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We report results from a measurement of the inclusive process p + d-X+ d in the re-
gion 0.03 & It I &0.12 (GeV/c) and 5 GeV & M» & 0.11P~~b for incident proton momenta from
150 to 400 GeV/c. We find that in this region, the differential cross section d2o/dt dM»'
varies only slowly with energy, falls exponentially with lt I, and behaves to a good approx-
imation as 1/M»~. The measurement was performed at Fermilab by detecting slow-re-
coil deuterons from a deuterium-gas-jet target placed at the internal beam of the acceler-
ator.

As part of an experimental study" ' of the low-
four-momentum-transf er interaction of high-en-
ergy protons with a deuterium-gas-jet target in
the internal beam at Fermilab, we have mea-
sured the differential cross section d'o/dt dM»'
for the inelastic inclusive reaction

p +d ~X+d

in the region 0.03& I tl &0.12 (GeV/c)' and (5 GeV'/
s&M»'/s& 0.03, where s=2m„p», for incident

proton momenta from 150 to 400 GeV/c. In this
region of small I t I and small M»'/s, Reaction (1)
is expected to be dominated by diffraction disso-
ciation of the incoming proton. Results on the ex-
citation of protons into the resonance region (M»'
& 5 QeV') are presented in the preceeding Letter. '
Here we discuss the diffraction dissociation of
protons into the continuum of states with Mx'& 5
GeV', up to M»'/s = 0.03 or M»'-40 GeV' for our
highest proton momentum.
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The apparatus and experimental technique are
described in detail in Refs. 1 and 2. A deuterium
gas jet was pulsed to intercept the internal beam
at predetermined times during the acceleration
cycle, thus selecting the desired beam momenta.
The full width at half-maximum of the jet at beam
height was - 1.2 cm. Slow-recoil deuterons were
detected by stacks of two surface-barrier silicon
solid-state detectors placed on a movable car-
riage at a distance 2.5 m from the target near 90'
to the beam. The size of the detectors, which
were collimated to a circular area of -1 cm',
and the width of the jet result in an angular reso-
lution for the recoils of about+ 3 mrad. The
thickness of the front detector in each stack was
0.2 mm and that of the rear detector either 1.5
or 5 mm. Since only those recoils that stop in
the rear detector were accepted, deuterons were
identified unambiguously by measuring their en-
ergy loss in each detector.

The t value is obtained from the measured ki-
netic energy T of the deuteron, I tl =2m„T The.
scaling variable x, defined as p, ~/p of the deu-
teron in the c.m. system, is given by

1 t I'I'
I t I'~'X sinv— (2)

where ~ is the recoil angle measured from 90'.
For a given I f I, a detector placed at an angle ur

samples the same x region (or, for large M»',
the same M»'/s region) independent of the inci-
dent proton monentum. In this experiment, the
angle co was kept s 17 corresponding to x ~ 0.97
or M»'/s s 0.03. The mass M»' is calculated by
use of Eq. (2). The resolution in M»' is domi-
nated by the uncertainty in the recoil angle, 6&»'
= 2pi, bI t I"'b,~. Over the range of f and pk, b cov-
ered by the data in this report, ~»' varies from
0.15 to 0.8 GeV'.

The counts hN within a t interval 6 I t t =2m„AT
registered in a detector stack at an angle tu were
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FIG. 1. Differential cross seotions d2o'(p + d ~+ d)/
df dl» versus t for fixed I»' (p&,b=275 GeV/c). The
lines are best fits to the data using Eq. (4) of the text.

converted to absolute differential cross sections
d'a/dtd(M»'/s) by normalizing to elastic scatter-
ing" ' with a detector stack fixed at a small angle

At each s value, the normalization uncertain-
ty was estimated to be about + 3%. The statisti-
cal errors, typically a few percent, were com-
bined in quadrature with a 1%% systematic error,
which is the estimated uncertainty in the area
calibration of the detectors and the fluctuation of
dead-time losses during the experiment. ' A back-
ground of recoil deuterons was observed in the
unphysical region N»' & m~'. The measured level
was - 3x 10"~ of the elastic counts at the same
value of I t I, independent of angle over the range
of angles at which it could be observed. This be-
havior is consistent with that to be expected in
our apparatus from rescattering of elastic deu-
teron recoils. This background is adequately
fitted by

d 0'

dt d(M» /s ) backyound

= (19+ 3)exp[- (30+ 12)(l tI —0.05)] mb (GeV/c) '.

This correction, which varies between 3 and 15/o, has been applied to the data.
Typical differential cross sections for fixed M» are shown in Fig. 1. These cross sections exhibit

a steep t dependence as expected for coherent scattering from deuterons. Within the range of M»' cov-
ered in this experiment, we find no evidence for a turnover in the t distributions down to values of I t)
= 0.03. Guided by p-d elastic scattering, we have fitted the differential cross sections with the form

d'v/dt dM»' = a(s, M»')exp[- b(s, M»')(1 t1 —0.05) + c(f' —0.05')j,
767
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TABLE I. Differential cross sections' at ltd =0.05 and slope parameter" for I, +d —X+d.

Plab ~ 150 GeV/c 275 GeV/c 385 GeV/c

2-GeV2
X

5.5

7. 5

8. 5

9.5

13.
15.
17.
19.
22.

26.

30.
34

38.

d'a/dtdM '
X

0.700 + 0.019

0.600 + 0.010

0.528 + 0.013

0.425 + 0.011

0.394 + 0.007

0.335 + 0.006

0.294 + 0.010

0.243 + 0.020

b-(GeV/c)
-2

33.5 + 2.4

34.7 + 0.8

30.4 + 1.1

32. 9 + 2.4

33.0+ 0.9

30.7 + 1.0
31.5+1 ~ 2

28. 5+ 2.9

d a/dtdM
X

0, 635 + 0.025

0. 538 + 0.010

0.451 + 0.009

0.416 + 0.015

0.340 + 0.011

0.307 + 0.007

0.252 + 0.015

0. 217 + 0.007

.0.201 + 0.005

0. 177 + 0.011

0. 154 + 0.005

0. 126 + 0.012

b-(GeV/c)

37.0 + 3.3

32.6 + 1.3
34.0 + 1.2

35. 1 + 1 ~ 6

35.3 + 3.1

33.8 + 1.0
33.1 +4 ~ 9

33.3 + 2.9

34.3 + 0.9

27. 3 + 8.2

31.9 + 1.1

27. 7 + 4.5

d a/dtdN

0.580 + 0.057

0.432 + 0.010

0.364 + 0.008

0.341 + 0.005

0.293 + 0.006

0.229 + 0.004

0.214 + 0.005

0.188 + 0.005

0.167 + 0.005

0.137 + 0.003

0.125 + 0.003

0.109 + 0.004

0.101 + 0.007

0.090 + 0.020

b-(GeV/c)
'

25. 1 +13.4
37.3 + 1.9
32. 0 + 1.6
34.6 + 1.1

33.5 + 1.0
32.8 + 1.6
30.5 + 1.1

31.3 + 1.5
35.8 + 2.8

34.8 + 1.9
33.1 + 1.4
33.1 + 2. 1

30.5 + 1.8
28. 9 + 8.2

Given in mb (GeV/c) GeV See Eq. (4) in text.
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where c was kept fixed at 62.3 (GeV/c) . This
value was taken from the deuteron form factor'
as determined in p4 elastic scattering. ' The fit
was made around the central value of our mea-
sured t range so that the best-fit values and er-

rors of a and b remain uncorrelated. The lines
in Fig. 1 are the best fits to the data using this
formula.

The results of the fits for a(s, M»') and b(s, M»')
are given in Table I. In Fig. 2(a), we show b(s,
M»') as a function of M»'. Within errors, it is
independent of energy and of Mx'. A one-param-
eter fit to all the b(s, M»') values yields b = 32.9
+ 0.3 (GeV/c)"' with X'=1.33 per degree of free-
dom. The values of a(s, M»') multiplied by M»'
are plotted in Fig. 2(b). It is apparent that d'a/
dtdM»' behaves predominantly as 1/M»'. A fit of
our data by the form

Cd bI 4
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E
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FIG. 2. Fitted values for p + d —X+ d plotted versus
Mz for pleb=150, 275, and 385 GeV/c. (a) The slope
parameter b (s, Mx ) as obtained from the fit d 0/
dt dM» —exp[-b(s, M» )l td +62.3t ]. (b) Differential
cross sections d o/dt de at ltd =0.05 multiplied by

2Mx .

yields the following results:

P lab D(s) n {s) y'/d. f.

150 4.38 ~0.33
3.784+ 0.035
3.63 + 0.17
3.391+0.030
3.19 + 0.15
3.157 + 0.023

1.068 + 0.035
1

1.028+ 0.019
1

1.004 + 0.017
1

1.10
1.43
0.83
0.93
1.90
1.77

where pz„ is in GeV/c and D(s) in mb (GeV/c)
GeV'" ' ', and d.f. means degrees of freedom.
The values of n(s) obtained from the fit are con-
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sistent with unity. The values of D(s) listed in
the second row at each energy were obtained by
setting n(s) = 1 in Ecl. (5) and making a one-pa-
rameter fit. This simple 1/Mx' fit is statistical-
ly acceptable and corresponds to the lines drawn
in Fig. 2(b). It must be pointed out that the 1/
~x' behavior for the cross section at fixed t does
not hold if the Mx' range is extended to include
the resonance region. This is illustrated in Fig.
3 where we have plotted our data together with
the data' for Mx'(4 GeV' for 275 GeV/c. The
deviation of the low-mass data from the 1/Mx'
form is larger at the smaller t value.

The errors in D(s), Eq. (5), do not include the
normalization uncertainty of + 3% mentioned pre-
viously. Taking this uncertainty into account, we
have made a fit of all our data by the form

N
I )

CD

CU

O)
C9

Ela3-
X

l

CU

2—

b
CU

938

I
I
I

I I
I I
I I
I I

I
I
I

I I
I

I
I
I

I I
I

I
I
I
I
I

I
I

Mx -MeV
1400 I688
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0.05

d 0
1

B 1
dt dMx It I =0.05 Pmb Mx

(6)

We find A = 2.80 + 0.16 mb (GeV/c) ' and 8 = 54
+ 16 (GeV/c) with y =47 for 35 degrees of free-
dom. The cross section at any t value in our
range, obtained from (6) and (4) by use of the fit-
ted slope b = 32.9+ 0.3 (GeV/c) ', is given by

0,5 I I5 2 3 4 5

M -GeV

~~4o
o-o

~-o-o ~ i-oow-o«p ~p
I I I I I I I

IO 15 20 30

FIG. 3. Differential cross sections versus Mx~ for t
=0.035 and 0.05 for Pi~a=275 GeV/c. Data for Mx
&4 GeV~ are from Ref. 2.

4 0'

d~ dJI/Ix'

3.50+ 0.20 54+ 16 (6 5, 0,,)I)I
2 1+

M» Pgb

Here &„(t) is the coherence factor defined' as

&,(I) = (o,'"/~,")'I ~(t)l',
where o is the total cross section and S(t) is the deuteron form factor 'We h. ave used (cr, /o', )'
=3.6 and' i g(t)I'=exp(-26. 4I tI+62.3t'). in Ecl. (7), we have purposely factorized the coherence fac-
tor in order for the term in the square brackets to represent the cross section for the diffraction dis-
sociation of the proton per nucleon. As is the case with elastic scattering, the Glauber corrections
are not expected to modify the slope of 6.5+ 0.3 (GeV/c) ' by more than one unit. Our extracted nucle-
on-nucleon data for Mx'(4 GeV' agree very well' with data from p + p -X+p. A similar direct com-
parison for Mx'& 5 GeV' is not possible at present because of lack of experimental data for p + p -X
+ p at small values of t.
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lY. Akimov et al. , "Proton-Deuteron Elastic Scattering at Small Momentum Transfer from 50 to 400 GeV/c" (to
be published) .

p. Akimov et a/. , preceding Letter [Phys. Hev. Lett. 35, 763 (1975)].
This is justified by the near factorization of the form factor in elastic scattering (Ref. 1) and by the factorization

of the diffractive vertex in the low-mass region (Ref. 2). In a fit of our inelastic data where e was treated as a
free parameter, we obtained c =64.3 + 11.4 (GeV/c) in agreement with the (more accurate) value of 62.3+ 1.1 giv-
en by the deuteron form factor.
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We have measured the polarization, analyzing power, and depolarization parameter for
forward Ao's produced with a 6-Gev/c polarized-proton beam at the Argonne National
Laboratory zero-gradient synchrotron. We collected a sample of 15 281 A production
events with subsequent p7t decays. There is a clear difference between the polarization
and analyzing power for events with Feynman scaling variable x greater than 0.8. This
is the first observation of this phenomenon at high energy.

Parity-conserving inclusive processes of the
form spin 2 (polarized) +unpolarized- spin —', (an-
alyzed)+anything can be described' by observ-
ables which are a generalization of the Wolfen-
stein spin-rotation parameters for proton-proton
elastic scattering. ' The -polarization (P + P'),
the analyzing power (P —P'), the depolarization
parameter (D), and the differential cross section
0 are related as follows:

o=o,[1+(P—P')5 n], (&)

cd ~ n = cr,f (P + P') + D5 n7 . (2)

Here 0' is the initial (beam) polarization vector;
f is the final (A') polarization vector; n is the
production-plane unit normal (along P~,~x p~);
and o, is the cross section for unpolarized pro-
tons. P+ P' measures the component of the final
state baryon polarization along the production
plane normal that is produced independently of

the beam polarization. P —P' measures the left-
right production asymmetry of the final-state
baryon when the incident beam is vertically po-
larized. D measures the component of the beam
polarization along the production-plane normal
that is retained by the final-state baryon. For
elastic scattering, time-reversal invariance con-
strains the polarization to be equal to the analyz-
ing power. However, for inelastic processes
like inclusive A' production the two parameters
are not required to be equal. ' Differences be-
tween polarization and analyzing power have pre-
viously been observed only in low-energy nuclear
reactions. ' We report here the first observation
of this effect at high energy.

We have measuredP —P', P+P', andD for
A"s produced in the forward direction by trans-
versely polarized 6-GeV/c protons incident on a
20-cm liquid-hydrogen target. This experiment
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