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The analyzing power A~ of proton-proton elastic scattering in the Coulomb-nuclear interference
region has been measured using the 200-GeV/c Fermilab polarized proton beam. A theoretically
predicted interference between the hadronic non-spin-Hip amplitude and the electromagnetic spin-
Hip amplitude is shown for the first time to be present at high energies in the region of 1.5 x 10
to 5.0 x 10 (GeV/c) four-momentum transfer squared, and our results are analyzed in connection
with theoretical calculations. In addition, the role of possible contributions of the hadronic spin-Hip
amplitude is discussed.

PACS number(s): 13.88.+e, 13.85.Dz, 29.25.Pj, 29.27.Hj

I. INTRODUCTION

It is commonly believed that polarization in elas-
tic scattering would vanish at high energy where the
amplitudes are eventually dominated by difFraction,
parametrized in terms of Pomeron exchange having no
spin-flip terms. However Schwinger [1] pointed out that
large polarization of fast neutrons is possible by the spin-
orbit interaction arising from the motion of the neutron
magnetic moment in the nuclear Coulomb field at very
small scattering angles due to the long-range nature of
the electromagnetic interactions. Several authors [2—5]
also showed that a small but considerable asymmetry
was expected in high-energy pp elastic scattering at small
four-momentum transfer squared ltl —0.003 (GeV/c)
which arises from the interference between the hadronic
nonfIip and the electromagnetic spin-Hip amplitude. In
terms of helicity amplitudes, this is expressed as [6,7]

d0
A~ —„=—Im((gg + P2 + Ps —P4) Ps'),

where o. is the fine structure constant, p is the ratio of
the real to the imaginary parts of the hadronic scattering
amplitude at t = 0, b is Bethe's phase shift [b = —(ln ltl+
lnb + 0.577) &], b is the nuclear slope parameter, and P
is the velocity of the incident proton.

The electromagnetic amplitudes are written in the
one-photon exchange approximation, keeping the leading
terms only at high energy and small momentum transfer
It[ (s » m' » Itl):

ye ye V
t (5)

difFerential cross section; these are usually parametrized
as
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where
&

is the spin-averaged difFerential cross section: (p = 2.79), (6)

n~s p —1

d0 de d0 d0

dt dt dt dt (3)

where the superscripts indicate electro-
magnetic, hadronic, and interference contributions to the
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If the higher-order electromagnetic terms are ne-
glected, and under the hypothesis of the additivity of
the hadronic and electromagnetic amplitudes, (P,

+ P ), the difFerential cross section can be expressed
in the Coulomb-nuclear interference (CNI) region as

The contribution of the difFerent components to the
total asymmetry is written as

dt i, dt ) ( dt ) i, dt

In Eq. (3) the interference term originates from the
nuclear nonfIip amplitude and the Coulombic charge-
charge interaction. In Eq. (8), however, the interfer-
ence comes from the nuclear non8ip amplitude and the
charge-magnetic moment interaction which gives an elec-
tromagnetic spin-fIip amplitude. The major contribution
to the asymmetry comes from the interference of P~~ and

(nonHip) with Ps (single-flip) amplitudes. The imag-
inary part of the hadronic amplitudes P~ and Ps can be
calculated by the optical theorem, using the total cross
section oq~q.

Im(P~ + Ps) = —[s(s —4m )] / stat,4'
where s is the center-of-mass energy squared and m is
the proton mass.

Assuming a zero electromagnetic AN. (single-photon
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exchange), the asymmetry in the Coulomb-nuclear inter-
ference region is written as [2]

A~(t) = A~(t) „+A~(t),

4~'/'
Ak(t) = A'n (tP) 3..

where z = t/tz and t„= v 3(8am/ot t) —3.12 x 10
(GeV/c) . The maximum interference asymmetry is

A'„(t„) = (p, —1) " = 0.046,
~3
4 m

(12)

where p is the total magnetic moment of proton and m
is the proton's mass. A~~(t) at small ~t~ values, on the
other hand, appears to behave like [8]

A~(t) =

and, accordingly, the interference term should dominate
for ~t~ & 6 x 10 (GeV/c) at energies higher than 50
GeV.

Previous measurements with polarized targets could
not access such a small —t region because the recoil would
be reabsorbed in the target, thereby making the kinemat-
ical determination of elastic-scattering events on the po-
larized free protons in the target impossible. By making
use of a polarized beam and a recoil sensitive scintillator
target we were able to observe polarization efkcts in the
CNI region for the first time at high energies.

It should be noted that in the past high resolution
forward spectrometers [9,10] and/or gaseous targets with
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FIG. l. (a) The pp —+ pp differential cross-section measure-
ment at 200 GeV/c [9] and (b) proton analyzing power as a
function of t for the CNI process—. The ~t~ dependence of the
differential cross section and the ratio of imaginary to real
parts of the forvrard amplitudes p are neglected.

recoil detection [11]were employed for the measurements
in the CNI region at high energies with an unpolarized
beam and target; on the other hand, for colliding beams
the experimental problem is the detection of the scattered
particles very close to the circulating beam [12,13].

Figure 1(a) shows the differential cross-section mea-
surement at 200 GeV/c [9], and Fig. 1(b) the theoretical
prediction for the CNI analyzing power A~ as a function
of the four-momentum transfer squared [2]. Although the
maximum polarization is only 4.6%%uo, the average inte-
grated cross section for 0.004 & t & 0.04 (GeV/c) is rel-
atively large, 3.10 mb. This makes such an interference
measurement possible and also suitable for applications
as a high-energy polarimeter.

If, however, the hadronic spin-Hip amplitude is other
than zero, the asymmetry predictions change. This could
be the case, for instance, if the proton wave function
contains a dynamically enhanced diquark thus result-
ing in a spin-flip term appearing [14]. The question of
spin-Hip contributions to diKraction scattering has often
been debated in the literature based on previous polariza-
tion measurements at higher —t values and at 100 —300
GeV/c [15—18], that indicate a flattening of the asymme-
try at high energies.

II. EXPERIMENTAL SETUP

Figure 2 shows the experimental setup, including Fig.
2(a) the schematic layout of the polarized (p/p) beam
line at Fermilab and Fig. 2(b) the top view of the CNI
apparatus. Polarized protons are produced in the parity-
nonconserving decays of A hyperons. The incoming 800-
GeV/c primary proton beam strikes a beryllium target
and creates unpolarized A' s. In order to maximize the A
intensity, the beam-line acceptance is centered around 0
production angle. These A hyperons on the average are
unpolarized. In the unpolarized A rest kame, the decay
A ~ p+vr occurs isotropically and. the decay-proton po-
larization is 64% with the spin direction along the proton
momentum (for details see [19]). The 200-GeV/c polar-
ized protons strike the active targets after their spins are
rotated from horizontal to vertical by spin-rotation mag-
nets. Beam hodoscopes, beam chambers, before and after
the spin-rotation magnets, and a pair of multistrip silicon
detectors before the targets track the incident beam. The
scattered track, after the active targets, is detected by a
series of multiwire proportional chambers (MWPC's) up
to the analyzing magnet, which is located at z = 15.04
m. The track deflected by the analyzing magnet (BM-
109) is measured by yet another set of MWPC's and a
Gray-Code (GC) hodoscope (z = 46.20 m). In order to
center the deflected beam in the middle of the GC ho-
doscope, the GC was mounted on a remote-controlled
movable pedestal. The deBection &om the undeQected
beam axis was about 12.98 cm at the GC when the mag-
net was operating at 2500 A.

The multiscintillator target (MST) ensemble consisted
of six trans-stilbene crystals (diphenyl-ethlylene, Cq4Htz)
which have good pulse-shape discrimination (PSD) char-
acteristics, and each target element was viewed by an
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XP2020 photomultiplier tube (see Table I).
For scattering events on the H atoms of the scintillator,

the energy of the recoil proton ranges from a few MeV
up to 24 MeV and the range of the recoil proton goes
as high as 7 mm in trans-stilbene. Since these protons
recoil close to 90' with respect to the beam axis, the
target dimensions are chosen to be 3—4 cm in diameter
and only a few millimeters in thickness.

The targets were aligned on an optical bench with re-
spect to the beam line and oriented normally to the beam
direction in order to minimize the amount of energy de-
posited by through-going (minimally ionizing) beam and
scattered protons and to maximize the response to pro-
tons that recoil (heavily ionizing) at angles of about 90'.
The difference in pulse amplitudes between the through-
going and the recoil proton, which deposits all of its en-
ergy in the target, is the principal idea of the discrimi-
nation between the two cases. This constitutes the first
selection criterium in the erst level trigger. There are,
however, practical difBculties associated with this idea.
The energy distribution of the through-going particles
obeys an asymmetric Landau distribution. This distribu-
tion has a long tail in the higher-energy end; extending
somewhat into the energy range where energy distribu-
tion of the recoil protons starts. In order to minimize
this efFect, and to provide a sharper criterium for trig-
gering over threshold, we chose a scintillating target that
possesses PSD characteristics; i.e. , the time dependence
of luminescence depends on the ionization density and
therefore on the energy of the particles. The slow re-

Target
No.
1
2
3
4
5
6

Thickness
(mm)

2.0
2.0
3.0
3.0
5.0
6.2

z vertex
(cm)

—60.1
—20.1

19.9
39.9
59.9
79.9

z vertex
(cm)

—59.5
—15.6

21.5
41.5
60.0
79.9

(cm)
24.7
32.0
32.8
28.8
30.6
28.8

Surveyed positions.
Reconstructed positions.

coil protons produce, in the MST tran8-stilbene crystals,
pulses that have on the average a longer duration than
that of the through-going beam particles.

Figure 3 schematically represents the timing character-
istics of a scintillating material with PSD properties. The
total light output from the crystal can be parametrized
as a sum of the fast and slow components, i.e. ,

L(t) = Lf exp( t/7y) + L—, exp (—t/r, ). (14)

7.
y and 7; are the decay-time constants and L J' and L, are

the Gtted coeFicients for the fast and slow components,
respectively. The fast decay-time constant ry is measured
to be 4—6 ns and the slow decay-time constant is 275 ns

TABLE I. Dimensions and surveyed and reconstructed po-
sitions for each target along the beam line. The mean z-vertex
position and the standard deviation values are Gaussian-fitted
values.
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FIG. 3. PSD characteristics of trans-stilbene. The recoil
particles generate a pulse with longer tails compared to the
minimally ionizing particles. By choosing appropriate gates,
this characteristic of the crystal is exploited to distinguish
recoils from beam particles.

to the scattered proton is measured by reconstructing the
track of the scattered proton. The kinetic energy of the
recoil proton can be expressed as T = ~t~/2m. Thus,
it is possible to make a correlation between the two ex-
perimental and independently determined quantities, i.e.,
the kinematically measured ~t~ values and the pulse am-
plitude recorded for the same event. This criterion, in
principle, provides a tool for carbon background suppres-
sion since T, b, 2 Thy& g for the same scat tering
angle.

For this measurement, 42 planes of multiwire propor-
tional chambers and 2 orthogonal planes of multistrip
silicon detectors (MSD's) were used. The MSD's (3 cm
x 3 cm) had 100-pm strips and were located before the
targets at z = —171.8 cm.

An analyzing magnet was used to analyze the momen-
tum of the particles. It was centered around z = 15.04 m
and operated at 2500 A during data taking. The magnet
gap is 24 in. x21 in. in the x and y directions, respec-
tively. The magnetic field is electively flat at 13.78 KG
in the central region. The momentum kick is about 0.4
GeV/c.

The Gray Code (GC) hodoscope consists of two identi-
cal arrays with vertical and horizontal scintillator strips,
determining the x and y coordinates of the transmitted
particles, respectively. It is segmented into 2 = 32 bins,
each 5 mm wide. Each array is subdivided into direct
and inverse sections, and each is viewed by a set of five
photomultiplier tubes (PMT's) (for details see [22]). Two
counters (16 cm x 16 cm) are placed immediately before
and after the hodoscope and are used in coincidence with
the hodoscope elements.

[20,21]. By selecting the fast and slow parts of the pulses
from the tran8-stilbene crystals with prompt and delayed
gates set according to the decay times, a simple PSD
trigger can be constructed.

The entire target ensemble was surrounded by ll lead-
scintillator sandwich veto counters to eliminate all scat-
tering and production processes, except those close to the
beam. The most effective veto counter was the forward
one positioned normally to the beam direction, with a
4.7-cm hole in the middle of the counter, which was cen-
tered around the beam.

The momentum transfer It~ from the incident particle

III. TRIGGER

The trigger for the CNI polarimeter consists of two ma-
jor parts. The first part generates a good target (GT*)
signal by exploiting the PSD characteristics of the active
tran8-stilbene targets whenever there is a recoil candi-
date in one of the six targets. The second part, initiated
by the GT* signal, checks the scattering and azimuthal
angles of the event by using the GC and makes a decision
based on the information loaded on memory logic units
(MLU's).

Figure 4 shows the simplified scheme of the PSD part;
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FIG. 5. The butterfly cut as observed at GC. The events
in the central part (beam), upper and lower quadrants are
rejected at the trigger level.

the pulse is separated into fast (E) and slow (S) parts by
means of linear gates and a trigger is generated whenever
the ratio S/I" exceeds a given threshold. It typically
takes 185 ns to make a PSD decision. The total and the
slow components of the pulses from each target crystal
are read also by analogue-to-digital converters (ADC's)
(130 ns gate width). If there is a good event, i.e. , master
trigger, the ADC's are read and cleared.

The MLU logic is designed such that it projects the un-
deHected beam track onto the GC and checks if the event
meets the scattering requirements for the forward scatter-
ing angle 0, and the azimuthal angle P. MLU's are loaded
with a butterfly cut (Fig. 5) to eliminate the up and down
scattered particles and a 1.1 cm x 1.1 cm square is cut
out in the center to eliminate the straight-through beam
particles, thus accepting only particles that scatter left
and right of the beam.

The diffuseness of the MLU cuts has an impact in
the very low —t region in terms of background. The
events that scatter at very small angles are sensitive to
the sharpness of the cuts. The border effects of the GC
also contribute to this in a lesser degree since the incon-
sistent events are omitted by the coding of the hodoscope
at the trigger level.

gets constitutes the primary criterion in separating the
elastic pp events from a number of difI'erent backgrounds.

The reconstructed tracks determine four of the criti-
cal parameters of the measurement, i.e., vertex position,
scattering angle g„azimuthal angle P, and momentum
of the scattered particle. In the off-line vertex analysis,
the hodoscopes upstream of the target area and the GC
are mainly used to define a road in which the tracks are
reconstructed. This procedure saves significant time in
computing. The reconstruction is done in three different
stages; the incident track before the targets, the scat-
tered track after the targets and the defiected track after
the analyzing magnet. The track is reconstructed for
each segment and at the intersection points (target and
the analyzing magnet) the distance between the tracks
is minimized. The maximum allowed distance is 2 mm
in both the x and y directions. At the target and at the
analyzing magnet locations, the tracks are joined when
the y values are acceptable.

The CNI trigger requires that the beam interacts only
in one of the targets, and until the event is fully processed
the data acquisition system is latched. In this way the re-
construction of the z-vertex distribution for each target is
possible. All the multiple-track events are also rejected.
The standard deviation for the z-vertex distribution for
individual targets range from 24.7 to 32.8 cm and the
absolute value of the difference between the mean recon-
structed z vertex and the surveyed target position ranges
from 0.1 to 4.5 cm (Table I).

The momentum measurement of the incident protons
with the forward spectrometer and the spectrometer at
the tagging region in the intermediate focus of the beam
agree within a few percent. The beam momentum spread
is about +9'%%uo and the mean momentum is 200 GeV/c.

The momentum spread of the beam is further dispersed
by the analyzing magnet. This smears the distribution
of events detected at GC, thereby directly effecting the
low —t cut in the trigger. Momentum correction for each
event using the tagged beam momentum at the level of
MLU's was employed in the trigger. On the other hand,
the analyzing magnet reduces the background due to low-

energy charged particles at the level of the trigger.
The fractional accuracy of the analyzing magnet is

given by

Lp p60~= 0.003
p

and it is estimated to be about 1Fo. The momentum p
is 200 GeV/c, the accuracy of the bending angle AO& is
about 0.042 mrad and BI is 2.52-T meters.

IV. DATA ANALYSIS A. Selection of pp elastic events

There are two major parts to the apparatus of the
Coulomb-nuclear interference measurement, i.e. , the for-
ward spectrometer and the active trans-stilbene targets.
The correlation between the scattering angle measured
by the forward spectrometer and the pulse amplitude
from the recoil protons in the active trans-stilbene tar-

The correlation between the four-momentum transfer
squared ~t~ (or the forward scattering angle 0, ) and the
ABC counts of pulse amplitudes is used in identifying
the elastic events. The elastic events present themselves
as a distinct diagonal band on the ~t~ vs ADC scatter
plot. Scattering from the carbon nuclei and the straight-
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through events are observed as a horizontal band. Figure
6 shows this correlation. between ~t~ and the slow compo-
nent of the ADC for target 1.

There are processes other than elastic pp scattering
that take place when a proton strikes a target. Scatter-
ing from the carbon nuclei constitutes one of the sources
of background. Straight-through particles also obscure
the elastic pp events, especially in the lowest ~t~ region.
In addition, a broad distribution of quasielastic events
contributes to the background. In order to extract the
pure pp elastic events from the background, three differ-
ent criteria are applied to the data set.

(1) A priori, two parallel diagonal cuts, above and be-
low the elastic-event band, are applied to eliminate most
of the uncorrelated and quasielastic events.

(2) A z-vertex cut, ~z,«ot,„,t,s —z,„,v,~~q~ tano,
Mo, where 1.65 & M & 2.2 and cr is the standard devi-
ation of the (z„,~„,&,„,t,g —z,„,v,z,d) tan 0, distribution,
constrains the events that come from a given target.

(3) Much like the case above, another constraint is
constructed for the four-momentum transfer squared. If
~t~«, „reg —t,»««g~ ) A, where 0.009 (GeV/c) ( 4 &
0.01 (GeV/c), then the event is rejected. t,„~„&,s is de-
duced from the recoil energy as described below.

The ADC (slow component) counts vs t for t—arget
1 are shown in Fig. 6(b) after the z vertex cut is ap-
plied. In general, the background events are seen only in
the lowest ADC channels. These events are mostly due
to carbon scattering, minimally ionizing through-going
beam particles with large multiple scattering and uncor-
related particles that are accepted. by the trigger.

If one makes a binning of the [t~ vs ADC correlation, in
equal ~t~ intervals [At = 0.0025(GeU/c) ], the projection
of the events onto the ADC axis exhibits the distributions
that are obeyed by each specific type of event (see Fig. 7).
The through-going particles show a Landau-tail distribu-
tion cut at the low side by our trigger threshold, whereas
the pp recoil events obey Gaussian statistics. The sum of
the asymmetric tail of the Landau distribution and a free
varying Gaussian distribution for the elastic pp events is
fitted to the ADC spectra. The most probable energy
and the mean energy deposition of through-going pro-
tons are calculated from the Bethe-Bloch equation and
used to fix the Landau distribution in energy. The most
probable energy loss for the targets of diferent thickness
ranges between 0.3 and 0.9 MeV, whereas the mean en-
ergy loss ranges from 0.6 to 1.8 MeV [23]. As [t~ values
increase, the Gaussian distribution separates from the
background events, enabling us to make a correlation be-
ween the ~t~ values and expected ADC counts per hit.
The central peaks of the Gaussian distribution, in the rel-
atively background-free momentum-transfer region, can
be linearly fitted to form a correlation between the ex-
pected ~t~ and ADC values. Based upon this criterion,
it is possible to further restrict the ~t~ vs ADC correla-
tion. From this linear Bt, t, ~,& g values are calculated
for each measured ADC count. The first few bins are
omitted from the fit so as not to produce bias by the
events that are at the very low —t region which is most
contaminated by background. Consequently, comparison
of the expected and the measured —t values is possible.

As mentioned earlier, this criterion is used to constrain
the —t distribution further, in particular at low —t.

The quasielastic scattering and recoil protons that es-
cape from the targets present a broader spectrum of lower
level background in a larger ~t

~

range. The inelastic events
are principally vetoed by the target veto counters that
surround the target assembly.
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FIG. 6. The correlation between the four-momentum
transfer squared —t and the ADC slow component for tar-
get 1. The x axis represents the ADC counts; the y axis is
the four-momentum transfer squared in (GeV/c); and the
z axis represents the number of events. Plots shown are (a)
before the elastic pp event selection; (b) after the z vertex cut
as described in Sec. IV A. The diagonal band of events is due
to elastic pp scattering. The background is observed as the
high horizontal band.
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FIG. 7. The projection of slow com-
ponent ADC values as a function of
—t bins where each plot corresponds to
At = 0.0025 (GeV/c) . In the case of
the lower t range the background is dom-
inant and described by a Landau distribu-
tion and as the —t values increase the elas-
tic pp events separate from the background
and exhibit a Gaussian distribution. The
plots represent the ADC spectra for the —t
bins of (a) 0.0075 & t & 0—.0100(GeV/c);
(b) 0.0125 & t &—0.0150 (GeV/c)
(c) 0 0175 & t &— (GeV/c); (d)
0.0225 & t & —0.0250 (GeV/c); and (e)
shows the scaling of the mean of the pp elas-
tic peak with the four-momentum transfer
squared.

The factors that determine the precision of the forward
spectrometer are the multiple scattering of the forward
particles, the measurement accuracy of the wire cham-
bers and the uniformity (momentum kick) of the analyz-
ing magnet.

The multiple-scattering eÃects are due to the elastic
Coulomb interactions of the forward particles with the
material in the beam. This can be calculated as follows:

14.1
AOMs = QL/LIt(I + 1/9logipL/LIt),

p
(16)

where p is the particle momentum in CeV/c and AOMs
is in milliradians. I is the length of the material in the
beam and LR is the radiation length of the material.
Since in Coulomb-nuclear interference the angles of scat-
tering are in the order of fractions of milliradians, it is
important to minimize the mass in the beam. We had
He bags between detector elements to minimize multiple
scattering. The total amount of material in the beam for
our measurement resulted in LOMs = 0.021 mrad.

The measurement error can be estimated from the po-
sition resolution of the MWPC, 0 = 0.289S where S is
MWPC wire spacing in mm. The measurement error is
about 0.033 mrad for our geometrical setup.

The multiple scattering of the events from the material
in the beam contribute to the overall broadening of the
—t distribution. The average scattering angle for the
first —t bin is about 0.33 mrad. Thus, this particular
—t bin is more sensitive to the multiple scattering of the
events. We applied a tighter cut in the z vertex in order
to reject through-going particles more e8'ectively, which
could dilute the observed asymmetry in the lowest —t
bin.

V. CALCULATION OF ASY MMETRIES

In extracting the analyzing power A~ from the mea-
sured count rates there are several ways of calculating
the rato asymmetries ~ as a function of the various pa-
rameters defining the scattering event and the beam spin
state.

(1) Left-right scattering: The apparatus is (in princi-
ple) left-right symmetric with respect to the beam. The
azimuthal angle P is measured by the spectrometer. At
the trigger level two regions are defined (L = —C & P &
4 and R—:n —4 & p & vr + 4), for all of the scattering
angle 0, accepted and 4 = 1r/4.

(2) Polarization tagging: The beam contains both
positive and negative polarization states in seven bins
P; = (i = 1, ..., 7) from —65% to +65%. Omitting
the central bin, i = 4 (average zero polarization state,
(P4) = 0) used for control purposes only, we define neg-
ative P, P & 0 (i = 1, 2, 3) and positive P+, P ) 0 (i =
5, 6, 7) polarization states of the beam. The polarization
bins are defined such that i = 1 (—65% . —55%%),i
2 (—55% .'—45%%uo), i = 3 (—45%%uo .'—35%),i = 4 (—35'%%uo .
+35%),i = 5 (+35%:+45%),i = 6 (+45%: +55%) and
i = 7 (+55'%%uo . +65'%%uo).

(3) Snake magnet state: Snake magnets reverse the
spin direction every 10 spills ( six times per hour). This
reversal of spin direction is used to eliminate the system-
atic errors. The state of the snake system is labeled ac-
cording to the orientation of the polarization state from
tagging at the target.

For each ~t~ bin, the number of events as a func-
tion of the above three parameters is defined as N
1V(L/R, +/ —,t / $) = (left/right, polarization state,
snake state). For example,

N(L, +, t) = K(+, t)o(L)
8+80/2

sin Odo [1 + A~(0)P+ cos Pj,—80/2
(17)
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N(R, —,g) = N( —,g)n(R)
8+88/2 d

dP sin 0d0 [1 + A~ (0)P cos P],
8—b8/2

(18)

N(L, —,f) = N( , $)—n(L)
8+88/2 d

sin 0d0 [1 + Atv (0)P cos P],—88/2

N(R, +, $) = N(+, $)n(R) dP
8+b8/2

sin 0d0 [1 + A~(0)P+ cos P].
g8/2 dO (20)

The azimuthal angle p is integrated between the maximum and the minimum of the p acceptance (see Fig. S) . N(+, g),
etc. , refer to the beam ffux for each (tagging and snake) state and n(L), etc. , represents the weighting factor for the
left scattering (including efficiencies and acceptances) for the considered ~ti bin. The other four states are expressed
in a similar way with a negative sign in front of A~.

Vfe define the following rates in the left and right regions according to the polarization state at the target:

L+ = [N(L, +, g)N(L, —,$)] / and R = [N(R, +, $)N(R, —,$)] /

R+ = [N(R, +, g)N(R, —,j.)] / and L = [N(L, +, $)N(L, —,g)]

(21)

(22)

By using the geometrical mean, all the normalization coeKcients are factored out and are automatically canceled
when the asymmetry is calculated as

v'L+R —gL R+
gL+ R +gL R- —

N(+)P+ + N( )P sin—4 f Atv(0) g sin0d0

N(+) + N( —) C' f —„" sin 0d0
(23)

where on the right side of Eq. (23), the first multiplicative term is the average hearn polarization, the second term
is the azimuthal detector acceptance, and the last term is the pp analyzing power. The value of A~ in the it~ bin
considered is therefore

The approximate statistical error can be estimated as

sin 4 Pbeam

1 —f2

(24)

(25)

The systematic effects are estimated by considering e((Pb, ) = 0), using the central bin of the tagging states (Table
II) and by the fake asymmetries. Therefore, six other asymmetries are calculated as a measure of control of the
apparatus and a double check of the results. These are ~1./R cg/g and e+/ . They are defined as

QN(L/R, +, $)N(L/R, —,$) —QN (L/R, +, $)N (L/R, —,g)

gN(L/R, +,g}N(L/R, —,$) + gN(L/R, +,$)N(L/R, —,g)
(26)

TABLE II. Results of the CNI measurement. The last column is the raw asymmetry measured
with the part of the beam where the average beam polarization is zero.

—t range
(GeV/c)

1.50 x 10 —4.00 x 10
4.00 x 10 —1.25 x 10
1.25 x 10 2 —2.25 x 10
2.25 x 10-' - 3.25 x 10-'
3.25 x 10 —4.25 x 10
4.25 x 10 —5.00 x 10

(—t)
(GeV/c)

2.88 x 10
8.30 x 10
1.75 x 10
2 73 x 10
368 x 10
4.75 x 10

N
Events

5695
47223
55473
49386
29852
9563

A~
(%%uo)

4.46 + 3.16
3.11 + 1.09
2.62 + 1.01
3.17 + 1.07
2.17 + 1.39
0.27 + 2.77

Raw asym.
(P&) = O(%%uo)

—1.22 + 1.51
0.11 + 0.58
1.23 + 0.52

—0.35 + 0.57
—0.21 + 0.61

0.35 + 1.29
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QN(L, +, t / $)N(R, —,t / $) —QN(L, —,t / $)N(R, +, t / $)
QN(L, +, g / J.)N(R, —,g / $) + QN(L, —,g / $)N(R, +, g / $)

(27)

gN(L, +/ , g—)N(R,+/ —,g) —gN(L, +/ , g—)N(R,+/ —,t)
gN(L, +/ , y)-N(R, +/ , g)-+ gN(L, +/ , g)-N(R, +/ , t)-

(28)

The six raw asymmetries that are described above are
used as a check of the systematic errors. The differences
Eel,~ = el —E~ (space asymmetry), Aegg = eg —Eg (snake
asymmetry), and Ae+ ——e+ —e (tagging asymmetry)
should all be consistent with zero.

VI. RESULTS AND DISCUSSIONS

The analyzing power A~ in pp elastic scattering was
measured using the 200-GeV/c polarized proton beam fa-
cility at the Fermi National Accelerator Laboratory (Fer-
milab) for the first time in the Coulomb-nuclear region.
The efFective four-momentum transfer squared ranged
from 1.5 x 10 (GeV/c) to 5.0 x 10 2 (GeV/c) . The
results are summarized in Table II, and Fig. 8 presents
both the results and our earlier preliminary measurement
at 185 GeV/c [24]. The asymmetry expected for pure
interference of Ps and (Pi + Ps)" in pp scattering is rep-

I I I I I I I

]
I I I I I I I

~Q0

0

-2
IO IO

( GeV/c)

IO

FIG. 8. A~ data for pp elastic scattering as a function of
t The solid cu—rv. e is the theoretical prediction [2] in the

Coulomb-nuclear interference region. o is measured at 185
GeV/c [24] and the results of this measurement are indicated
by ~ . The other data points are measured at 300 GeV/c
(cross) and 100 GeV/c (diamond) [16], 176 + 12 GeV/c (tri-
angle) [17], and at 150 GeV/c (black square) [15], using a
polarized target.

I

resented with the solid line in Fig. 8. The errors shown
in Table II are statistical only.

For t )—0.004 (GeV/c), the background events,
mainly from pC scattering and noninteracting beam par-
ticles, were successfully rejected by our trigger; for —t &
0.004 (GeV/c), however, the error bar is large due to
restrictive cuts to eliminate much of the background.
We expect that noninteracting particles might dilute the
measured asymmetry, but for pC scattering the analyzing
power should be comparable to that of pp [25].

In order to verify that systematic uncertainties do not
eÃect the asymmetry measurement, we give the measured
raw asymmetry parameter e((Ps) = 0) with the average-
zero polarization part of the beam in Table II and in
Table III we present the three fake asymmetry param-
eters as discussed in the previous section; AEI,~, Artg,
and Ae+ . They are all consistent with zero within sta-
tistical uncertainty.

For the sake of completeness, we include in Fig. 8 the
polarization asymmetry results of previous pp elastic-
scattering measurements performed at moderately low

t values [0—.15 ( t ( 0.3 (Ge—V/c) ] at 100—300 GeV/c
beam momenta [15—18]. They all used polarized targets
as opposed to a polarized beam, as in our case. When
these and other lower-energy experiments [27,28] are con-
sidered together over the full —t range, they show the fol-
lowing general features for the asymmetry in pp elastic
scattering at high energy.

(i) A positive analyzing power A~ at small t values-
[ t ( 0.3 (GeV—/c) ], decreasing with increasing s up to
s = 50 (GeV), with possible flattening around values of
a few percent up to the highest energies.

(ii) For s ) 50 (GeV), A~ changes sign in the t-
range between 0.4 and 1.0 (GeV/c) and remains nega-
tive in the region where the diKractive dip in the diB'er-
ential cross section develops around t —1.2 (GeV/c—)

These features have stimulated a number of specula-
tions on a possible hadronic spin-Hip contribution P& that
does not necessarily decrease as ~s. It was suggested
that diffractive scattering with the exchange of two pi-
ons could become important at large 8; this mechanism
can cause a nonvanishing Psa because one of the two pi-
ons can couple with spin Hip, while the other does not.
More recently, it was pointed out that Ps might remain
nonzero at high energies if the nucleon contains a dynam-
ically enhanced component with a compact diquark [14].
In the first case, the ratio of Ps" (the reduced spin-8ip
amplitude corresponding to Ps" without the kinematical
factor v t) and (Pi + Ps)" can be as high as 0.25; in the
second case, the eKect is expected to be 0.05—0.1.

An attempt has been made to extract the behavior
'hof Ps" from cross-section and polarization data and the
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TABLE III. The raw control asymmetries (space, snake, and tagging) for the CNI measurement.
All the errors are statistical.

—t range
(GeV/c)

1.50 x 10 —4.00 x 10
4.00 x 10 —1.25 x 10
1.25 x 10-' —2.25 x 10-'
2.25 x 10 —3.25 x 10
3.25 x 10 —4.25 x 10
4.25 x 10 —5.00 x 10

&&I,R

(%)
—3.74 + 2.66
—1.04 + 0.92

0.64 + 0.85
—0.44 + 0.90

1.75 + 1.17
0.49 + 2.33

('%%uo)

—0.45 + 2.66
1.11 + 0.92
1.34 + 0.85
0.24 + 0.90
1.39 + 1.17

—0.82 + 2.33

Po)
—2.12 + 2.66
—1.88 + 0.92
—0.39 + 0.85
—2.19 + 0.90
—0.05 + 1.17

4.15 + 2.33

result is Ps" might be comparable to (g'rq + Ps)" at t =—
0 [26]. It should be noted however that the observed
polarization is dominated by the kinematical terms at
relatively small —t values and the data available at that
time were limited to [t~ ) 0.15 (GeV/c)

The results presented here agree well with the theo-
retical prediction of a purely CNI asymmetry originating
from the interference of Ps and (Pq+ Ps)" in the t range—
10 —10 (GeV/c) . Within experimental accuracy, the
results do not discount the possibility of a nonzero spin-
Bip hadronic amplitude at the level of a few percent of
the dominating nonHip one. There is no measurement of
analyzing power to this day in the range 0.05 & —t &
0.15(GeV/c) . In view of the renewed interest in the
high-energy behavior of elastic scattering and the de-
bated structure of the Pomeron, it might be of significant
interest to extend these types of measurements with high
precision to the range of 0.001 & t & 0.2 (Ge—V/c)2.
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