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Elastic scattering of hadrons on protons has been measured at momenta of 50, 100, and 200 GeV/c. The
meson-proton scattering is found to be independent of momentum and meson type for —t & 0.8 (GeV/c)'.
The momentum dependence of the pp dip at —t = 1.4 (GeV/c) was investigated. Slope parameters are given.

INTRODUCTION

Elastic scattering is one of the most important
measurements to be made whenever new energy
regions become accessible. For a geometric
model it provides information, through diffractive
shadow scattering, on the size and opacity of the
interaction region, and from the Regge point of
view it gives information on the properties of the
elusive Pomeron.

We have performed an experiment at Fermilab
to measure the differential elastic-scattering
cross section in the laboratory momentum range
from 50 to 200 GeV/c. All of the long-lived had-
rons m', Z', p, and p were used as projectiles to
bombard hydrogen. The four-momentum-transfer
range covered was 0.07& t&1.6 (GeV/c)'. —Pro-
ton-proton collisions were studied to a somewhat
higher value of -t to encompass the dip at -(= 1.4
(GeV/c)' which has been seen in data. from the
CERN ISR. Since this was one of the first experi-
ments to explore the above range of parameters it
was designed both to give accurate data in the
small-t region and to explore the larger-t region.

At lower energies a useful compendium on elas-
tic scattering is available. ' The Serpukhov' re-
sults in the region just below 50 GeV/c serve as
a comparison for our data. Above 200 GeV/c
data' from the ISR provide information on pp scat-
tering. In addition, another experiment has been
reported which overlaps the present one in the
small-t region. ' The results to be presented here
have been published in preliminary form. '

A major problem in designing the experiment
was that the cross sections for elastic scattering
change by over four decades in the t range of the
experiment. If one chooses to collect data in

several consecutive t slices the relative normal-
ization between the slices becomes a crucial pa-
rameter in the t distribution. Distorting the geom-
etry severely to emphasize the high-t region also
can result in experimental uncertainties. We
chose to accept the entire t distribution at one
time with almost constant azimuthal acceptance
resulting in a large quantity of low-t data with
which to measure slopes and shapes of cross sec-
tions. The large-t data are then of statistically
lower quality.

The kinematics of forward elastic scattering at
high energies is such that the recoiling-proton
angle and energy are essentially independent of
incoming momentum and particle type. Accord-
ingly we use the recoil proton to determine the
solid-angle acceptance since this minimizes
systematic variations between energies and par-
ticle types. It is also the most natural way of in-
strumenting to give a constant azimuthal accep-
tance.

The background of inelastic channels must be
discriminated against. At small t values the elas-
tic cross section is much larger than any compet-
ing process. At the larger t values competing re-
actions are an important source of background.
[In fact, N*(1688) production is larger than elastic
pp scattering over part of the f range. ] In design
ing the experiment it became clear that at least
three constraints were needed to separate elastic
events at large t. For one constraint we chose
coplanarity defined as the angle of the beam rela-
tive to a plane determined by the recoil and for-
ward particles. The other two constraints were
the laboratory opening angle between the forward
and recoil particles, and the missing mass of the
recoil as measured by the momentum of the for-

14 2864



15 HADRON-PROTON ELASTIC SCATTERING AT 50, 100, AND. . . 2865

ward-scattered particle and the beam. To use
these constraints accurate angular measurements
of the outgoing particles and the beam were neces-
sary.

APPARATUS AND DATA ANALYSIS

The experiment was carried out in the MXA

beam in the meson laboratory at Fermilab. A
description of the beam intensity and fractional
composition of various particles has been pub-
lished. ' In order to define the angle of the beam
sufficiently well to make use of the coplanarity
and opening-angle constraints two scintillation-
counter hodoscopes were built. Qne of these
hodoscopes, immediately in front of the hydrogen
target, had a position resolution of +0.75 mm and
was made of 10 horizontal and 10 vertical over-
lapping counters. It served both to determine the
transverse position of the beam particle at the
target and as one element in measuring the beam
angle. The second hodoscope, located 30 m up-
stream, was of similar construction but had half
the position resolution of the first. These two
hodoscopes determined angles to *0.08 mrad. Ap-
proximately 20% of the beam particles were
counted in more than one element in at least one
of the hodoscopes, probably because of 5 rays
and small-angle hadron showers in Cerenkov-
counter mirrors and end windows. These events
were rejected at the beginning of the analysis.

Particle identification was done by means of
three Cerenkov counters in the beam. Qne of
these was a threshold counter which was used
largely to provide auxiliary separation for protons
when they were the dominant beam component.
The other two counters were of a semidifferential
type which has been described in detail elsewhere. '
They operate by detecting particles in two cate-
gories defined by Cerenkov angles greater and less
than a predetermined value. Pressure curves
showed that the contamination of one particle type
by another was negligible except for K at 200
GeV/c. The small fraction of Z and difficulty of
separation at 200 GeV/c resulted in a contamina

tion of m 's which could be as large as 5%.
A drawing of the apparatus is shown in Fig. 1.

In addition to the Cerenkov counters and hodo-
scopes a beam particle had to pass a veto counter
with a 2.5-cm-diameter hole just upstream from
the 30-cm-long hydrogen target. An event was de-
fined by an acceptable beam particle plus a particle
in both the forward and recoil arms of the spec-
trometer. To further limit spark-chamber trig-
gers on events with more than one forward parti-
cle a veto counter behind two radiation lengths of
Pb was placed 2.5 m downstream from the target.
A hole in this counter was shaped to allow the
forward particle from all elastic events to pass
through. The combined trigger requirement re-
sulted in approximately 40/& of the triggers being
reconstructed as elastic events.

Since the analysis required knowledge of the re-
coil-proton direction the lower limit on the four-
momentum transfer was determined by the range
of the recoil in the hydrogen target and the spark
chambers. Because the very-low-momentum re-
coil protons are severely multiple-scattered, the
acceptance criteria in coplanarity and opening
angle were broadened considerably at low -t so
that these events were not lost. Fortunately the
elastic cross section is very large in this t region,
so the background was negligible even with the
less stringent constraints. %e have chosen -t
= 0.07 (GeV/c)' as the lowest four-momentum at
which we had full acceptance of recoils.

As stated above, the azimuthal acceptance was
determined by the geometry of the recoil cham-
bers. It is shown plotted vs -t in Fig. 2. For 50
GeV/c beam momentum the upper limit on f was-
determined by the horizontal acceptance of the
downstream analyzing magnets as illustrated in
Fig. 2. For 100 GeV/c and 200 GeV/c the large
-E acceptance went beyond where the cross-sec-
tion size fell below the sensitivity of the experi-
ment.

The momentum resolution both of the beam and
of the forward spectrometer was +0. 5%%ug. Folding
in alignment systematics, etc. , the overall mo-
mentum uncertainty between the beam and the
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FIG. 1. Apparatus downstream from target. Cerenkov counters and upstream hodoscope are not shown.
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forward-scattered particle gave a o of approxi-
mately +1%. This wa, s consistent with measure-
ments made in the spectrometer on unscattered
beam particles. The downstream analyzing mag-
nets were set to bend 0.010 rad at 200 GeV/c and
0.020 rad at 50 and 100 GeV/c.

The accuracy of measurements on the opening
angle between the recoil and forward particles is
determined largely by the accuracy of the angular
measurement on the recoil. A typical curve is
shown in Fig. 3 for the difference between the
measured and the expected elastic scattering
opening Rngle. This gives R full width Rt hRlf-
maximum of 0.8 mrad excluding events of low -t
for which multiple scattering of the recoil is large.
A typical coplanarity plot for the same -t range is
Rlso shown 1n F1g. 3.

Angular-independent corrections to the data
come from absorption in material in the forward
and recoil arms, multiple hits and inefficiencies
in the hodoscope„decays in flight„and p, and e
contamination in the beam. All of these except
for the hodoscope correction were less than a few
percent and could be made in a standard way. The
hodoscope correction was 20% as mentioned pre-
viously but was easily measured to high accuracy.
The combined error on all these corrections was
estimated to be around 1%. Several target-empty
runs were made which yielded 0.1% as many events
as with the target full. This small value is due to
the requirement that the incoming track and the
two outgoing tracks reconstruct to a point in the
tRrget.

The largest error in the absolute normalization
was the uncertainty in the efficiency for recon-
structing events from the spark-chamber data,
particularly in the forward arm. The spark cham-
bers in front of the magnet often recorded a large
number of tracks from an obviously'inelastic event,
Rnd sometimes it was impossible to tell if an
elastic event was also buried in the debris. The
seriousness of the problem varied greatly with

COPLANARITY OPENING ANGLE

FIG. 3. Typical opening-angle (measured —expected)
and coplanarity distributions after the cut on missing
Hlass.

30-

beam intensity and structure. It is largely because
oi this uncertainty that a +7% error is quoted on
the absolute normalization.

There were two t-dependent corrections which
were made. One was the azimuthal acceptance
which is shown in Fig. 2. A simple Monte Carlo
calculation involving the parameters of the sys-
tem, in particular the geometry of the beam and
the recoil arm, determined this acceptance to high
accuracy. The other correction was due to back-
ground from inelastic events and was determined
by studying the coplanarity, opening-angle, and
missing-mass distributions. Because of the three
constraints, the background was not large except
at high t. A typical background correction as a
function of t is shown in Fig. 4.

The pp data for high -t require separate con-
sideration because the data-taking conditions dif-
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FIG. 2. Azimuthal acceptance as a function of t.
FIG. 4. Percent of events subtracted as background as

a function of t for ~ P at 100 GeV/c.
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approximately as 1/s the two elastic cross sec-
tions should approach each other regardless of the
phases of the amplitudes. The extent to which
this has occurred at 200 GeV/c is illustrated in
Fig. 7, where the data for the two reactions are
indistinguishable. This is consistent with the size
of the charge-exchange cross section and the van-
ishing of the Hegge p-exchange contribution with
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FIG. 5. Difference in measured and expected opening
angle for large-~ tI 100- and 200-GeV/c pp interactions
after missing-mass cut.

fered from those of the rest of the experiment.
These data were taken at high beam rates with the
forward spark chambers moved so that the events
at very low -t did not go through them. The data
were normalized relative to the small-angle data
in the overlap region 0.6& t&1.0 GeV/c. -A sec-
ond difference was that because of the small cross
sections beyond t= 1.0 (GeV/c)' -the background
subtraction became a sizeable portion of the sig-
nal. The background encountered for the co-
planarity and opening-angle distributions is shown
in Figs. 5 a,nd 6.
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RESULTS

In the region of low —i it is of interest to com-
pare the particle and antiparticle cross sections.
For m mesons isospin relates the amplitude of the
elastic and charge-exchange cross sections through
the equation

Z(~ p~ p) a-(~'p-- ~'p) = v2a(~ p- ~'n) . -
Since the charge-exchange cross section' falls
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FIG. 7. Comparison of particle and antiparticle elastic
scattering.
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increasing energy.
A similar comparison can be made for the K'p

and K p elastic cross sections; however, both
I=0 (ur) andI=1 (p) exchange can occur, with ur

exchange dominant. No high-energy measure-
ments exist for the appropriate inelastic chan-
nel (K~n Kzn) Howe. ver, the lower-energy mea, —

surements' of Z~p-K~p g.'.ve the & trajectory
strength. Assuming the same s dependence as
for the p trajectory, one would predict a larger
difference between K'p and K p scattering than
between m'p and m p. As shown in Fig. 7 the dif-
ference between K p and K'p elastic scattering is
small but observable at 100 GeV/c, which is the
highest energy at which we have good data on both
reactions.

At 100 GeV/c beam momentum the difference in
slope between pp and pp is also illustrated in Fig.
7. Just as in the case of the meson reactions, this
difference is smaller than at lower energies but is
still clearly visible.

The energy dependence of the reactions is also
important. At lower energies a shrinkage of the
width of the forward diffraction peak with increas-
ing energy has been observed for all reactions ex-
cept pp, for which the peak expands. This behav-
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FIG. 9. Behavior at large —t of meson-proton elastic
scattering for various energies and particle type. 13.8-
GeV/c data are from Rubinstein et al. , Ref. 10.
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FIG. 10. Energy and t dependence of pP elastic scat-
tering. 24- and 500-GeV/c data are from Ref. 11. The
data at 100 GeV/c, because of limited statistical accu-
racy, do not preclude a moderate dip. The two lowest
points at 200 GeV/c are consistent with do/dt= 0. The
90% confidence limit is approximately twice the upper
error bar.
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TABLE I. Data on elastic scattering. Normalization was done by extrapolating a fit of the form 8 to the optical
point.

—t [(GeV/c) ] do-/dt [pb/(GeV/c)'j t f(GeV/c)'j do./d t fpb/(GeV/c)~]

0.075
0.085
0.095
0.105
0.115
0, 125
0.135
0.145
O. 155
0.165
0.175
0.185
0.195
0.205
0.215
Q.225
0.235
Q.245
0.255
0.265
0.275
0.285
0.295
0.305
Q.315
0.325
0.335
0.345
0.355
0.365
0.375
0.385
0.395
0.405
0.415
0.425
0.435
0.445
0.455
0.465
0.475
0.485
0.495
0.505
0.515
0.525
0.535
0.545
0.555
0.565
0.575
0.585
0.595
0.625
0.675
0.725
0.775

7t'p 50 GeV

14 812 +245
13 618 +233
f 2 580 +224
11 795 +216
10498 +203

9780 +f96
9124 +189
8269 +179
7562 +171
7089 +f65
6581 +159
6248 +155
5730 + 148
515f +140
4958 +137
4570 +133
4106 +f26
3604 +121
3524 +116
3430 +ff5
3081 +109
2792 +103
2626 + f 00
2481 +97
2295 +93
2181 +9f
1934+86
1788 +82
1 673 +79
1574+77
1442 +74
f 321 +71
1245 +69
1161+66
1035 +63
956 +60

f 021 +62
891 +58
782 +54
781 + 54
721 +52
758 +53
511 +44
633 +48
580 +46
456 +41
484 +42
466 +4f
444 +40
355+36
395 +38
405 +38
322 +35
281 +14
185+1f
145+f0
98.1 +8.5

0.825
0.875
0.925
0.975
1.025
1.075
1.125
1.175
1.225
1.300
1.40
1.50
1.65

0.075
0.085
0.095
0.105
0.115
0.125
0.135
0.145
0.155
0.165
0.175
0.185
0.195
0.205
0.215
0.225
0.235
0.245
0.255
0.265
0.275
0.285
0.295
0.305
0.315
0.325
0.335
0.345
0.355
0.365
0.375
0.385
0.395
0.405
0.415
0.425
0.435
0.445
0.455
0.465
0.475
0.485
0.495

m'p 50 GeV

x"P 50 GeV

75.9+7.5
55.1 +6.4
55.1 +6,3
32.9 +4.9
26.0 +4.4
17.4 +3.7
12.8 +3.1
9.5 +2.7

14.2 +3.2
3+3 k f e2

5.4 + 1.4
1.44 +0.83
0.69 + 0.43

15 638 +281
14 772+272
13 885 +263
12 077 +245
11 607 +240
10 083 +223

9134 +212
8789 +207
7683 +193
6904 +183
6941 + 184
6048 + 171
5671 +165
5758 + 166
5021 +155
4317 + 145
4352 a 145
3845 + 138
3799 + f 36
3235 +125
2892 +f18
3079 +122
2580+1f f
2408 +f07
2362+106
2153 +101
2018 +98
1658 +89
1842 +93
1500 +84
1433+82
f 264+77
1404 +82
1185+75
1131+73
1092 +72
999 +68
955+67
813 +62
911+65
727 +59
844 +63
692+ 57
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—t [(GeV/c) ] der/dt [pb/(GeV/c) ]

TABLZ r. (co tanned)

—t [(Gev/c) ] do./dt [pb/{GeV/c) ]

0.505
0.5 15
0.525
0.535
0.545
0.575
0.625
0.675
0.725
0.775
0.825
0.875
0.925
0.975
1.025
1.075
1.150
1.250
1.350
1.450
1.60

0.075
0.085
0.095
0.125
0.175
0.225
0.275
0.325
0.375
0.425
0.475
0.525
0.575
0.625
0.675
0.725
0.800
0.900
1.050
1.250
1.450

0.075
0.085
0.095
0.105
0.115
0.125
0.135
0.145
0.175
0.225
0.275
0.325
0.375
0.425

gp 50 GeV

E'P 50 GeV

KP 50 GeV

586 +52
555 i52
541 +50
501 +48
422 +44
381 + 18
270 + 15
197 ~13
145 &12
106~10
77.4 +8.4
69.4 +8.0
49.5 +6.7
29.1 %5.2
32.7 +5.5
21.7 +4.5
17.4 +2.8
8.9 +2.0
2.61 + 1.23
2.51 +1.15
2.24 +0.74

10118+1077
9452+ 1037

10499 ~1091
6823 +388
4605*316
3447 +276
2731 +244
1679 ~ 191
1325 + 169
1027 +148
736 +125
535 + 106
516+104
269 +75
234 +70
113+49
63.1 +26.0
53.5 +24.0
29.6+ 12.6
14.4+ 8.6
7.1+6.0

10 942 +977
12 107 + 1024
10 963 +972

9757 +915
7339 ~792
7592+803
7629 +804
8039 +824
5357 +297
3930 +256
2824 +216
1872 +176
1340 +148
1306 + 145

0.475
0.525
0.575
0.625
0.675
0.725
0.775
0.850
0.95
1.05
1.20
1.40

0.075
0.085
0.095
0.105
0.115
0.125
0.135
0.145
0.155
0.165
0.175
0.185
0.195
0.205
0.215
0.225
0.235
0.245
0.255
0.265
0.275
0.285
0.295
0.305
0.315
0.325
0.335
0.345
0.355
0.365
0.375
0.385
0.395
0.405
0.415
0.425
0.435
0 444
0,475
0.525
0.575
0.625
0.675
0.725
0.775
0.825

Kp 50 GeV

PP 50 GeV

627+ 100
610 +98
414 +81
181+54
310+70

80 l36
106 +41
63 +22
58+2 1

27+ 15
22.2 +9.2
7.5+5.3

37 701 +677
34 506 +645
30 563 + 606
27 017 +569
25 333 + 549
22 020+ 511
20 887 +496
18 952 +472
16 390 +438
14 687 +414
13 93j +402
12 7 17+384
11 134 +359
11 j10+358

9305 +330
8816 +320
7338 +292
7222 +290
6402 + 272
6056 + 265
5401 + 250
4748+235
4550+229
3826 +2 10
3780 +209
3398 + 198
3126+190
2763 ~178
2499 + 167
2546 + 171
2192 +158
1883 + 147
1605 + 136
1646 + 137
1445 + 128
1308 +122
1255 +119
1265 + 120
890 +44
560 +36
292 +26
200+21
136 +18
55+ 12
47+ 11
41.2 +10.0
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—t [(GeV/c)']

TABLE I. (continued)

da'/dt [pb/(GeV/c) ] —t [(GeV/c) ]

pp 50 GeV

da/dt [pb/(GeV/c) ]

&'P 100 GeV
0.875
0.925
0.975
1.025

0.075
0.085
0.095
0.105
0.115
0.125
O. 135
0.145
0.155
0.165

75
0.185
0.195
0.205
0.215
0.225
0.235
0.245
0.275
0.325
0.375
0.425
0.475
0.525
0.575
0.625
0.675
0.725
0.800
0.900
1.00

0.075
0.085
0.095
0.105
0.if 5
0.125
0.135
0.145
O. f 55
0.165
0.175
0.185
0.195
0.205
0.215
0.225
0.235
0.245
0.255
0.265
0.275
0.285

PP 50 GeV

7t'p 100 GeV

2.0 +4.4
8.6 +5.6

11.4+5.9
2.9+3.9

50 388 + 1940
48 929 +1906
40 576 + f731
32 594 + 1548
32 813 +1550
26 687 + 1394
23 664 ~ 1310
22 597 + f279
21 416 + 1242
18 202 + 1144
15 830+ f 064
14 866 + 1030
14406+ 1013
10 958+ 883
11715~912

9579 + 829
7303 +724
9690 + 831
6046 +292
3827 +232
1874+ 162
1083 + 123
894 + 111
506+ 84
203 +54
244 +53
127 +43
64+ 31
2.8 +9.0

24. 1 + 14.3
24.2 + 14.0

14 537+334
f 3 630 + 322
12 520 +308
11494+294

9649 + 272
9768 + 270
8231+247
7623 +238
6873 +225
6967 +227
5761 +206
5725 +205
5125 ~193
4787 + 187
4650 + 184
4064 + 173
3979+171
3567 + 162
3473 +159
2950 + 147
2886+ 145
2555 6 137

0.295
0.305
0.315
0.325
0.335
0.345
0.355
0.365
0.375
0.385
0.395
0.405
0.415
0.425
0.435
0.445
0.455
0.465
0.475
0.485
0.495
0.525
0.575
0.625
0.675
0.725

-0.775
0.825
0.875
0.925
0.975
1.025
1.075
1.125
1.175
1.225
1.275
1.325
1.400
1.50
1.65

0.075
0.085
0.095
0.105
0.115
0.125
0.135
0.145
0.155
0.165
0.175
0.185
0.195
0.205
0.215
0.225
0.235
0.245

xp 100 GeV

2261 +129
2003 +121
1677 +f f f
1851+116
1607 +108
1529 +105
1545 +106
f 236 +95
1300 +97
1263 +96
1097 +89
1 148 +91
1054 +87
873 +79
666 +79
726 +72
642 +68
699 +70
565 +64
583 +65
439 +56
416 +24
305 +21
254 +19
156 +15
125+13
94 + 1 1

71 +10
56 +9
46.8 +8.0
25.5+6.5
24.8 +5.9
13.5+4.5
8.4 +3.6
8.6+3.6
6.8 +3.2
6.0 +3.0
5.0 +2.7
3.14 +1.57
1.27 +1.10
0.24 +0.6

15 388 +314
15 024 +309
12 925+286
11 868 +273
10 993 +263

9876 +248
8924 +235
8236 +226
7749 +219
7083 +209
6187 +195
6194 + 195
5395 +18f
4887 +173
4781 +170
4270+162
3778+149
3629 +149
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TABLE I. (continued)

t [{GeV/c) ] d&/dt [pb/(GeV/c) ]

r P 100 GeV

—t [(GeV/c) ] der/dt [pb/(GeV/c) ]

K'P 100 GeV

0.255
0.265
0.275
0.285
0.295
0.305
0.315
0.325
0.335
0.345
0.355
0.365
0.375
0.385
0.395
0.405
0.415
0.425
0.435
0.445
0.455
0.465
0.475
0.485
0.495
0.525
0.575
0.625
0.675
0.725
0.775
0.825
0.875
0.925
0.975
1.05
1.15
1.25
1.35
1.45
1.625
1.825

0.075
0.085
0.095
0.105
0.115
0.125
0.135
0.145
0.155
0.165
0.175
0.185
0.195
0.205
0.215
0.225

K'P 100 GeV

3304 +142
3207+140
2789 +131
2637 +127
2390 +121
2278 +118
2052 y112
2149 +114
1855 +106
1696+ 101
1669 +101
1402 +92
1391+91
1095+81
S17 +75
921 +75

1095 +81
934 +75
865 +72
869 +72
866 +72
740 +67
643 +62
623 +61
604 +60
454 +23
335 +20
240 +17
173 +14
107 +11.
87 +10
58+8
58+8
41.4 +7.0
24.1 +5.4
19.7+3.4
12.2 k2.7
6.4 +2.0
4.5 +1.7
2.5 +1.3
0.8 +0.5
0.6 +0.4

9708 +544
10406+561

8963 +520
8594 + 508
7674+479
7014 +456
6608 +442
5573 +405
5474 +401
5561 +404
4183 +349
3879+336
3699 +328
4009 +341
3585 +322
3061~301

0.235
0.245
0.275
0.325
0.375
0.425
0.475
0.525
0.575
0.625
0.675
0.725
0.775
0.850
0.950
1.050
1.150
1.850
1.40

0.075
0.085
O. OS5

0.105
0.115
0.125
0.135
0.145
0.155
0.165
0.175
0.185
0.195
0.205
0.215
0.225
0.235
0.245
0.255
0.265
0.275
0.285
0.295
0.325
0.375
0.425
0.475
0.525
0.575
0.625
0.675
0.725
0.775
0.825
0.875
0.950
1.050
1.150
1.250

KP 100 GeV

3039 +299
2917 +292
2381 +117
1771 +101
1103+79
868 +70
617+59
422 +49
290 +40
195+33
195 +33
125 +26
90 +22
53.9 +12.4
52.3 +12.0
33.0+9.6
19.3 +7.3
9.1+5.1
4.2 +2.5

11 999 +503
1 f. 390 +488

9968 ~456
9181+436
8300 +414
8063 +407
6698+370
6583 +367
6257 1357
5486 + 333
4903 +314
4696 +308
3886+ 279
4155 + 289
3593 +268
3119+253
2895+243
2989+246
2824 +239
2650 +231
2584+ 228
2376 +219
2486 +224
1679 +82
1160+68
850 +58
503 +44
438 +41
377 +38
261+32
181+26
125 ~22
126 +22
85 +18
24 +10
41 +9
28.6+7.4
12.2 +5.0
16.7 ~5.5
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—t [(GeV/c) ]

TABLE I. (continued)

do./dt [pb/(GeV/c) ] -t [(GeV/c)']

Kp 100 GeV

do/dt [pb/(GeV/c) ]

pp 100 GeV

1.35
1.50
1.70

0.075
0.085
0.095
0.105
0.115
0.125
0.135
0.145
0.155
0.165
0.175
0.185
0.195
0.205
0.215
0.225
0.235
0.245
0.255
0.265
0.275
0.285
0.295
0.305
O.315
0.325
0.335
0.345
0.355
0.365
0.375
0.385
0.395
0.405
0.415
0.425
0.435
0.445
0.455
0.465
0.475
0.485
0.495
0.525
0.575
0.625
0.675
0.725
0.775
0.825
0.875
0.95
1.050
1.150
1.325
1.575

pp 100 GeV

3.1 +2.6
4.02 +2.0
2.86 +1.6

34 792 + 510
31 837 +487
29 122 +464
26 780 +444
24 086 +420
20 800 +390
18 579 + 367
16 784 +349
14 661 +325
13 575 +313
12 779 +303
10 890 +279
10 178 +269

9391+258
8336 +245
7650 ~234
6775 +221
6481 +215
5536 + 199
4991 + 189
4933 +188
4240+ 174
3732 + 163
3520 +158
3440+ 156
3078+ 148
2703 +139
2349 + 129
2084+121
1823 +114
1590 +106
1688 + 109
1346+98
1307 ~96
1332 +97
983 +84
965 +83
926 +81
788 +75
732 +72
732 +72
666 ~69
450+57
412 +24
242 +17
159 + jo
108 +9
67 +8
42 +6
25 +5
12.8 +2
7.7 +0.9
3.5 +0.8
1.12 + 0.43
0.40+ 0.13
0.16+ 0.08

1.825
2.075
2.325
2.575
2.825

0.075
0.085
0.095
0.105
0.115
0.125
0.135
0.145
0.155
0.165
0.175
0.185
0.195
0.205
0.215
0.225
0.235
0.245
0.275
0.325
0.375
0.425
0.475
0.525
0.575
0.625
0.675
0.750
0.850
0.950

0.075
0.085
0.095
0.105
0.115
0.125
0.135
0.145
0.155
o.165
O. 175
0.185
0.195
0.205
0.215
0.225
0.235
O. 245
0.255
0.265
0.275
0.285

pp 100 GeV

vr'p 200 GeV

0.11 +0.10
0.077 +0.056
0.075 + 0.051
0.038 + 0.029
0.038 +0.029

37232 + 1347
35209 + 1305
31801 + 1238
28 698 +1173
22 095 + j027
21 070 + 1000
19 132+951
16 866 +892
14 807 +834
13 631 +799
12 358 +760

9759 +674
10492 +698

8737~636
7591 + 592
7872 +607
5242 +496
5682 +515
4043 + 193
2605 + 155
1283+109
783 +87
610 +75
335 +56
189 +43
115+33
41 +21
54+ 16
9.0 +8.4
4.6+6.4

11 2 12+355
ji 536 +359
11 537 +358

9683 +327
9692 +327
9254 +318
7662 +289
7392+283
7 100 +277
6704 +269
6063 +255
5510 +243
4898+229
4836 +227
4127 +212
3659 +199
3698 +200
32 10+186
2690 + 170
2617 + 168
2471 + 163
2304 + 157
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TABLE I. (continued)

t [(Gey/c) ] do./dt [p, b/(GeV/c) ]

~'P 200 GeV

—t [(GeV/c) ] der/dt fpb/(GeV/c)~]

rP 200 GeV

0.295
0.305
0.315
0.325
0.335
0.345
0.355
0.365
0.375
0.385
0.395
0.425
0.475
0.525
0.575
0.625
0.675
0.725
0.775
0.825
0.875
0.925
0.975
1.025
1.075
1.125
1.20
1.30
1.40
1.55
1.75

0.075
0.085
0.095
0.105
0.115
0.125
0.135
0.145
0.155
0.165
0.175
0.185
0.195
0.205
0.215
0.225
0.235
0.245
0.255
0.265
0.275
0.285
0.295
0.305
0.315
0.325
0.335

7I' p 200 GeV

1898+143
1686 +134
1751+137
1467+125
f289+117
1154+1 1 f
f27041 16
1204+ 1 13
1028 + f 05
993 +103

1006 + 104
761 +40
544 + 33
334 +26
241 +22
182 +20
f 19 +16
109 +15

87 +14
70+12
46.9 + f 0.0
23.9 +7.5
27.0 +7.9
f 3.7+6.0
6.2 +4.7

14.4 +5.7
9.5 +3.4
6.0+2.8
6.3 +2.7
0.94 + 1.03
0.29 +0.77

12 774+276
12 762+275
12 005+266
11 038 +255

9739 +239
9006 + 229
8117+217
7599 +210
7174 +203
6418 1192
6019 +185
5379 +175
4689 +163
4620 1162
4338 + 157
3988 +150
3573 + 142
3304 +136
2937 + 128
2729 +124
2576 +120
2217 +111
2104 +108
1779 +101
1647 197
1484 +92
132f +86

0.345
0.355
0.365
0.375
0.385
0.395
0.405
0.415
0.425
0.435
0.445
0.475
0.525
0.575
0.625
0.675
0.725
0.775
0.825
0.875
0.925
0.975

025
1.075
1.15
1.25
1.35
1.45
f.55
1.65
1.75
1.85
2.025
2.375

0.075
0.085
0.095
0.125
0.175
0.225
0.275
0.325
0.375
0.425
0.475
0.525
0.575
0 ~ 625
0.675
0.725
0.775
0.825
0.875
0.925
0.975
1.050
1.200
1.40

K'P 200 GeV

1279 +85
1171+81
1072 +78
f 090+78
957 +74
950 +74
841 *69
695+63
721 +64
737 + 64
642 +60
491 +23
328 +19
254+ 17
217+15
163 +13
117 +f f
f 04+11
79 ~9
55.8 +8
39.3 +7
34.0 +6.3
30.8 +6.0
28.0 +5.8
12.7 +2.8
7.50 +2.40
6.08 +2.00
2.68+1.40
2.21 + 1.30
1.58 + 1.20
1.11 + 1.00
0.82 +0.90
0.52 +0.48
O. f3+0.19

9970 +878
8219 +794
8954 +827
6706 +316
5149 +275
3794 +237
2088 +175
1407 +143
1016+122
773 +106
550 +89
400*76
191 +53
258 +61
121 +43
134 +44
55+29
89 +36
69 +32
92 *36
27 +20
21.2 + f 3.2
f 0.4 +7.2
3.7 +4.0
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—t [(Gev/c)~]

0.075
0.085
0.095
0.125
0.175
0.225

, 0.275
0.325
0.375
0.425
0.475
0.525
0.575
O. 65
0.75
0.85
1.00

0.075
0.085
0.095
0.105
0.115
O. 125
0.135
O. 145
Q. 155
0.165
O. 175
Q. 185
0.195
0.205
O.215
0.225
0.235
0.245
0.255
0.265
0.275
0.285
Q.295
Q. 305
0.315
0.325

do/dt [pb/(GeV/c) ]

200 GeV
11 227 + 1256
10 822 +1229
10 882+1229

7411 +447
5791 +393
3724 +316
2435 +255
1693+212
1015+ 164
830+ 148
63i. +128
3i.6 +91
218 +76
196 +5i.
149 +44
65+30
36 +15

0.335
0.345
0.355
0.365
0.375
0.385
0.395
0.425
0.475
0.525
0.575
0.625
0.675
0.75
0.85
0.95
1.05
1.150
1.25
1.35
1.45
1.55
1.65
1.80
2.00
2.20
2.40
2.75
3.25

pp 200 GeV

30 227 +573
29 510+564
24 883 +519
23 595+503
21 311+477
19 404 +454
17 610 +431
15 830 ~408
14 882 +395
13 699+ 379
12 365 +359
11 040 +339

9800 +319
8960 +304
7677 +284
7009 +271
5663 +244
5385+237
4757 +223
4494 +217
3719+197
3538 +192
2887 +174
2968 +176
2264 + 154
2336+156

0.075
0.085
0.095
0.125
0.175
0.225
0.275
0.325
0.375
0.425
O. 500
0.600
0.750

TABL E I. (continued)

-t [(GeV/c)'] d~/dt [pb/(GeV/c) ]

PP 200 GeV

2030 +145
1828 +138
1598 +129
1499 +125
1470+124
1251 +115
1198+112
771 +40
522 +33
32i. +26
210 +21
113+16

80 +14
42+3
18 +2
5.4 +0.6
1.7+0.3
0.48+0.17
0.12 +0.07
0.065 +0.029
0.0025+ 0.0052
0.0027 +0.0052
0.026+ 0.019
0.052 +0.021
0.046 +0.022
0.025 +0.016
0.040 +0.021
0.024 + 0.016
0.012 + Q.013

pp 200 GeV final data

40 471 ~5181
28 992 +4370
28 860 +4350
19 785 + i.589
13485+ 1303

5989 +874
3863 +700
2006 +505
103i. +364

548 +269
257 +132
85+82

8 +28

ior continues at higher energy as illustrated in
Fig. 8. It will be discussed quantitatively la.ter.

An interesting feature of the reactions that can
be seen from Fig. 8 is that the shrinkage does not
persist to large -t values. In fact beyond -t=0.8
(GeV/c)' the meson cross sections are independent
of both energy" and meson type as seen in Fig. 9.
This striking and rather unexpected regularity de-
serves further study with higher statistics.

For pp elastic scattering at t& 1 (GeV/c)' data—

from CERN have shown considerable structure. "
At laboratory momenta of 30 GeV/c the structure
takes the form of a sharp break from an exponen-
tial; the cross section is considerably flatter at
-t& 1.3 (GeV/c)' than at smaller t values. At ISR
energies (beyond 270 GeV/c equivalent lab mo-
mentum) this break has been replaced by a sharp
dip at t-l.4 (GeV/c)'. Th-e dip is usually at-
tributed to the first minimum in the diffraction
pattern and its absence at lower energies is thought
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to be connected with a filling in by a real part of
the amplitude. As seen in Fig. 10 our data indicate
that the dip structure becomes prominent be-
tween 100 and 200 GeV/c.

The data are presented in Table I. Because the
absolute normalization is uncertain by +7/o, the
data were normalized to the optical point to facil-
itate comparison between different types of me-
sons. The procedure adopted was that of fitting
the data to the form eb"" and extrapolating the
curve to -t=0. This method is useful for com-
parison and is more accurate than the absolute
normalizations for meson-proton reactions. The
normalization to the optical point was consistent
with absolute normalization within the errors. No
additional correction was made for the known
break in the pp cross section around -t= 0.1
(GeV/c)'.

The results of a fit to the data of the form eb'"'
are given in Table II. The X' values for the fits
are satisfactory except for vp and pp at 200 GeV/c,
where the curvature near -t= 0.4 (GeV/c)' is too
great to allow a simultaneous fit of the entire t re-
gion with reasonable X'. The data have also been
fitted by the sum of two exponentials, which fits
all of the data with reasonable X'. The slopes for
the various reactions as a function of s evaluated
from the e" ' fit at t= 0.2 (G-eV/c)' are shown in

Fig. 11.
A comparison shows that our fits to the form

bt+cd2e "" and those of Ref. 4 are generally not in
great disagreement. Where occasional disagree-
ments occur, they can be traced back to dif-
ferences between the t regions being fitted rather
than to substantive differences in the data. The
data in Ref. 4 extend to slightly smaller -t values
than ours but not to such high -t values.

%'e have examined the problem of determining
the crossover point of the particle and antiparticle
cross sections, but the cross sections are so close

together that any method which has been considered
is hazardous.

In the case of m'P there is no statistically signifi-
cant difference between particle and antiparticle
data at any t value. For K'p the particle and anti-
particle cross sections differ significantly for

t& 0-.15 (GeV/c). However, at larger tno -sta-
tistically significant differences exist. For Pp
and pp the data differ enough in slope so that in
principle a crossover point could be determined,
but the normalization uncertainties are too great
to allow us to reach any conclusion. A useful mea-
surement of the crossover points will require
relative normalizations reliable to 1~/p or better.

Another quantity of some interest is the ratio
of elastic to total cross section. This ratio is
shown in Table III, where the normalization using
the 8"~' fit was used. An interesting observation
is that all the meson-proton elasticities are simi-
lar in size and differ by a factor of —,'from the
baryon-proton elastic ities.

CONCLUSIONS

The extension of elastic-scattering measure-
ments into the region above 50 GeV/c has added
measurably to our picture of the Pomeron. At

/& 0.4 (GeV/c)' -the diffraction peaks shrink with
increasing energy (except for pp).

At t&0.8 (GeV/-c)' the behavior of the meson
proton elastic scattering is independent of both
energy and meson type. In an impact-parameter
picture it is as if reactions were developing a
larger and larger halo as s increases but the be-
havior for small-impact-parameter collisions re-
mains unchanged. This core region of the inter-
action behaves independently of whether K or m

mesons are used as projectiles despite consider-
able difference between Kp and mp scattering at

TABLE II. Slope parameters for a fit to the form e" . b is in (GeV/c), c in (GeV/c)

50 GeV/c 100 GeV/c 200 GeV/c

r'p
7r p
K'p
Kp
pp
pp

8.29 +0.07
8.60 + 0.07
7.30 ~ 0.45
7.83+0.37
9.79 +0.$5

1.37 +0.08
1.71 + 0.08
1.11 a0.53
1.43 +0.44
0.45 +0.24

8.85 +0.09
8.94 +0.08
8.02 ~0.21
8.53+0.15

10.42 +0.09
11.87 +0.30

1.72+0.09
1.79 +0.08
1.60 +0.23
1.90 +0.15
0.85 +0.13
1.85 ~0.52

9.25 +0.12
9.26 +0.06
8.13 +0.37
8.79 +0.53

10.73 +0.12

1.97 +0.14
2.00 +0.05
1.47 +0.48
2.21 +0.72
0.82 +0.17
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9- I I I I I I l I 1 $ I TABLE III. Ratio of elastic to total cross section.

50 GeV/c 100 GeV/c 200 GeV/c

7 I I I I I I I

9 I I I I I I I

7 I I I I I 1

9 I I I I I I I

I I I I I

I I I I I I

7r'p

7r p
K'p
Kp
pp
pp

0.144 +0.012
0.142 +0.012
0.130+0.012
0.135+0.012
0.203 +0.015
0.207 +0.015

0.135 +0.012
0.135 +O.012
0.123 +0.012
0.125 +0.012
0.188 +0.015
0.177 +0.015

0.130+0.012
0.129 +0.012
0.129 +0.012
0.126 +0.012
0.183 +0.015
0.193+0.015

7

8
CU

6 I I

]3

1P

11 I I I I I I I

~ THlS PAPER
o Ref. 2
~ Ref. 5
o Ref. 3

K P

pp

small t.
The problem of measuring the crossover points

has become extremely difficult in the Fermilab
energy range because the particle and antiparticle
cross sections are so similar. A reliable experi-
ment to measure crossover points would require
extremely accurate relative normalizations and
should probably include data in the very-small-t
region so that an extrapolation to the optical point
could be done as a check.

This experiment has also established that the
/=1. 4 (Ge—V/c)' dip in pp elastic scattering be-

comes prominent between 100 and 200 GeV/c lab-
oratory momentum. Clearly more data at more
energies would be desirable in this I; region to
elucidate the details of the dip.
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