available at run time this measurement will be carried out
simultaneously with the measurement of AL in inclusive 1° production

without the need for additional beam time.
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TABLE |

Parameters and characteristics

Lead-glass cell dimensions

Type of glass

Total number of cells

Woxking area and weight of the spectrometer
Photomultiplier

Accuracy in measuring photon coordinate
at 25 GeV
at 200 GeV

Photon energy resolution
at 25 GeV
at 200 GeV

Mass resolution for decaying particles

Time resolution

38x38x450 mm3
F-8

744

0.8 m2, 2.5 ¢t
FEU-84-3

o
N

mm
juad

2.5 %
1.5 %
few Z

40 nsec gate

i+ i+

R
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TABLE 2
P fGeV/t:)
T XT AXF ApT n AAN h4 n a AALL y 4
2 0.17 | 0.1 0.5
. . 4.4x105 | 10 | % 0.
3 0.25 | 0.125} 1.0 | 7.8x10% | #+0.22 | 1.2x105 | 13 |+ g.gg
4 0.36 10,15 | 1.0 |2.8x10% | #1.3 |4.1x103 | 17 | £16.9
5 0.42 10.20 | 1.0 {1.9x103 | #4.8 | 2.8x10%| 20 | £69.0
6 0.5110.30 | 1.0 ]2.1x10% | +14.0 | 3.1x10} | — :
TABLE 3
Rr(GeV/c) XT 8% | 4pg y/n° n BA, Z

-3 0.25 }0.125] 1.0]| 0.08 | 6.3x10" | *1.0
4 0.34 [ 0.15 | 1.0| 0.12 | 3.3x103 | 4.4
5 - 0.4210.20 | 1.0{ 0.15 | 2.9x102 | £14.5
6 1.0{ 0.19 | 3.9x10} | £39.0

0.51 §0.30

For the reason of simplicity we present here P, corresponding to the

average cross section of the (non-symmetric) binning.
about 0.15 GeV/c less than the indicated one but the correction to be

The weighted pp 18

introduced in the cross section is less than the ambiguity on the experimental

values at large P, region.



. PPT or lig. H, target

*

2m

Y
X

Fig.1



Acceptance of
gamma detector in
pT-XF space for
p+p - T+ anything
at 300 GeV/c

boundary of 50°% -

Py ( Gev/c)
A

kinernatical
limit

1.0

AN
effeciency N
~
\\
2
L [ 1 { 1 3 1 1 1 i
-1.0 -0.8 -0,6 -0.4 -0.2 0 0,2 0.4 0.6 0.8
4 xF

Fig, 2

9l



X 3

—_—

E."L\"“\‘\ :

D -

lead-glasscells

Fig.3

- o e

(38%38 x 450 mm)

scintitlation hodoscopes



18

in the same cell

-¥ s inside counter

2
-7
2-Fs

vy ot

a
30 ol b
C

20

(%) S312U2128}}3 10311}aW089

20
10
0 |

10

P, (Gev/c)

Fig. 4



40

20

-20

Ap ()

-60

-80

-100

19

p(M+p > T°+anything

QcCD prediction

$ -

c—mm————

-40

t1

- ‘
i
'
estimated errors '
(statistical) e

for m°(—) and direct ¥ (-=~-- )

at 300 GeV/c

[ ]
Annecy-C ERN-Oxford
at 24GeV/c
1 2 3 4 5 6
pT(GVeVJc)

Fig.5




W

30

20

10

ALL (0/0)

20

p(—>) + p(=>)-> m°+ anything

Vs =20 GeV/c, xg =0

estimated errors

(statistical)

c)JCIM

0.1

0.2

. Fig. 6

0.3

0.4 0.5



P-678 UPDATE

Proposal to Study the Spin Dependence in Inclusive x° and Direct-

Gamma Production at HiEE.PL with the

Polarized Proton Beam Facility at Fermilab

by

CEN-Saclay, LAPP-Annecy, INFN-Trieste,
Kyoto University, Kyoto-Sangyo University, Kyoto University of Education,
Hiroshima University, University of O.E.H. (Kita-Kyushu),

Argonne National Laboratory, Fermi National Accelerator Laboratory,
University of Iowa, Los Alamos National Laboratory,
Northwestern University, Rice University, IHEP-Serpukhov,
University of Udine Collaboration™

31 March 1989

Preface

Part of P-678 was included in E-704 following the PAC's recommendations
in 1981, In E-704, we explore a relatively lower region of ];)_L in the %°
production. On March 8, 1989, there was a meeting with the Fermilabd
management to discuss the status of the electromagnetic calorimeter for the
polarized~-beam experiments. During the meeting it was suggested that we
update P-678 before the April PAC meeting. Although studies on the single~-
gamma measurements are continuing, we consider this P-678 update to be
reasonably adequate. We are also counting on learning many facts about =°
detection, which relates to direct-gamma detection, during the forthcoming
E-704 run.

Individual names are likely to be similar to the present participants in
E-704. Precise list will be presented later.

Scientific Spokesman: Sergei Nurushev, IHEP -~ Serpukhov
Deputy Spokesman: K. Kuroda, LAPP - Annecy




ABSTRACT
We propose to measure the single-spin asymmetry parameter Ay in inclusive
n°® production at high P, and direct~y production using ;he polarized proton-
beam facility at Fermilab. 1In addition, we propose to measure the double-spin
asymmetry parameter A;, in inclusive n° production and direct-y production
using a polarized 611D target.
A number of lead-glass counters wiil be doubled compared with existing E-

704 electromagnetic calorimeter in order to gain rate and improve misidentifi-

cation problems.

I. Introduction

Asymmetry measurements in 7° production yield a value as large as Ay =
60%Z in the 2 < P, < 3 GeV/c region measured at 24 GeV/c {CERN) and 40 GeV/c
(Serpukhov).l It seems important to pursue measurements to higher values of
P, in order to investigate the spin dependence in the hard scattering of
hadronic constituents., Simultaneously, the asymmetry in direct-y production
can be measured where AN = 0 1s expected by QCD perturbative theory.

Results of new measurements by the EMC group at CERN have been interpre-
ted to mean that the proton spin may not be due to the helicity of its consti-
tuent quarks. Most of the proton spin may be due to gluons and/or orbital
angular momentum., To understand the basic question of the origin of proton

spin, 7°

and direct~-y production measurements at high P, with longitudinally
polarized protons on longitudinally polarized target protons seem to be very
desirable.l

The QCD Compton effect, gluon + quark + gamma -+ quark, is expected to be

the dominant mechanism for direct-y production at large P, - In contrast to

the 7°, which represents only a fragment of the scattered constituent, the ¥y




itself participates directly in the hard-scattering process. As a direct con-
sequence the ratio y/w° should increase with increasing P this prediction

has been confirmed in several different experiments.3

Thus, direct-y
production provides a particularly clean process for studying the dynamics of
hadronic constituents without the complexities of quark fragmentation.
Although important qualitative features may be deduced from single-spin
asymmetry measurements, the study of double-spin asymmetries can provide gquane«
titative insight into the spin properties of gluons which are not accessible
to deep~inelastic ep scattering experiments. The double~spin asymmetry Apy in
2,4

inclusive 7° and direct-y production has been estimated by several authors.

We propose to study spin dependence in the reactiouns

p+ p + n° + anything, (1)
and

p+ p + v+ anything (2)

with emphasis on the high—pl region (up to 6 GeV/c). The quantities to be

measured are the single-spin asymmetries

Ed> o(4)/dp> - Ed°o(4)/dp>
Ed3c(+)fdp3 + Ed30(+)/dp3

Ay (3)
for both reactions (1) and (2) with a transversely polarized proton beam and
liquid hydrogen (H,) target. In addition we propose to measure the double-

spin asymmetry for (1) amd (2).

Ed> o(++) /dp> - Ed>o(+=)/dp>
a3 o(++)/dp> + EdSo(+-)/dp>

Ap, = (4)




by

where ++(+-) indicate parallel (antiparallel) helicities for longitudinally
polarized beam and target protons. This measurement requires replacement of
the liquid H, target by a polarized 6LiD target.

Major changes in thils proposal from the E-704 setup are: 1) doubled
lead-glass counters, 1ii) polarized 6rip target, and 1il) installation of

guard counters surrounding the lead-glass counters,

II. Exgerimental Methods

A. Experimental Arrangement

A schematic view of the experimental arrangement is shown in Fig. 1. The
polarized proton beam enters from the left. Trajectories of individual beam
particles are defined by hodoscopes Hp; and Hp,; these are separated by 20
meters and have spatial resolutions of 1.5 mm in both the x and y directions.
For single-spin measurements a liquid H, target 100-cm long will be used with
the proton beam transversely polarized. For the double-spin asymmetry mea-
surements the longitudinally polarized proton beam will be incident on a
longitudinally polarized 6L1D target. The proposed snake system will allow
the beam polarization to be frequently flipped with no important change in
beam geometry.

Photons from the decay of 7°'s produced by the interaction of protons on
either a LH, or polarized target are detected in the two Pb-glass calorimeters
Gy and G2 {called "CEMGC'", central electromagnetic calorimeter) consisting of
2016 cells as shown in Fig. 1., The number of lead-glass in the present E-704
CEMC (1008 cells) will be doubled. At py, = 200 GeV/c the CEMC is placed 10 m
downstream of the target and centered around 8 = 97 mrad which correspoﬁds to
Xp = 0. The azimuthal angle subtended by each calorimeter is + 45° with

respect to the horizontal plane,




The proportional chambers placed between the target and the CEMC serve to
localize charged particles which accompany y's and assure no charged tracks in
the v direction. To improve background identification in direct-y production,
the CEMC is provided with additional y detectors Gl' and G2‘ as shown in Fig.
1. These additional counters ensure identification of 7° and n° decays in
which only one y falls within the fiducial area of the CEMC,

The acceptance of the detector in Xp-p space in shown in Fig. 2 for
Pin = 200 GeV/c.

B. Electromagnetic Calorimeters

The electromagnetic calorimeters (CEMC) comprise a major part of the
detector. Each consists of 1008 Pb-glass cells (3.8 x 3.8 x 45 c¢m) stacked to
form a trapezoidal array as shown in Fig., 3. The Cerenkov light is collected
by a photomultiplier at the rear of each cell. (The detector elements and the
design of the assoclated electronic system are similar to those developed by
the IHEP-IFSN~LAPP Collaboration for the GAMS 4000 spectrometer at CERN,)

The principal characteristics of P~678 CEMC are listed in Table I. This
detector has shown remarkable spatial resolution (4 1 mm at 100 GeV), result-
ing from an optimal choice of tranverse dimensiqns of the Pbeglass cells.

To accommodate high event rates the integrated charge in each cell is
digitized with its own ADC. Pedestal subtractiom and energy normalization are
performed automatically by a fast processor. Relative gains (PM + ADC) will
be monitored with an LED system between spills. The energy resolution has
been measured dqring the last fixed-target runj; at full width half-maximum

(FWHM) it is

AE/E = 0.024 + 0.12/7/ E (GeV)



giving + 2.5% at 25 GeV. Linearity has been studied with electrons from 30 to
40 GeV, and no deviation larger than 1% was observed.

Energies and coordinates (using the method of moments) will be evaluated
on~line. This provides the possibility for on-line calculation of gamma-gamma
invariant mass and kinematics, and allows one to impose event selection cri-
teria 1f necessary before recording data on tape. With reasonable estimates
for processing times we conclude that as many as 500 events/sec can be recor-
ded even with large multiplicities,

C. Identification of 7° Events

It is apparent, however, that event rejection is preferably executed off~
line after careful study so that no blas is introduced in the inclusive final
states.

To obtain a 'clean' sample of w° events all data must be subjected to
extensive off-line analysis, Backgrounds due to improperly paired y's will be
estimated using the LUND Monte Carlo (PYTHIA) simulation. Contamination of
the final sample by 7°'s from decay of inclusively produced n's, w’'s, and
Ks°'s can be reasonably estimated from available measurements and LUND Monte
Carlo calculations which relate charged and neutral production, This contami-

nation will be small at high Pye

D. Identification of Direct-~y Events

The problems involved in identification of direct-y's in a background of
1° decays have recently been addressed with considerable success.> Background
arises from

i) The decays 7° + yy and n + yy in which one y misses a spectrometer,

is below threshold for detection, converts in the target, or the two

¥'s are too closely spaced to be geometrically resolved.




i1) We assumed that a background of n decays is negligible compared with
m° based on the UA6 experiment.3- Additional comments are made on
page 9.

iii) Neutral hadrons such as n, n, or KL° which interact in the Pb=-glass

and a simulate a single shower.

In order to see the feasibility of the high-pl single~y measurements, two
cases (see a and b below) of fake single y sources, and the single-gamma
detection efficiency (see ¢) have been studied by Monte Carlo simulation., A
coarse calorimeter surrounding the CEMC is discussed (see d). u° conversions
in the polarized target is estimated (see e),

a) Two y's from a n° are misidentified with a single emergy cluster on

the calorimeter even though both y's hit the CEMC,

The CEMC is placed at z = 1000 cm as above. The electromagnetic showers
were generated using the GEANT3 software package. The energy clusters in the
CEMC were reconstructed using software developed by the Serpukhov group. The
reconstruction was made with a certain energy threshold for each energy
cluster, because we would have to set such an energy threshold in the off-line
analysis for the real events in order to avold nolse signals. If two y's are
too close in space (e.g. as close as 3 cm at P, = 5.5 GeV/c), then the present
reconstruction program tends to faill to divide the energy properly between two
v's. The mass reconstruction becomes worse in such cases, However, the
program can tell‘whether the shower consists of a single-y or multiple-ys with
a minimum of two y separation of ~ 2cm by checking the shower shape. One ADC
channel corresponds to 0.02 GeV, and we expect the noise level to be about 0.1
GeV or less. The ratio of this type of fake single y's over 7°'s is estimated

to be below 1.7%Z throughout the p, range from 2.5 to 5.5 GeV/c. This is lower

than the direct-y production rate.




b) One vy from a 7° hits the CEMC with high-pl and the other misses the

lead~-glass.,

The background events in which one y from a w° hits the CEMC with high-
P and the other y misses the CEMC can be reduced by placing a surrounding
coarse calorimeter around the CEMC., Figure 4 shows the fraction of 7° events
for which a gamma is missed and found in the surrounding calorimeter. The y's
hitting the surrounding calorimeter have low energies; about 30% of such v's
have an energy less than 0.6 GeV, because the y's hitting the CEMC have to
carry much larger fractions of the parent 7° energles to clear the P-
threshold,

Figure 5 shows the resulting fake direct-gamma spectrum, This includes
the fact that the remaining gamma is lower energy (and pl) than the 7°, giving
approximately an additional order of magnitude suppression in rate at a given
e The resulting background is about 1% of the 7° rate at a given p;» It
also includes loss of one gamma due to conversions in the target material as
mentioned in point e,

Therefore, it is nice to have the surrounding calorimeter as illustrated
in Fig. 4 but not absolutely necessary.

Preliminary studies for similar problems due to missing one gamma from n
decays have been done, These indicate no serious problem above P of 1.5
GeV/c,

c) Direct photon and accompanying photon(s)

Multiple y's entering the CEMC with real single-y events are
estimated to be about 107 of real events. Figure 6 shows the probability of
direct photon without accompanying photon(s) in either the CEMC or the

surrounding calorimeter estimated by the LUND (PYTHIA) Monte Carlo.



d) Coarse electromagnetic calorimeters G;' and G,' surrounding the CEMC
will likely be segmented lead-sandwiched scintillators. The
detector is currently being designed.

e) Another source of single gamma background from conversions in the
target
The target is about 26%Z of a radiation length and the vacuum shells

about 4%, As discussed above, the remaining gamma is of lower energy than the
7° and so the background spectrum is only 1% of the x° spectrum at a given
P - This 1is included in Fig. 5.

The neutral hadron contribution to background will be measured in a sepa~
rate Tun using the method of Cox et al,? Ten radiation lengths of Pb will be
inserted in the space between the proportionmal chambers and the Pb-glass spec-
trometers. The y flux is largely degraded while the neutral hadronic compo-
nent is attenuated only 30% due to interactions in the Pb., This background
varies depending on the kinematic region and therefore must be subtracted
separately in each Xp and P, interval.

The inclusive 7°'s and direct-y's will be carried out simultaneously for
both Ay and ALL measurements.,

E. Polarized 6LiD Target

It was recently established6 that substantial nuclear polarizations can

6L1+ can be viewed

be achieved in large targets of 6L1D. To the extent that
as a + D+, fully one-half of the nucleons are polarized in such a material.
Polarizations of °Li' and D* approaching 707 should be achievable in the MP-9
polarized target, with the addition of a high-frequency (180 GHz) microwave

source.
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I1I. Rate and Error Estimate

Rates for #° and vy production have been estimated with the following
assumptions:
Primary Beam: 4 1012 incident protons/spill
Beam Momentum: 200 GeV/c

Beam Intensity: 3 x 107/sp111 with 1 spill/60 sec, and polarization
Pp, = 0.45
B

Geometrical Efficiency for n° detection = (.25
Geometrical Efficiency for vy detection = 0,50
Liquid H, target: 100-cm long for Ay measurements

Polarized ®LiD target (a + 2pt + 20%):  20-cm long for AL
measurements

A) Ay Measurement
The invariant cross section for 7° production was calculated with the

parametrization of R, M, Baltrusaitis et al. 7
f=Ef£2 =ap N (- x)M
3 1 R ?
d’p
where X = 7/ sz + xlz, A=3.12 x 1027 cm?/cev?, M = 4.81, N = 8.9.

The results are given in Table 2 for an integrated beam intensity of 1.8 x
1012 polarized protons corresponding to 1000 hours running time.

The statistical error in AN is

1
} N ’

Tot

. YX
AAN" Py

where yx = 1 +-%-and B/S = background over signal ratio.
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In this case the backgrounds result largely from pairs of uncorrelated
y's which fall within the n°-acceptance criteria. This background can be
estimated from the 2y effective-mass distributions. With y = 1.1 as a reason-
able estimate we obtain the errors My glven in Table II.

A similar estimate has been made for Ay in direct-y production., In this
case it was assumed that the ratio Y/w°‘varied from 1/20 at p, =3 GeV/c to
1/10 at P, = 5 GeV/c. With the assumption y =~ 1.5 we obtain the estimated
statistical errors given in Table III,

B) Ayp Measurement
The double~spin asymmetry measurements require both polarized beam and

target. The statistical error may be approximated

VY 1
M = L— So————
1L p—
PBPT /N,

Tot

here the 'polarization dilution factor' o reflects production on unpolarized
target constituents. This factor depends not only on the target material but
also on the kinematic conditions, particularly Py - To estimate AAp; we
assumed that o = 2 to 3 as P, increases from 2-5 GeV/c. For the double-spin
asymmetry we obtain the errors AAr; given in Tables IV and V for pp -+ #°X and
pp *+ YX,; respectively.

SYSTEMATIC ERRORS:

The systematic errors divide roughly into multiplicative and additive.
Uncertainties in target and beam polarizations are multiplicative errors.
Target polarization can be measured to t 3% with the principal uncertainty in
calibration of the nuclear magnetic resonance system which uses the thermal
equilibrium signal., It is estimated that beam polarization can be calculated

to + 3% from the beam optics.
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Additive errors which may Introduce a spurious asymmetry in the data can

arise from
i) changeé in beam geometry with reversal of beam polarization
i1i) misalignment of detector components

iii) changes in gain of spectrometer elements.

Geometric sources of error associated with elither the beam or detector
can be accurately controlled through frequent cross-checks of counting rates
with different spin-spin and spin~detector (right or left) combinations. With
frequent reversals of beam polarization long~term variations in gain will be

averaged out.

IV) Beam Time Request

1) 250 hours for beam polarization studies by polarimeters

2) 250 hours for lead-glass calibration

3) 1000 hours for Ag(p'p » 1°X) and Ag(p*p » vX)

4) 1000 hours for A (p*pt 5> 1° X) and A (p% » vO)

We will be ready to carry out these measurements during the next-fixed
target period (not forthcoming) and likely before E-704 follow up (two-spin

hyperon production measurement, to be specified).

¥) Additional Equipment Needs Beyond E-704

Lead~-glass counters, phototubes and bases Serpukhov

Electronics, mainly fast bus ADC

and H.V. power supplies (60K + 100K) Argonne and Fermilab
6LiD target Argonne, Saclay, Los Alamos
Gamma detector surrounding the CEMC Shared by collaboration

Cables and connectors (signal and H.V.) Fermilab
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Vi Special Remarks

Energy Upgrade

We would like to point out the importance of the MP-beam energy
upgrade. In general, we would like to investigate the energy dependence of
various reactions studied in E-704 from 200 to 500 GeV/c. We specifically
describe the advantages at higher energies concerning this proposal.

i) Direct-gamma production cross section at high P, increases rapidly
with energy; from 200 to 500 there is more than a one-order
increase., This will allow us to cover higher P, region.

ii) For the study of gluon spin distribution, we need to cover low X

1
?.pl /Y s) at high P, and high s. Ve can reach Xl =

]

region (Xl

0.3 (at P, 5 GeV) at 500 GeV,

Polarized 7L1H Target

We plan to propose a similar measurement with a polarized TLin target to
investigate possible differences in effect due to polarized proton and

polarized neutron.
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APPENDIX

A;y Measurement and Gluon Spin Distribution

We describe here how to determine the gluon polarization by measuring the
parameter Ay, in direct-gamma production, p*p+ + y+ X (a polarized beam on a
polarized-proton target).

To good approximations for x, 2 (3.1,1+

1

W (s =900,

Ay (xp = 0, %)) = (A0CKD/O(K D)+ [8VCx/v(x 1o A ™ G

where, AU/U represents U quark polarization, AV/V gluon polarization, and

+ OV

tyt p = 900
ALL in U'VY » Uy at ec o 90VY.

One can related AU(XL)/U(XL), which can be obtained from A; values,?»10

W (s =900 =+ 0.6 by QCD.

ALL C.0.

Thus, we will be able to determine AV(XL)!V(XL) by measuring Ajp (xp = 0, XL)'
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Table 1

Parameters and Characteristics of the CEMC

- Lead-glass cell dimensions 38 x 38 x 450 nm
- Type of glass F-8
- Total number of cells 2016

- Working area and welight of the spectrometer O.sz, 2.5 t

- Photomultiplier FEU-84-3
- Accuracy in measuring photon coordinate
At 25 GeV + 2 mm
At 100 GeV + 1 mm
- Photon energy resolution
At 25 GeV 4+ 2.5%
At 100 GeV + 1.5%
- Mass resolution for decaying particles 1 8%

- Time resolution 40 nsec gate
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Table II

Estimates of Total Number of Events and Corresponding_Statistical Errors

In Ay (pp + 7n°x) for 1000 Hours Use of the Beam Time

P, (Gev/c) X, Axp 4p Number of Events by %
2 - 2.5 0.21 0.1 0.5 7.2 x 108 0.10
2.5 - 3 0.26 0.1 0.5 1.1 x 10% 0.24
3 -4 0.31 0.125 1.0 2.6 x 10° 0.45
4 -5 0.41 0.15 1.0 1.4 x 10% 2.0
5 -6 0.52 0.20 1.0 9.3 x 102 8.1

Table III

Estimates of Total Number of Events and Corresponding Statistical Errors

In Ay (pp + yx) for 1000 Hours Use of the Beam Time

P, {GaV/c) x| Axp ap Number of Events by %
2 - 2.5 0.21 0.1 0.5 3.6 x 10° 0.35
2.5 = 3 0.26 0.1 0.5 5.5 x 10% 1.4
3 -4 0.31 0.125 1.0 1.3 x 104 2.0

4 =5 0.41 0.15 1.0 1.4 x 103 7.5
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Table IV

Estimates of Statistical Errors im A;; (pp » 7°x) Assuming

1000~Hour Use of the Beam Time

P, (Gev/e) Ap, Number of Events BAL 1 %
2.0 - 2.5 0.5 1.6 « 107 0.15
2.5 - 3.0 0.5 2.3 « 10% 0.40
3.0 = 4.0 1.0 5.5 « 107 1.0
4.0 = 5.0 1.0 3.0 « 10* 4.0

Table V

Estimates of Statistical Errors im Apy {pp + vx) Assuming

1000-Hour Use of the Beam Time

P, (GeV/e) Ap, n AA; 1%
2.0 - 2.5 0.5 8.0 « 10° 0.8
2.5 - 3.0 0.5 1.1 » 109 2.7
3.0 - 4.0 1.0 2.8 - 104 4.0

4.0 - 5.0 1.0 3.0 - 103 12
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Figure Captions

Figure 1 Schematic view of the experimental arrangement.

Figure 2 Xp = p, coverage.

Figure 3 Lead-glass array in the CEMC.

Figure 4 . The fraction of 7°'s for which one gamma misses the lead glass

but is not caught in surrounding coarse calorimeters., These
curves can be extrapolated to the case of no surrounding
counters, (This simulation was done for the CEMC consisting of

1008 cells,)

Figure 5 The fake direct gamma spectrum resulting from loss of one gamma
from 7° decay due to both geometrical acceptance and conversions
in the target. No outer coarse calorimeter was assumed. (This

simulation was done for the CEMC consisting of 2016 cells,)

Figure 6 Probability of direct-photon detection without accompanying

photon{(s) in either the CEMC or surrounding calorimeter (Gl' and

Gz')-
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