
VOLUME 39, NUMBER 7 PHYSICAL REVIEW LETTERS 15 AUGUsT 1977

edges receipt of a Fellowship from the Alfred P.
Sloan Foundation.

'V. A. Abramovskii, V. N. Gribov, and O. V. Kan-
cheli, Yad. Fiz. 18, 585 {1973)[Sov. J. Nucl. Phys. 18,
308 (1974)].

The multiperipheral model, for example, is based
on this assumption. See L. Bertocchi et al. , Nuovo
Cimento 25, 626 (1972); D. Amati et al. , Nuovo Cimen-
to 26, 6 (1962),«V. N. Gribov, ITEIl Sumnzer School
Lectures (Atomizdat, Moscow, 1973), Vol. 1, p. 65;
J. Koplik and A. H. Mueller, Phys. Rev. D 12, 3638
(1975).

J. A. E. Lys et al. , Phys. Rev. D 15, 1857 (1977),
and private communication.

4K. Dziunikowska et al. , Phys. Lett. 61B, 316 {1976).
~T. Dombeck et al „Argonne National Laboratory

Report No. ANL-HEP-PR-76-62 (to be published).
6A. Sheng et al. , Phys. Rev. D 12, 1219 (1975);

A. Firestone, private communication.
The procedures for obtaining N ~ 4 (V ~ 3) hp (hn)

cross sections are discussed by M. Baker, H. J. Lubat-
ti, E. O. Rogers, and J. H. Weis, to be published.

~The most likely source of the excess is processes

involving slower constituents m, '~~ ~k; ~

~ I, (see Ref.
8).

' For m g at 200 GeV ha =1.8 mb and the elastic state
contributes 1.4 mb. See J. Kwiecidski et al. , Nucl.
Phys. B28, 257 (1974).
"This occurs if the proton momentum distribution

from these contributions is forward-backward symme-
tric, which requires the longitudinal momentum trans-
fer to the proton, and consequently the large-M2 con-
tribution to the upper blob, to be small.
"For pd interactions we convolute the averaged z'p

distribution (~) at p„/2 with pp at p„/2, and for zd in-
teractions we convolute vrp, & with itself. The data used
are as follows: (i) m p, 50 GeV, A. Akopdjanov et al. ,
Nucl. Phys. B75, 401 (1974); 100 GeV, E. L. Berger
et al. , Nucl. Phys. B77, 365 (1974); 147 GeV, D. Fong
et al. , Nucl. Phys. B102, 386 (1976); 205 GeV, D. Ljur@
et ai. , Fermilab Report No. FRRMILAB-PUB-76/92-
EXP (unpublished). (ii) 7I.+p, 50 GeV, A. Akopdjanov
et al. , Nucl. Phys. B75, 401 {1974);%. M. Morse &
Phys. Rev. D 15, 66 (1977). (iii) pp, 50 GeV, V. V.
Ammosov et al. , Phys. Lett. 42B, 519 (1972); 100 GeV,
W. M. Morse et al. , Phys. Rev. D 15, 66 (1977); 200
GeV, G. Charltonet al. , Phys. Rev. Lett. 29, 515
(1972), 300 GeV, A, Firestone et al. , Phys. Rev. D 10,
2080 {1974).

3A. S. Carroll et al. , Phys. Lett. 61B, 303 {1976).

Comparison of the Line-Reversed Channels pp ~ m m' and n'p ~pff' at 6 GeV/c

N. A. Stein, R. M. Edelstein, D. R. Green, H. J. Halpern, &'~

E. J. Makuchowski, J. S. Russ, and D. M. Vfeintraub~ ~

Carnegie-Mellon University, Pittsburgh, Pennsylvania 15213

Z. Bar-Yam, J. P. Dowd, W. Kern, J. J. Russell, N. Sharfman, and M. N. Singer
Southeastern Massachusetts University, North Dartmouth, Massachusetts 02747

(Received 9 May 1977)

Differential cross sections have been measured forjp g g+ (1) and its line-reversed
partner ~+p pe+ (2) in the range t~;„&f&—1.5 (Gev/c) at 6 Gev/c. Clear struoture is
seen iu the differential cross section for Reaction (1) at t -—0.4 (Gev/c) . However, this
feature is quite different from the striking dip seen in (2) at t -—0.15 (GeV/c), indicat-
ing a failure of line reversal and disagreement with simple Regge models.

The line-reversed reactions pp -v n' (1) and
~'p -p~' (2) proceed via nucleon and b, exchange
in the t channel, ' Simple models predict that if
the scattering is dominated by a single amplitude,
then the differential cross sections for the two
reactions will have the same shape and that at
asymptotic energies backward elastic scattering
will be twice the annihilation reaction.

In recent years, workers have employed Regge
models and absorption models' to explain the de-

tailed structure of baryon-exchange reactions.
These models, with large numbers of free pa-
rameters, have successfully explained the t
structure in related processes. ' However, in
order to limit such models, new high-quality data
with small and/or canceling systematic errors
are needed. Rea;ctions (I) and (2) are especially
interesting to study since v'p backward elastic
scattering' displays one of the most striking dips
in high energy physics at t'=—t-t ~,--O.2 (GeV/
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FIG. 1. Layout of the experimental apparatus,

c)2. Hence, measurement of the annihilation
reactiont' pp -m &' should prove highly useful.

Previous measurements of the annihilation
reaction a ove e rb th esonance region include those
at 3 and 4, ' 5, ' and 6.2 GeV/c. ' The 5- and 6.2-
GeV/c data do not cover the region of possi le
structure ~tI &0.4 (GeV/c)'. The 4-GeV/c data,

give some in ic' d' ation of structure in the form of
a leveling of the cross section for

~ t~ & 0.3 (GeV/

ered, [t~ &0.5 (GeV/c)', the precise nature of
this structure is not clear. In addition, line-re-
versal comparisons have been difficult in the past
because of the need to compare different experi-

t 'th different systematic biases.mens wi
de ' edtoWe have performed an experiment esigne

measure the differential cross sections for a
number of two-body and quasi-two-body baryon-
exchange scattering reactions at 4, 6, and 8

GeV/c and at the 1000-events/pb level, from
tud ofwhich we shall make a comprehensive s u y

baryon-exchange process. A sa psam le (-40%) of
the 6-GeV/c data for P'p-v m' and v'p-pw' is
presented here. '

The experiment was performed using the Brook-
haven National Laboratory multiparticle spec-
trometer (MPS) in a partially separated beam
( Fi . 1). During annihilation runs the P to v

' eredratio in the beam was 2:1 and the beam delivere
-35000 P's per alternating-gradient synchrotron
(AGS) spill. Two gas threshold Cherenkov coun-
ters tagged &'s, K's, and P's in the beam. Six

roportional wire chambers (PWC s) and an
18072 magnet were used to determine the inci-
dent momentum, position, and angle to *0.*0.25

'd hydrogen target was a 10-cm-diam x60-cm-
lon cylinder p ace in iy

'
d 1 ed inside the 10-ko field of the

MPS magnet. 42 magnetostrictive spark chamber

planes downstream of the target were used to mo-
mentum analyze forward-going tracks with an ac-
curacy of +1.5%. The scattering angle was mea-
sured to + 0.75 mrad. Five low-mass cylindrical
spark chambers concentric with the target were
used to measure the recoil track angle to an ac-
curacy of + 15 mrad.

The trigger had four major components: (1) a
good incident beam coincidence, (2) a momentum/
angle/charge selection of forward tracks by use
of the B4 and H5 hodoscopes in a matrix coinci-
dence. Acceptance for this requirement was
-0.5~ M„„a2&4.0 (GeV/c')' and -ta 1.5 (GeV/
c)', (3) proper forward-particle identification in
the segmented Cherenkov counter, and (4) only
one counter hit in II4 and one in H5. For the an-
nihilation reaction a hit was also required in ei-
ther the side hodoscope or U counter in order to
enhance the separation of annihilation events
(o~~ „„,-1 pb) from events of the type Pp -PX

An event was reconstructed by first fitting in-
dividual tracks in the spark chambers. The re-
coil mass was then computed from the forward-

was computed from the forward-track angle and
kinematic considerations. Coplanarity and recoil-
mass distributions for Pp —& ~' are presented in
F' . 2. Target-empty data indicated negligiblelg.
background,

The geometric acceptance of the apparatus was
compute using at d a Monte Carlo simulation of the
experiment. In addition the Pp - m v' [n+p -pm
data were corrected for absorption in the target
(12.5+0.5%) [9.5+0.5%], absorption in the ap-
paratus (6.0a 1.0%) (6.0+ 1.0%] inefficiency in-
troduced by trigger requirement (4) (12.0+ 2.0%)
[12 0+ 2.00/] C6 inefficiency (4.0+ 1.0%) [1,0

78 00 5~& ~ beam-reconstruction efficiency 7 .p
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FIG. 2. The Mreco(] ~~fast e erecoiii and COplanarity
distributions measured for pp

+ 0, 5%) [80.0 + 0.5/o], recoil-track-reconstruction
efficiency (90.0~ 10.0%) [90.0+ 10.0%], pion decay
(1.0+0, 25,%) [0.5',"„'%], losses due to cuts (2.5
a 1.0%) [4.0 + 1.0%] and lepton conta, mination in
the beam (0+ 0%) [4.0+ 2.0%]. We conservatively
estimate the overall normalization uncertainty
for each reaction to be +20%.

Differential cross sections for ~'p -p&' are
presented in Fig. 3(a) a, long with the data of Owen

et a/. ' Note the sharp dip at t'--0. 2 (GeV/c)'
[t--0.15 (GeV/c)2]. The accurate reproduction
in our data of the striking features of this reac-
tion indicate that our t resolution is good [uncer-
tainty & 0.01 (GeV/c)'], that our t scale is cor-
rect, and that the normalization is accurate to
within the assigned error. Further corroboration
of our results comes from the excellent agree-
ment with earlier data" of pp, m p, and v+p for-
ward elastic scattering measurements, taken
simultaneously with baryon-exchange data in or-
der to check the systematics of our apparatus and

event reconstruction.
Differential cross sections for pp —v m' are

shown in Fig. 3(b). Also shown are data from
Refs. 6-8 scaled by s ' and from Qwen eg al. '
scaled by the line-reversal factor. " For the
first time, our data provide full coverage of the
small i ti region. We observe a break in the pe-
ripheral slope at t' - -0.35 (GeV/c)' [t - -0.40
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FIG. 3. (a) The measured differential cross section,
do/dt', for m+p pm+. The solid line represents the
data of Owen et al. (Ref. 5). (b) The differential cross
section for Pp ~ ~+. The curves
and ~ ~ ~ are for 4-, 5-, and 6.2-GeV/c data (Refs. 6—
8) scaled by s and for x p Pz scaled by the line-re-
versal factor (Refs. 5 and 10).

(GeV/c)'] and perhaps a shallow dip at that point
followed by essentially flat cross sections" out to
t = -1.3 (GeV/c)'. In addition we note the follow-
ing three points: (1) Where data overlap, agree-
ment with Buran et a/. is excellent. (2) These
several experiments are inconsistent with a sim-
ple energy dependence. As an example, in the
region t) —0.3 (GeV/c)2 ours and the 4-GeV/c
data behave roughly like s ~. (3) The line-rever-
sal test fails dramatically. The forward slope
for pp-v ~' is shallower than for ~'p-pm', the
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TABLE I. Results of fits to the pp- x m' data from this experiment and the z+p-pm+
data from Ref. 5 using do/dt' =MOJO (Bl t—') +CJOY (D4 t—').

Data
A B C D X per degree

[pb/(GeV/c) j [(GeV/c) j [pb/(GeV/c) j [(GeV/c) ~] of freedom

pp~ vr 7r

x+p pm'+

6.6+ 0.6
38.4+ 0.9

8.1 ~0.8
5.10+ 0.03

6.15+ 0.10
8.2 + 0.5

7.8+ 0.2
5.1+ 0.2

0.6
2.6

intercept at t'=0 is much lower, the structure is
much less pronounced, and it occurs at a differ-
ent value of t' (or of t).

Barger and Cline' have used isospin arguments
and n'p backward elastic scattering data to pre-
dict the dominance of the N„ trajectory in v+p

-pv'. In the absence of absorption, one would
expect a dip in the annihilation reaction at the
same t as the dip in v+p -pv' and the normaliza-
tion for the annihilation to be a factor of -3 below
that for the backward elastic scattering. " The
absorption model of Harari's predicts a dip in pp
-m m' at the same value of t' as the m'p-p&' dip.
Neither of these predictions is borne out by our
data. It is difficult to reconcile these data with
weak-absorption models where the dips are due
to the basic single-exchange amplitude, since
very large differences in s-channel absorption
would be necessary.

We have fitted the data to the form do/dt'
=AJ, '(Bv'-t') +CJ,'(Df-t'). This form contains
strongly absorbed nonf lip (Jo) and flip (J,) ampli-
tudes with no interference. The results are pre-
sented in Table I. Note that the radii (B and D)
are approximately equal for each reaction and
that the radii for Pp - m ~' are -1.5 times larger
than for m'p -pv'. This is indicative of stronger
absorption in the annihilation reaction. Also, the
ratio of the nonf lip to flip contribution is 12:1 for
&+P -P&' but only 1:1for Pp-v v+.
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We use the convention that the small momentum
transfer is from the beam particle to the first-men-
tioned product.

V. Barger and D. Cline, Phenomenological Theories
of High Energy Scattering (Benjamin, New York, 1969).

G. L. Kane and A. Seidl, Rev. Mod. Phys. 48, 309
(1976).

R. L. Kelly et al. , Phys. Rev. Lett. 24, 1511 (1970).
F. Hayot and A. Morel, Phys. Rev. D 8, 222 (1978).

D. P. Owen et al. , Phys. Rev. 181, 1794 (1969).
W. F. Baker et al. , Nucl. Phys. B25, 885 (1971).

A. Brabson et al. , Phys. Lett. 42B, 287 (1972).
A. Ride et al. , Nucl. Phys. B60, 173 (1973).
T. Buran et cl., Nucl. Phys. B116, 51 (1976).
See N. A. Stein, Ph.D. thesis, Carnegie-Mellon Uni-

versity, 1977 (unpublished) and N. A. Stein et al. , Bull.
Am. Phys. Soc. 22, 61 (1977).

V. Barger and D. Cline, Phys. Lett. 25B, 415 (1967).
1. Ambats et a/. , Phys. Rev. D 9, 1179 (1974).

T. Buran et aE., Nucl. Phys. B97, 11 (1975) .
This is reminiscent of data of C. DeMarzo et al. ,

Phys. Lett. 56B, 487 (1975), on 7t p nm .
~H. Harari, iu Proceedings of the International Confer

ence on Duality and Symmet~ in IIa&on Physics, Tel
Aviv, Israel, 1972', edited by E. Gotsman (Weizmann
Science Press, Rehovot, Israel, 1971), p. 148.

381


